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Preface to ”Personalized and Precision Medicine
2022”

The origin of this Special Issue about “Personalized and Precision Medicine 2022” of the Journal

of Personalized Medicine is the International Conference on Personalized and Precision Medicine

PEMED 2021, which occurred online on 7–9 April 2021, after three editions organized in Paris

(25–27 June 2018), Barcelona (15–17 May 2019), and Munich (19–21 February 2020). The diversity of

studies carried out in connection with personalized and precision medicine was clearly emphasized

during these International Conferences, and is also observed in the 20 papers of this Special Issue.

The most represented topics concern brain diseases, cancers, lungs obstruction, and muscles and

skeletal diseases. Other topics concern in particular the intestinal microbiome or COVID-19, emerging

methods for imaging and using radiotherapy, and a promising new class of therapeutic molecules,

the dendrimers.

Contributions by V. Bessi et al. (Alzheimer’s disease), K. Hubčı́ková et al. (Huntington’s disease),

V. Nocity et al. (multiple sclerosis), R.E. Akins et al. (muscle dysfunction), K. Kim et al. (low

back pain), D. Rak et al. (inpatient rehabilitation after knee surgery), J.-W. Kim et al. (3D titanium

printing in orthodontics), K.Y. Arga, R. Sinha et al. (cancer hallmark proteins), K. Kodama et al.

(interorganizational collaboration in cancer), A. Sherif et al. (2 papers about bladder cancers), S.

Boussios et al. (COVID-19 in cancer patients), P. Steiropoulos et al. and D.-K. Kim et al. (two

approaches of obstructive sleep apnea), M.-C. Lu et al. (blood-stream infection), W.-T. Hung et al.

(auto-immune diseases), A.R. Moschen et al. (microbiome), D. Berritto et al. (ultra-high-frequency

ultrasound), V. Nardone et al. (non-oncological radiotherapy), and A.-M. Caminade (dendrimers)

illustrate the present and future impact of Personalized and Precision Medicine on all the therapeutic

domains.

I wish to thank all the authors who contributed their work, and in so doing made this Special

Issue a success. I also wish to thank the staff of JPM for their excellent support throughout the editorial

process.

Anne-Marie Caminade

Editor
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1 Laboratoire de Chimie de Coordination (LCC), CNRS UPR8241, 205 Route de Narbonne, CEDEX 4,
31077 Toulouse, France; anne-marie.caminade@lcc-toulouse.fr

2 LCC-CNRS, Université de Toulouse, CNRS, Toulouse, France

This Special Issue, “Personalized and Precision Medicine 2022” (https://www.mdpi.
com/journal/jpm/special_issues/pemed_2021 (accessed on 24 February 2023)), in the
Journal of Personalized Medicine, was first proposed at the International Conference on
Personalized and Precision Medicine PEMED 2021, which occurred online on 7–9 April
2021 (https://premc.org/conferences/pemed-personalized-precision-medicine/ (accessed
on 24 February 2023)), after three editions organized in Paris (25–27 June 2018), Barcelona
(15–17 May 2019), and Munich (19–21 February 2020). The diversity of studies carried out in
connection with personalized and precision medicine was clearly emphasized during these
international conferences, as also observed in the 20 papers of this Special Issue. The most
represented topics concern brain diseases, cancers, lungs obstruction, muscles, and skeletal
diseases. Other specific topics include the intestinal microbiome or COVID-19, emerging
methods for imaging and using radiotherapy, and a promising new class of therapeutic
molecules known as dendrimers.

Alzheimer’s disease is the most prevalent brain disease and can take several clinical
presentations. The article by V. Bessi et al. [1] compares the empathy deficit and its neural
basis for Alzheimer’s patients with either logopenic primary progressive aphasia or amne-
sia. Metabolic disfunctions were observed in different brain regions, depending on the type
of the Alzheimer’s disease, but they induce the same damage of cognitive empathy and
personal distress over time. Contrary to Alzheimer’s disease, Huntington’s disease has a
low prevalence, but it causes a long-lasting burden in affected families. The article by K.
Hubčíková et al. [2] discusses the psychosocial impact of this disease on the affected fami-
lies in the Slowak Republic. Comprehensive genetic counselling, including the possibility
of preimplantation genetic diagnosis, can particularly mitigate the psychosocial effects
and burden induced by Huntington’s disease. Multiple sclerosis is a chronic inflammatory
and neurodegenerative disease of the central nervous system, frequently associated with
multisystem comorbidities. The review by V. Nocity et al. [3] summarizes the available
data on the incidence and prevalence of autoimmune diseases in multiple sclerosis, their
effect on the clinical course of the disease, and their impact on the treatment choice.

Spastic-type cerebral palsy is a brain disease that induces a complex neuromuscular
disorder, involving altered skeletal muscle microanatomy and growth. The paper by R.E.
Akins et al. [4] focuses on the poorly studied mechanisms that contribute to muscle patho-
physiology and dysfunction. They examined whether a diagnosis of spastic cerebral palsy is
associated with intrinsic DNA methylation differences in myoblasts and myotubes derived
from muscle-resident stem cell populations. A comparison of the skeletal muscle biopsies
obtained during orthopedic surgeries between patients with and without spastic cerebral
palsy demonstrated fundamental differences in DNA methylation, which may reveal new
targets for studies of mechanisms that contribute to muscle dysregulation. A very different
paper concerning muscles is proposed by K. Kim et al. [5], which investigates the effect
of different lumbar belts in patients with nonspecific low back pain. Measurements taken
by a three-dimensional motion analysis device, force plate, and surface electromyography
demonstrated the positive effect of extensible lumbar belts.
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Orthopedic surgeries are frequently followed by inpatient rehabilitation. The paper by
D. Rak et al. [6] posed the question of comparing the efficiency between “classical” and ex-
pensive rehabilitation or fast-track rehabilitation for inpatients after total knee replacement.
It is shown that one year after surgery, impatient rehabilitation does not provide long-term
benefits over fast-track rehabilitation. In some cases, orthodontic malocclusion necessitates
bone-anchored maxillary protraction, which induces infection or device failures that occur
with conventional plates. The paper by J.-W. Kim et al. [7] displays a pilot prospective
study using preoperative simulation and the 3D titanium printing of customized plates.
Better results were obtained with these customized plates after two years, showing that
this method is effective in treating skeletal malocclusion.

Four papers in this Special Issue are based on cancer, which is one of the leading
causes of death. The paper by K.Y. Arga and R. Sinha et al. [8] explores cancer hallmark
proteins in different cancer types, studied with the aim of discovering measurable indica-
tors. A pan-cancer analysis to map differentially interacting hallmarks of cancer proteins
associated with 12 common cancers was carried out. The study presents candidate sys-
tems’ biomarkers that may be valuable for improving personalized treatment strategies
for various cancers. The review by K. Kodama et al. [9] proposes a large overview of the
discovery and development of 107 anticancer drugs, in connection with interorganizational
collaboration, from 1998 to 2018. It is shown that immune checkpoint blockade agents are a
significantly active area in interorganizational transactions, suggesting that such types of
agents are a paradigm for cancer treatment, resulting in huge product sales and continuous
indication expansion.

Two papers from the same group focus on the treatment of bladder cancers. The first
of the two, by A. Sherif et al. [10], uses a clinical multicenter database to demonstrate
that a high aspartate transaminase–alanine aminotransferase ratio (De Ritis ratio) before
treatment of muscle invasive bladder cancer is associated with increased mortality. How-
ever, this ratio cannot be used for downstaging prediction. The second paper by A. Sherif
et al. [11] investigates thromboembolic events in patients with muscle-invasive bladder can-
cer undergoing neoadjuvant chemotherapy. It was suggested that low-molecular-weight
heparin is a possible prophylaxis, but a high incidence of decreased renal function was
observed in these patients. Amongst the neoadjuvant-chemotherapy-administered patients
with thromboembolic events, 41% of patients had decreased renal function, thus, reducing
the likelihood of them benefitting from low-molecular-weight heparin prophylaxis.

The review by S. Boussios et al. [12] focuses on three massive healthcare threats
(cancer, mucormycosis, and COVID-19), and the danger of one of these diseases becoming
predisposed to another. The conclusion was that COVID-19 and mucormycosis pose a
larger risk in cancer patients.

Besides the COVID-19 virus, various other obstructive lung diseases are known. The
paper by P. Steiropoulos et al. [13] evaluates vitamin D serum levels in patients with
obstructive sleep apnea, eventually associated with chronic obstructive pulmonary disease
(such an association is defined as the overlap syndrome). Lower vitamin D levels have
been observed in patients with overlap syndrome compared with obstructive sleep apnea
patients and non-apneic controls, which might be associated with disease severity. Another
paper by D.-K. Kim et al. [14] on patients with obstructive sleep apnea proposes an ultra-
short-term analysis to detect the balance of autonomic nervous system activity. The overall
heart rate variability feature alterations obtained by this method indicated sympathetic
overactivity dependent on obstructive sleep apnea severity. The risk factors of mortality in
patients with carbapenem-resistant Klebsiella pneumoniae bloodstream infection are analyzed
in the paper by M.-C. Lu et al. [15]. No effective antimicrobial regimen could be identified,
but diverse risk factors were identified, such as lower platelet count and a higher Pitt
bacteremia score.

For instance, miscellaneous topics concern the prediction of hepatotoxicity in azathioprine-
treated patients with auto-immune diseases. The paper by W.T. Hung et al. [16] studies
in Asian patients with thiopurine methyltransferase, which is a rate-limiting enzyme in

2
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azathioprine metabolization. Genetic variants in the thiopurine methyltransferase were
analyzed, showing that the non-normal metabolizers were associated with hepatotoxic-
ity. Another example discusses the intestinal microbiome. The paper by A.R. Moschen
et al. [17] focuses on the short- and long-term effects of capsules of a purified extract from
the European black elderberries on the microbiome composition. The supplementation was
well tolerated, and changes in species abundance were observed over time. In particular,
the relative abundance of Akkermansia spp., which may have beneficial effects on inflamma-
tion and metabolism, continued to increase in a subset of participants, even beyond the
supplementation period.

Two different physical techniques are presented. The clinical applications of ultra-
high-frequency ultrasound are proposed by D. Berritto et al. [18] for the study of many
superficial targets, within the first 3 cm of skin surface. The high spatial resolution of this
technic is especially suitable for innovations to diagnostic imaging of hands, wrists, and
feet. A review of the modern approaches of non-oncological radiotherapy is proposed by
V. Nardone et al. [19]. Different disorders such as heart tachycardia, soft tissue disorders,
muscle–skeletal disorders, osteoarthritis and osteoarthrosis, neurological disorders, and
Graves’ ophthalmopathy are considered.

Finally, an emerging family of macromolecules with potential therapeutic properties,
known as dendrimers, are reviewed by A.-M. Caminade [20], with emphasis on their
clinical trials. Many of these clinical trials have recently been reported (2020–2022), with
the aim of treating essentially bacterial vaginosis, cancers, and COVID-19.

Overall, the twenty papers in this Special Issue constitute an impressionist overview
of the state-of-the-art research in the field of personalized and precision medicine, with
some perspectives on the future of this topic.

Acknowledgments: I wish to thank all the authors who contributed their work and made the Special
Issue a success in doing so. I also wish to thank the staff of JPM for their excellent support throughout
the editorial process.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: The aims of the study were to assess empathy deficit and neuronal correlates in logopenic
primary progressive aphasia (lv-PPA) and compare these data with those deriving from amnesic
Alzheimer’s disease (AD). Eighteen lv-PPA and thirty-eight amnesic AD patients were included.
Empathy in both cognitive and affective domains was assessed by Informer-rated Interpersonal
Reactivity Index (perspective taking, PT, and fantasy, FT, for cognitive empathy; empathic concern,
EC, and personal distress, PD, for affective empathy) before (T0) and after (T1) cognitive symptoms’
onset. Emotion recognition was explored through the Ekman 60 Faces Test. Cerebral FDG-PET was
used to explore neural correlates underlying empathy deficits. From T0 to T1, PT scores decreased,
and PD scores increased in both lv-PPA (PT z = −3.43, p = 0.001; PD z = −3.62, p < 0.001) and in
amnesic AD (PT z = −4.57, p < 0.001; PD z = −5.20, p < 0.001). Delta PT (T0–T1) negatively correlated
with metabolic disfunction of the right superior temporal gyrus, fusiform gyrus, and middle frontal
gyrus (MFG) in amnesic AD and of the left inferior parietal lobule (IPL), insula, MFG, and bilateral
superior frontal gyrus (SFG) in lv-PPA (p < 0.005). Delta PD (T0-T1) positively correlated with
metabolic disfunction of the right inferior frontal gyrus in amnesic AD (p < 0.001) and of the left IPL,
insula, and bilateral SFG in lv-PPA (p < 0.005). Lv-PPA and amnesic AD share the same empathic
changes, with a damage of cognitive empathy and a heightening of personal distress over time. The
differences in metabolic disfunctions correlated with empathy deficits might be due to a different
vulnerability of specific brain regions in the two AD clinical presentations.

Keywords: Alzheimer’s disease; logopenic variant primary progressive aphasia; empathy

1. Introduction

Empathy is widely recognized as the capacity to “put oneself in another’s shoes”, and
it can be defined as the crucial ability to both feel and comprehend what others feel [1].
Empathy is conceptualized as a multidimensional construct regulated by unconscious
affective and conscious cognitive processes [2]. Indeed, Decety and Jackson proposed the
current model of empathy and suggested that empathy may be divided into two major
components: affective empathy is the capacity to experience affective reactions to the
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observed experiences of others, while cognitive empathy is the capacity to recognize and
understand another’s emotional state in order to enable the observer to adopt the other’s
point of view [3].

Empathy seems to be impaired in several neurodegenerative diseases. Severe loss of
empathy has been widely described as a diagnostic criterion of the behavioral variant of
frontotemporal dementia (bv-FTD) [4–6]. On the other hand, despite studies that explored
empathy deficit in Alzheimer’s disease (AD) not showing conclusive results [7], at the
state of the art, researchers agree that empathy is impaired in AD, with a predominant
loss of cognitive empathy, while the affective domain seems to be spared. Recently, it has
been shown that there is a peculiar involvement of brain regions related to empathy in the
AD continuum: the impairment of cognitive empathy seems to start at the mild cognitive
impairment (MCI) stage and may be related to a progressive involvement starting from right
middle frontal gyrus in the prodromal stage, extending to the insula and superior temporal
gyrus in the dementia stage. On the other hand, an increase of emotional contagion (part
of affective empathy) was already found in preclinical phases, and this alteration might
be related to the derangement of mirror neurons systems in parietal regions in prodromal
stages and to impairment of the temporal emotion inhibition system in advanced phases [8].

Despite the growing interest in empathy and social cognition in bv-FTD and A, little
is known about the potential impairment of empathy in primary progressive aphasia
(PPA). The term PPA defines a group of neurodegenerative syndromes characterized
by progressive, selective decline in speech and language functions [9]. According to
the current classification, three main clinical variants have been identified on the basis
of specific linguistic features: non-fluent/agrammatic (nfv-PPA) and semantic (sv-PPA)
variants, which are considered as part of the fronto-temporal lobar degeneration (FTLD)
spectrum, and logopenic variant primary progressive aphasia (lv-PPA), which is considered
as an atypical presentation of AD [9]. Interestingly, compromised brain regions across
variants extend beyond classical language areas, and none of them is exclusively devoted
to linguistic functions [10–12]. Deficits in both cognitive and affective empathy have been
described in sv-PPA and may be independent from language dysfunction [13,14]. On
the other hand, while affective empathy seems to be spared in nfv-PPA, findings about
cognitive empathy are far from conclusive [15]. Finally, only few reports explore empathy
and emotion recognition in lv-PPA, showing a decrease in cognitive empathy outcomes
when compared to the pre-morbid results alongside a marginal reduction of affective
empathy [15,16]. Evidence regarding empathy in lv-PPA is still sparse and inconclusive,
and the neural correlates of empathy impairment have never been explored before.

In this scenario, the aims of our study were: (1) to investigate possible empathy deficits
in lv-PPA; (2) to explore the metabolic pattern associated with empathy deficit in lv-PPA by
means of [18F]fluorodeoxyglucose positron emission tomography ([18F]FDG-PET); and
(3) to compare empathy and its neural correlates in lv-PPA and in prototypical amnesic AD.

2. Materials and Methods
2.1. Participants

Eighteen patients with a clinical diagnosis of lv-PPA [9] and thirty-eight patients with
a diagnosis of amnesic AD [17] were longitudinally included in this study. All participants
underwent a comprehensive family and clinical history, general and neurological exami-
nation, extensive neuropsychological assessment, and evaluation of empathy through the
Interpersonal Reactivity Index (IRI) [18,19]. Facial emotion recognition ability was assessed
through the Ekman 60 Faces (EK-60 F) Test in 47 patients (34 AD and 13 lv-PPA) [20,21].
IRI and EK-60 F data of AD and lv-PPA patients were compared to those obtained in
31 subjects with subjective cognitive decline (SCD) [22]. Age at empathy assessment was
defined as the age of the subject when the IRI and/or EK-60 F tests were administered. Age
at onset was defined as age at the onset of complaints of cognitive symptoms. Seventy-one
subjects underwent APOE genotyping.
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2.2. Neuropsychological Evaluation, Empathy, and Facial Emotion Recognition Assessment

All subjects were evaluated by means of an extensive neuropsychological battery stan-
dardized and described in further detail elsewhere [23]. Mini-Mental State Examination
was used as global measurement. Short-term verbal and spatial memory were explored
through Digit Span and Corsi Tapping Test and verbal long-term memory through Rey
Auditory Verbal Learning Test, Immediate Recall RVLT-I and Delayed Recall RVLT-D, and
Babcock Short Story Immediate and Delayed Recall. Token Test and Category Fluency
Task were used to evaluate language [23–25]. Rey–Osterrieth Complex Figure copy and
recall of Rey–Osterrieth Complex Figure test were used to explore visual-spatial abilities
and visuo-spatial long-term memory, respectively [26]. Dual Task [27], Phonemic Flu-
ency Test [25], Trail Making Test (TMT) [28], and Visual Search [29] were used to explore
attention/executive function. Everyday memory was assessed by means of Rivermead
Behavioral Memory Test (RBMT) [30]. All raw test scores were adjusted for age, education,
and gender according to the correction factor reported in validation studies for the Italian
population [23,24,26–30]. Language was further assessed by SAND (Screening for Aphasia
in NeuroDegeneration) [31] or ENPA (Neuropsychological Evaluation for Aphasia) [32].
The presence and severity of depressive symptoms were evaluated by means of the 22-item
Hamilton Depression Rating Scale (HRSD) [33].

Empathy was evaluated by Interpersonal Reactivity Index (IRI) [18,19], which consists
of a 28-item questionnaire divided in four different 7-item subscales: perspective taking
(PT), fantasy (FT), empathic concern (EC), and personal distress (PD). Perspective taking
and fantasy subscales explore cognitive empathy, while empathic concern and personal
distress subscales are used to assess affective empathy. In. more details, PD subscale is a
measure of emotional contagion [34], which is a primitive structure of affective empathy and
defined as the automatic, total identification with another’s behavior in order to encourage
altruistic behavior [3]. Each item of IRI consists of an affirmation, and the individual has
to express the degree of agreement on a 5-point Likert scale from 1 (does not describe
me/the patient at all) to 5 (describes me/the patient very well). IRI was administered to
the informants [35]. Caregivers had to rate patients’ empathy before (T0) and after (T1)
cognitive symptoms’ onset. The differences from T0 to T1 of the scores of each scale were
quantified as Delta (∆): ∆FT, ∆PT, ∆EC, and ∆PD.

Facial emotion recognition was assessed by Ekman 60 Faces (EK-60 F) Test, which
consists of 60 black and white pictures of the Ekman and Friesen series of Pictures of Facial
Affect [20], representing the faces of ten actors (six women and four men), each of which
shows one of six basic emotions (anger, sadness, happiness, fear, disgust, or surprise). A
global score (EK-60 F global score) of 60 indicates the best possible performance. Each
basic emotion has a sub-score of a maximum of 10 points. Images were shown each for
5 s according to the Ekman and Friesen procedure [20] via Power Point presentation on a
computer. Patients were asked to indicate which of the basic emotions better represents the
facial emotion shown on the display [21].

2.3. Apolipoprotein E (APOE) Genotyping

Patients’ DNA was extracted from peripheral blood samples by use of a standard auto-
mated method (QIAcube, QIAGEN Hilden, Germany). APOE genotypes were investigated
by HRMA [36]. Two sets of PCR primers were designed to amplify the regions encom-
passing rs7412 (NC_000019.9:g.45412079C > T) and rs429358 (NC_000019.9:g.45411941T
> C). The APOE genotype was coded as APOE ε4− (no APOE ε4 alleles) and APOE ε4+
(presence of one or two APOE ε4 alleles).

2.4. Amyloidosis and Neurodegeneration Biomarkers Analysis

Amyloidosis biomarkers analysis was performed in 69 patients. Sixty-four patients
(27 amnesic AD, 17 lv-PPA, 20 SCD) underwent cerebrospinal fluid (CSF) biomarkers analysis.

The CSF samples were collected at 8 a.m. by lumbar puncture, immediately cen-
trifuged, and stored at −80 ◦C until performing the analysis. Aβ1-42, Aβ1-42/1-40 ratio,

7



J. Pers. Med. 2023, 13, 208

t-tau, and p-tau were measured using a chemiluminescent enzyme immunoassay (CLEIA)
analyzer LUMIPULSE G600 (Fujirebio). Fujirebio guidelines determined cut-off values
(Diagnostic sensitivity and specificity using clinical diagnosis and follow-up golden stan-
dard. 19 November 2018), which were Aβ1–42 > 670 pg/mL, Aβ42/40 ratio > 0.062,
t-tau < 400 pg/mL, and p-tau < 60 pg/mL [37].

Twenty-three patients (7 amnesic AD, 6 lv-PPA, 10 SCD) underwent cerebral amy-
loid PET. Amyloid PET imaging was performed according to national and international
guidelines [38], with any of the available fluorine18-labeled tracers (18Florbetaben (FBB)—
Bayer-Pyramal, 18Flutemetamol (FMM)—General Electric). Images were rated as either
positive or negative according to criteria defined by the manufacturers.

According to ATN classification [39], patients were classified as A+ if at least one of
the amyloid biomarkers (CSF or amyloid PET) revealed the presence of Aβ pathology and
as A- if none of the biomarkers revealed the presence of Aβ pathology. All amnesic AD
and lv-PPA patients were A+.

2.5. FDG-PET Brain Imaging

All amnesic AD and lv-PPA patients underwent brain [18F]FDG-PET. Scans were
performed using advanced hybrid PET-CT scanner in 3D list mode. Patients were instructed
to fast for 6 h before the study, and blood sugar level was tested to be lower than 120 mg/dL.
Patients were injected with 185 MBq of [18F]-FDG via a venous cannula. After the injection,
patients were left in a dimly lit, quiet room and told to keep their eyes closed. All [18F]FDG-
PET scans were acquired following the EANM guidelines [40]. All PET images were
corrected for photon attenuation, scatter, and radioactive decay and reconstructed using
3D iterative algorithm. [18F]FDG-PET scans pre-processing and statistical analysis are
described in Section 2.6.

2.6. Statistical Analysis

IBM SPSS Statistics Software Version 25 (SPSS Inc., Chicago, IL, USA) and computing
environment R 4.0.3 (R Foundation for Statistical Computing, Vienna, 2013) were used
to perform all statistical analysis. All p-values were two-tailed, and the significance level
for all analyses was set at α = 5%, corresponding to a threshold p of 0.05. All variables
are described as mean and standard deviation. Shapiro–Wilk test was used to assess the
distribution of all variables. Chi-square test was used to compare categorical data. One-way
ANOVA followed by Bonferroni post hoc test was used to evaluate differences among
groups in continuous variables. Variation of IRI scores over time, from before to after the
onset of cognitive symptoms (T0-T1), was explored through Wilcoxon signed-rank test.
The influence of demographic variables and neuropsychological scores on current empathy
and on facial emotion recognition ability was investigated through Spearman’s correlation.
Bonferroni correction for multiple comparisons was applied for correlations between
each IRI subscales and demographic features (p = 0.0019), neuropsychological measures
(p = 0.0019), and SAND scores (p = 0.0016); similarly, it was applied for correlations between
facial emotion recognition ability and demographic features (p = 0.002), neuropsychological
measures (p = 0.002), and SAND scores (p = 0.0017).

2.7. SPM Analysis

In order to assess the metabolic pattern related to empathy changes in lv-PPA and
how it differs between prototypical amnesic AD and lv-PPA, a total of 42 patients were
considered (26 amnesic AD and 16 lv-PPA patients). Each patient had positive amyloid
biomarkers. [18F]FDG-PET images were normalized to the MNI space using a validated
procedure. Images were smoothed with an isotropic 3D Gaussian kernel with a FWHM
of 8 mm in each direction and then were used for a single-subject SPM-based routine
for diagnostic purposes [41]. Age was included as a covariate in the two-sample t-test
analysis. The correlation between IRI subscales, resulting from behavioral data analysis,
and brain hypometabolism in the amnesic AD and lv-PPA groups was explored using the
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SPM multiple regression design, including age and MMSE as nuisance variables in the
linear model. The threshold was set at p-value < 0.001, uncorrected, to test for correlations
also in the small subsamples of amnesic AD and lv-PPA. Only clusters containing more
than 50 voxels were considered significant.

2.8. Data Availability

The data that support the findings of this study are available from the corresponding
author upon reasonable request.

3. Results
3.1. Demographic Features and Biomarkers Analysis

Table 1 shows the demographic variables of the cohort. Considering the whole sample,
57 patients were females and 30 males. Age at onset was significantly different among
the three groups (F [2, 82] = 17.527, p < 0.001): indeed, SCD (54.40 ± 10.08, p < 0.001)
were younger than amnesic AD (66.53 ± 6.708, p < 0.001) and lv-PPA (64.50 ± 7.60,
p < 0.001) patients. Age at empathy assessment was significantly different among groups
(F [2, 83] = 3.739, p = 0.028): in detail, at empathy evaluation, SCD were younger (65.61 ± 9.48)
than amnesic AD (71.04 ± 7.33, p < 0.024) but not younger than lv-PPA (68.65 ± 7.02,
p = 1.000) patients. Mini Mental State Examination (MMSE) was different among the
groups (F [2, 81] = 48.897 p < 0.001), with lower scores in amnesic AD (17.03 ± 5.28) as
compared to SCD (27.73 ± 2.04, p < 0.001) but not to lv-PPA (16.69 ± 6.37, p = 1.000) patients.
Considering the subsample who underwent APOE genotype analysis, 36.62% resulted to
be APOE ε4 carriers.

Table 1. Demographic features in Alzheimer’s disease (AD) and logopenic variant primary progres-
sive aphasia (lv-PPA) groups.

SCD
n = 31

AD
n = 38

lv-PPA
n = 18

Gender (M/F) 4/27 *α 17/21 * 9/9 α

Age at onset (years) 54.94 ± 10.08 βγ 66.53 ± 6.71 β 64.50 ± 7.60 γ

Age at empathy (years) 65.61 ± 9.48 δ 71.04 ± 7.33 δ 68.65 ± 7.02

Disease duration (years) 9.62 ± 7.51 εη 4.44 ± 3.59 ε 2.87 ± 1.54 η

Family history of dementia 22/6 θ 16/17 θ 6/11

Years of education 12.58 ± 3.40 ι 9.80 ± 4.65 ικ 13.22 ± 4.45 κ

MMSE 27.43 ± 2.04 λµ 17.03 ± 5.28 λ 16.69 ± 6.37 µ

APOE ε4+ 30.77% 50.00% 50.00%

A+/A− 8/12 (40%) ν
◦

30/0 (100%) ν 18/0 (100%)
◦

Values are reported as mean and standard deviation for continuous variables and as frequencies or percentages
for categorical variables. Statistical differences among groups are underlined. M, males; F, females; MMSE, Mini
Mental State Examination. * χ2 = 8.172, p = 0.008; α χ2 = 6.126, p = 0.019; β p < 0.001; γ p = 0.001; δ p = 0.024;
ε p < 0.001; η p < 0.001; θ χ2 = 5.838, p = 0.019; ι p = 0.025; κ p = 0.018; λ p < 0.001; µ p < 0.001; ν χ2 = 24.92, p < 0.001;
◦ χ2 = 16.71, p < 0.001.

Sixty-four patients (27 amnesic AD, 17 lv-PPA, 20 SCD) underwent CSF biomarkers
analysis. Twenty-three patients (7 amnesic AD, 6 lv-PPA, 10 SCD) were subjected to cerebral
amyloid PET, which was positive in 17 patients (6 amnesic AD, 6 lv-PPA, 5 SCD). Based
on the positivity for at least one cerebral amyloidosis biomarker, 30 amnesic AD and
18 lv-PPA patients and 8 subjects with SCD were classified as A+ (56 out of 69, 82.35%).

3.2. IRI Empathy Results

Significant differences were detected neither in premorbid empathy, in IRI total score
T0 (F [2, 79] = 0.397, p = 0.674), nor in any subscale FT-T0 (F [2, 79] = 1.599, p = 0.209), PT-T0
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(F [2, 79] = 1.945, p = 0.150), EC-T0 (F [2, 79] = 0.530, p = 0.590), and PD-T0 (F [2, 79] = 1.014,
p = 0.368) among the three groups.

As regards current empathy, one-way ANOVA showed significant differences in FT-T1
(F [2, 79] = 5.046, p = 0.008) and PD-T1 (F [2, 79] = 10.004, p < 0.001) among groups. At
Bonferroni post hoc test, amnesic AD patients’ FT-T1 scores were significantly lower than
those of SCD (14.91 ± 6.50 vs. 19.54 ± 4.45, p = 0.009). Both lv-PPA (28.62 ± 6.03, p < 0.001)
and amnesic AD (26.09 ± 6.00, p = 0.003) presented higher scores than SCD (21.04 ± 5.51)
on the PD-T1 subscale, while no differences were found between lv-PPA and amnesic
AD patients (p = 0.481). No significant differences were found in PT-T1 and EC-T1 scores
among groups (Figure 1).
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Figure 1. Empathy assessed by Interpersonal Reactivity Index (IRI) in subjective cognitive de-
cline (SCD), Alzheimer’s disease (AD) and logopenic variant primary progressive aphasia (lv-PPA).
* p < 0.05, ** p < 0.005, *** p < 0.001.

To estimate changes of empathy from before to after the onset of cognitive symptoms
in amnesic AD and lv-PPA, Wilcoxon signed-rank test was used (Table 2). A significant
decrease of FT (17.11 ± 5.09 vs. 15.05 ± 6.21, z = −2.464, p = 0.014) was detected in amnesic
AD subgroup. A decrease in PT scores was found both in amnesic AD (21.08 ± 6.15 vs.
15.42 ± 6.66, z = −4.753, p < 0.001) and in lv-PPA patients (23.94 ± 6.40 vs. 15.82 ± 6.61,
z = −3.435, p < 0.001). Finally, a significant increase of PD was found both in amnesic AD
(17.08 ± 4.99 vs. 26.03 ± 5.72, z = −5.204, p < 0.001) and in lv-PPA patients (15.76 ± 5.47 vs.
28.35 ± 6.07, z = −3.623, p < 0.001).
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Table 2. Change of empathy capacity from before to after the onset of cognitive symptoms in
Alzheimer’s disease (AD) and logopenic variant primary progressive aphasia (lv-PPA) groups.

AD lv-PPA
Mean ± SD z p Mean ± SD z p

IRI 0
IRI 1

81.26 ± 13.31
81.95 ± 13.35 −0.828 0.408 83.41 ± 11.12

83.76 ± 14.90 −0.166 0.868

FT 0
FT 1

17.11 ± 5.09
15.05 ± 6.21 −2.464 0.014 17.18 ± 5.89

15.24 ± 6.21 −1.574 0.115

PT 0
PT 1

21.08 ± 6.15
15.42 ± 6.66 −4.752 <0.001 23.94 ± 6.40

15.82 ± 6.61 −3.435 0.001

EC 0
EC 1

26.39 ± 4.45
25.76 ± 5.70 −1.185 0.236 25.94 ± 5.12

24.35 ± 6.47 −1.250 0.211

PD 0
PD 1

17.08 ± 4.99
26.03 ± 5.72 −5.204 <0.001 15.76 ± 5.47

28.35 ± 6.07 −3.623 <0.001

Values are reported as mean and standard deviation. Statistical differences between groups are in bold.

3.3. EK-60 F Emotion Recognition Results

Considering emotion recognition ability assessed by EK-60F test, all the variables
were significantly different among the three groups (Table 3). At EK-60F global score,
lv-PPA and amnesic AD patients performed significantly poorer than SCD (32.25 ± 8.09
vs. 33.29 ± 7.56 vs. 47.58 ± 5.14, respectively, p < 0.001). Concerning the single emotions’
recognition, lv-PPA and amnesic AD had worse performances in the recognition of anger,
disgust, sadness, surprise, and happiness detection as compared to SCD (Table 3).

Table 3. Facial emotion recognition ability in subjective cognitive decline (SCD), Alzheimer’s disease
(AD), and logopenic variant primary progressive aphasia (lv-PPA) as assessed by the Ekman 60 Faces
Test (EK-60 F).

SCD AD lv-PPA F p
p between
SCD and

AD

p between
SCD and
lv-PPA

p between
AD and
lv-PPA

EK-60 F
total score 47.58 ± 5.14 33.29 ± 7.56 32.25 ± 8.09 42.863 p < 0.001 p < 0.001 p < 0.001 p = 1.000

Execution
time

(seconds)
290 ± 56.19 445.74 ±

124.03
425.08 ±

103.60 21.427 p < 0.001 p < 0.001 p < 0.001 p = 1.000

Anger 7.35 ± 1.80 5.29 ± 2.33 5.08 ± 2.11 9.480 p < 0.001 p = 0.001 p = 0.006 p = 1.000

Disgust 8.10 ± 1.45 5.26 ± 2.49 5.25 ± 2.60 16.134 p < 0.001 p < 0.001 p = 0.001 p = 1.000

Fear 5.10 ± 2.68 2.94 ± 2.00 3.67 ± 2.43 6.862 p = 0.002 p = 0.001 p = 0.235 p = 1.000

Happiness 9.84 ± 0.45 8.94 ± 1.043 7.33 ± 2.15 21.962 p < 0.001 p = 0.006 p < 0.001 p < 0.001

Sadness 7.97 ± 2.01 4.71 ± 2.51 4.75 ± 2.80 17.476 p < 0.001 p < 0.001 p < 0.001 p = 1.000

Surprise 9.48 ± 1.03 6.24 ± 2.75 6.17 ± 2.25 21.666 p < 0.001 p < 0.001 p < 0.001 p = 1.000

Values are reported as mean and standard deviation. Statistical differences between groups are in bold.

SCD scores for fear recognition were higher than those obtained by amnesic AD
patients (5.10 ± 2.68 vs. 2.94 ± 2.00, p = 0.001) but not higher than those obtained by lv-PPA
(3.67 ± 2.43, p = 0.235). On the other hand, no differences were detected between lv-PPA
and amnesic AD patients except for happiness, with lower scores found in the lv-PPA
subgroup as compared to the amnesic AD one (7.33 ± 2.15 vs. 8.94 ± 1.04 vs., p = 0.01)
(Figure 2).
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Figure 2. Emotional recognition ability as assessed by Ekman 60 Faces Test in subjective cognitive
decline (SCD), Alzheimer’s disease (AD), and logopenic variant primary progressive aphasia (lv-PPA).
* p < 0.05, ** p < 0.005, *** p < 0.001.

3.4. Correlations between Demographic Data, Neuropsychological Variables, Empathy, and
Emotion Recognition

Correlations were found neither between each IRI subscales, age at empathy evalua-
tion, years of education, and HDRS scores; nor in the whole cohort; nor in lv-PPA; nor in am-
nesic AD subgroups. On the other hand, significant differences between women and men in
the whole group were found: women had higher scores than men in IRI-T0 (84.02 ± 11.69
vs. 78.46 ± 10.71, p = 0.034), IRI-T1 (86.67 ± 11.88 vs. 79.79 ± 13.94, p = 0.044), FT-T0
(18.45 ± 4.74 vs. 16.54 ± 4.85, p = 0.031), FT-T1 (17.86 ± 5.56 vs. 14.29 ± 6.79, p = 0.004),
and PD-T0 (21.16 ± 6.29 vs. 20.92 ± 5.36, p = 0.024). These gender differences were
not found when we analyzed lv-PPA and amnesic AD except for IRI-T1 scores, which
were higher in amnesic AD women as compared to men (84.29 ± 14.04 vs. 77.53 ± 11.69,
p = 0.021). We also analyzed correlations between neuropsychological tests, SAND evalu-
ation, and each IRI subscale: correlations were found neither in the whole cohort, nor in
lv-PPA, nor in amnesic AD subgroups.

Correlations were found between each EK-60 F scores, age at empathy evaluation,
and years of education neither in the whole cohort, nor in lv-PPA, nor in amnesic AD
subgroups. Similar to IRI subscales, we found significant difference between women and
men in the whole group: in more detail, women obtained higher scores as compared to men
in EK-60 F total (40.16 ± 9.92 vs. 34.75 ± 8.40, p = 0.012), disgust (6.20 ± 2.50 vs. 5.17 ± 2.46,
p = 0.004), sadness (6.45 ± 2.65 vs. 4.71 ± 2.88, p = 0.011), and surprise (7.86 ± 2.53 vs.
6.50 ± 2.80, p = 0.017). Moreover, EK-60 F execution time was lower in women as compared
to men (361.69 ± 121.13 vs. 438.13 ± 110.53, p = 0.001). These gender differences were not
found when we analyzed lv-PPA and amnesic AD subgroups. Moreover, no correlations
were found between neuropsychological tests, SAND evaluation, and emotion recognition
ability (both EK-60 F total score and single emotion recognition scores) in the whole cohort,
in logopenic, or in amnesic Alzheimer’s disease subgroups.

3.5. SPM Results

Significant correlations between IRI subscales and brain metabolism in amnesic AD
and lv-PPA groups were found through the SPM multiple regression analysis.

In detail, a negative correlation between ∆PT and brain metabolism was found:

• In amnesic AD in the right superior temporal gyrus, fusiform gyrus, and middle
frontal gyrus (p < 0.005);
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• In lv-PPA in the left inferior parietal lobule, left insula, left middle frontal gyrus, right
posterior paracentral lobule, and bilateral superior frontal gyrus (p < 0.005) (Table 4
and Figure 3).

Table 4. Correlation between changes in empathy over time and cerebral hypometabolism in in
logopenic primary progressive aphasia and amnesic Alzheimer’s disease patients at 18F-FDG-PET
SPM analysis.

Negative Correlation between ∆PT (PT-T0 - PT-T1) and Brain Metabolism

Cluster Extent
Talairach Coordinates (mm)

T Score
x y z

Amnesic AD

R Superior Temporal Gyrus 130 32.0 16.0 −24.0 4.90

R Middle Frontal Gyrus 90 24.0 18.0 43.0 3.69

R Fusiform Gyrus 67 57.0 −43.0 −8.0 3.38

lv-PPA

L Inferior Parietal Lobule 138 −30.0 −50.0 45.0 4.95

L Superior Frontal Gyrus 125 −8.0 −1.0 66.0 4.83

L Middle Frontal Gyrus −10.0 −11.0 58.0 3.15

R Posterior Paracentral Lobule 156 20.0 −42.0 56.0 4.74

R Superior Frontal Gyrus 68 10.0 24.0 52.0 4.48

L Insula 64 −38.0 14.0 10.0 4.13

L Insula −38.0 22.0 12.0 4.11

Positive Correlation between ∆PD (PD-T0 - PD-T1) and Brain Metabolism

Cluster Extent
Talairach Coordinates (mm)

T Score
x y z

Amnesic AD

R Inferior Frontal Gyrus 121 42.0 7.0 33.0 5.43

lv-PPA

L Inferior Parietal Lobule 85 −50.0 −31.0 33.0 6.77

R Superior Frontal Gyrus 68 14.0 −12.0 67.0 4.94

L Insula 168 −44.0 4.0 5.0 4.93

R Precuneus 158 14.0 −48.0 56.0 4.51

L Superior Frontal Gyrus 77 −12.0 −14.0 67.0 4.42

L Superior Frontal Gyrus −6.0 −6.0 67.0 3.36

Abbreviations: AD, Alzheimer’s disease; lv-PPA, logopenic primary progressive aphasia; L, left; R, right. Signif-
icant differences at p < 0.005 in both amnesic AD and in lv-PPA for negative correlation with ∆PT. Significant
differences at p < 0.001 in amnesic AD and p < 0.005 in lv-PPA for positive correlation with ∆PD.
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Figure 3. Negative correlation between changes in perspective taking ability over time assessed by
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Alzheimer’s disease patients at 18F-FDG-PET SPM analysis. Significant clusters projected on the
standardized Montreal Neurological Institute (MNI) magnetic resonance imaging (MRI) render
surface. Color grading: cyan, lv-PPA; violet, amnesic AD.

A positive correlation between ∆PD and brain metabolism was found:

• In amnesic AD in the right inferior frontal gyrus (p < 0.001);
• In lv-PPA in the left inferior parietal lobule, insula, and superior frontal gyrus and in

the right precuneus and superior frontal gyrus (p < 0.005) (Table 4 and Figure 4).
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Figure 4. Positive correlation between changes in emotional contagion over time assessed by ∆PD
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standardized Montreal Neurological Institute (MNI) magnetic resonance imaging (MRI) render
surface. Color grading: cyan, lv-PPA; violet, amnesic AD.

4. Discussion

Our study is the first that deeply explored empathy in lv-PPA while also trying
to define the neural correlates of empathy impairment in this variant of PPA, which is
considered as an atypical presentation of Alzheimer’s disease. Moreover, for the first
time, we compared the behavioral and metabolic data of empathy between lv-PPA and
prototypical amnesic AD in order to define similarities and differences between these two
presentations of Alzheimer’s disease.

Our study showed several similarities in empathic impairment between lv-PPA and
amnesic AD. In more detail, both lv-PPA and amnesic AD patients presented a decrease in
PT over time, suggesting a significant damage to cognitive empathy. On the other hand, a
relative sparing of EC (part of affective empathy) was found in both subgroups.
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In particular, a significant decline in PT was found in both logopenic and in amnesic
AD, suggesting that both clinical phenotypes of AD present a significant change of cog-
nitive empathy from before to after the onset of cognitive symptoms. Although results
about empathy deficits in AD are far from conclusive, recent studies suggested a selective
impairment of cognitive empathy [35,42–44]. Moreover, a decrease of perspective taking
ability from before to after the onset of cognitive disturbance has been recently described
in AD, and this change seems to be present also in the prodromal stage of the disease [8].
Considering lv-PPA, Hazelton et al. already reported a disruption of cognitive empathy,
showing a decrease of perspective taking ability by comparing premorbid and present
scores of the PT subscale [15].

Affective empathy seems to be spared both in lv-PPA and in amnesic AD patients since
no significant changes were found in EC scores from before to after the onset of cognitive
symptoms. Moreover, no differences were found in EC-T1 among lv-PPA, amnesic AD, and
also SCD patients, which may be considered as the preclinical phase of cognitive decline [45].
However, we found changes in PD in both lv-PPA and in amnesic AD. Personal distress
has been widely defined as a measure of emotional contagion, which could be considered
as a primitive structure of emotional empathy and indicates the tendency to automatically
adopt the behavior of another person [2]. Both lv-PPA and amnesic AD patients presented
higher PD scores as compared to SCD. When we analyzed the trend of each component of
empathy over time, we found a significant increase in PD from before to after the onset
of cognitive disturbs both in amnesic AD and in lv-PPA patients, leading to the further
hypothesis that emotional contagion heightens with the development of cognitive decline.

Concerning amnesic AD, our results are in line with some studies that previously
described a higher emotional contagion as compared to healthy controls [7,34]: Sturm
et al. hypothesized that emotional contagion might increase linearly from healthy controls
to MCI and AD patients, who presented the highest degree of emotional contagion [34].
Moreover, a previous work of our group has already shown a significant increase of PD
scores from before to after the onset of cognitive disturbance [8], suggesting that this change
in emotional contagion might be a peculiar feature of AD patients.

Changes in PD scores in PPA have also been previously described by Hazelton et al.,
who explored empathy deficit in lv-PPA and nfv-PPA, showing an increase in personal
distress in both variants following the disease onset [15].

We also explored emotion recognition ability through the EK-60 F test. According to
our results, both lv-PPA and amnesic AD patients presented difficulties in facial emotion
recognition, showing lower scores in recognition of almost all six basic emotions as com-
pared to SCD subjects. The only exception was the recognition of fear since no differences
were detected between lv-PPA and SCD subgroups, while amnesic AD patients performed
more poorly than SCD. Our results are in line with the current literature reporting severe
difficulties in identification of facial emotions in AD patients [46–49]. On the other hand,
emotion recognition has been only recently studied in lv-PPA, and results are far too few
to be clearly conclusive. A previous study reported spared performance in this variant
through a task requiring identification of emotional expressions in static faces [16]. On
the other hand, another work reported better performance in an emotion recognition task
involving naturalistic scenes (i.e., TASIT) in lv-PPA than nfv-PPA, in which emotion recog-
nition seems to be impaired [15,16,50]. Nevertheless, this difference was not statistically
significant. Moreover, it has been shown that lv-PPA significantly outperforms those with
semantic variant [51]. Thus, considering these findings, it has been hypothesized that
emotion recognition deficits in lv-PPA (if present) may be milder than in other variants [10].
However, considering our results, we might suggest that emotion recognition ability may
be impaired in lv-PPA. However, these data need to be confirmed.

Globally, no clear differences were detected in emotion recognition ability between
lv-PPA and amnesic AD. Although several studies reported incongruent results, emotion
recognition ability seems to be impaired in AD [8,47,48]. Indeed, it has been suggested
that the recognition of specific emotions (i.e., disgust) may be spared in AD probably
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due to the relative sparing of basal ganglia [52]. However, these findings have not been
confirmed in other works [8]. To the best of our knowledge, no previous studies have
analyzed this aspect by comparing these two presentations of Alzheimer’s disease. Our
results lead to the hypothesis that this emotion processing function is similarly impaired
in the two presentation of the disease. Notably, the only difference was found in the
recognition of happiness, with more difficulties found in lv-PPA as compared to amnesic
AD patients. This result is challenging to discuss. In fact, this finding has never been
previously described. Piguet et al. analyzed emotion recognition ability through the EK
60-F test by comparing healthy controls, nfv-PPA, and lv-PPA patients, showing significant
group differences for the negative (anger, disgust, fear, and sadness) but not the positive
(surprise and happiness) emotions due to the low performance of the non-fluent (but
not logopenic) group compared to healthy controls. In addition, non-fluent patients also
performed worse than logopenic patients for the emotion fear, which is considered as a
negative emotion [16]. Such difficulties in happiness recognition in our lv-PPA patients
have never been described so far: this subtle difference may be highlighted in our work
through the comparison between the two presentation of AD. However, this result needs
to be confirmed in further studies with larger cohorts.

Interestingly, we did not find any correlation between demographic data, neuropsy-
chological tests, language evaluation, IRI subscale, and emotion recognition in either lv-PPA
or in amnesic AD patients. This is partially in contrast with a previous report according to
which the reduction of PT scores in lv-PPA was correlated with visuospatial abilities [15].
However, no further studies have explored this topic yet as well as correlations between
emotion recognition ability and neuropsychological evaluation. Moreover, it has been
recently highlighted that PD positively correlates with depression in healthy subjects [53]:
indeed, no correlations were found between HDRS and PD in our cohort either in lv-PPA
or in amnesic AD patients. Although our work is a preliminary study, our results might
suggest that the empathic impairment and difficulties in emotion recognition might not be
correlated with cognitive decline, with depressive symptoms, and in particular with lan-
guage impairment in lv-PPA patients. Nevertheless, further studies are needed to confirm
this hypothesis.

The further aims of our study were to explore the metabolic pattern associated with
empathy changes in lv-PPA and to compare empathy and its neural correlates in logopenic
and in prototypical amnesic AD. First of all, to the best of our knowledge, this is the first
study that explored the neural bases of empathy deficits in lv-PPA. Surprisingly, despite the
similar empathy impairment, the metabolic correlates of empathy deficits were different
between lv-PPA and amnesic AD patients.

Indeed, while in amnesic AD patients, the empathic dysfunction was related to hy-
pometabolism of specific brain regions mainly located on the right hemisphere, in lv-PPA,
it was correlated with hypometabolism of both hemispheres. This involvement of both
hemispheres in lv-PPA might be explained by the fact of the presence of a specific and
peculiar left lateralization of neurodegeneration in this disease [9].

Cognitive empathy changes over time were correlated with the involvement of the
right superior temporal gyrus, middle frontal gyrus, and fusiform gyrus in amnesic AD
and with involvement of the left inferior parietal lobule, insula, middle frontal gyrus, and
bilateral superior frontal gyrus in lv-PPA.

Previous works have already described the correlation between cognitive empathy
deficits and the involvement of superior temporal and middle frontal gyri in AD patients [8].
This correlation might be explained by the fact that superior temporal gyrus plays a role in
mentalizing activity and perspective-taking tasks [54,55] through its connections with the
temporal poles and medial prefrontal cortex [56]. Similarly, the middle frontal gyrus, as part
of the dorsolateral prefrontal cortex (DLPFC), is involved perspective-taking tasks [55,57].
Moreover, it seems to intentionally inhibit self-perspective in order to consider the other’s
point of view [35] and to be involved in emotion evaluation [58]. Interestingly, we also
found an involvement of the fusiform gyrus: Rankin et al. already described the role of the
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fusiform gyrus in cognitive empathy, in particular in perspective-taking ability, probably
related to its direct involvement in facial perception and recognition [35].

On the other hand, loss of perspective taking over time in lv-PPA has been related to
the impairment of the inferior parietal lobule, insula, middle frontal gyrus, and superior
frontal gyrus. As regards the inferior parietal lobule, although it has been described as
directly involved in the network of emotional contagion, it has been clearly stated that
perspective-taking tasks engage several brain regions that also include the inferior parietal
lobule [55]. Similarly, the superior frontal gyrus, in particular the supplementary motor
area, seems to be involved in cognitive empathy tasks [55]. Concerning the insula, it is
well-known that this brain region plays a major role in generating forward models of
feeling states for others in order to predict and understand the social and affective behavior
of other people [2,55,59].

Such neurophysiological bases might explain the association of the impairment of
these brain regions and the perspective-taking deficits over time. Nevertheless, our find-
ings might suggest that loss of perspective-taking ability over time might be related to
the selective impairment of different empathy-related brain regions in the two clinical
presentation of Alzheimer’s disease.

We also found that the amplification of emotional contagion over time was correlated
with the involvement of the inferior parietal lobule, insula, superior frontal gyrus, and pre-
cuneus in lv-PPA and with the involvement of the right inferior frontal gyrus in prototypical
amnesic AD. The involvement of frontal and parietal regions (in particular of the inferior
frontal gyrus and inferior parietal lobule) may be explained by the fact that these areas are
part of the mirror neurons system (MNS) network [2]. Emotional contagion is rooted in
the MNS, which transforms sensory representations of others’ behavior into one’s own
visceromotor representations and allows understanding others’ actions according to the
perception–action model [59]. In more detail, it has been suggested that the inferior frontal
gyrus identifies the goals or intentions of actions by their resemblance to stored representa-
tions for these actions [60]. Despite the unquestioned involvement in cognitive empathy,
several studies have also described a putative role of the insula in the mirror mechanism of
emotions: in fact, it has been demonstrated that there is a clear overlap between insular
activation elicited by one’s own and others’ emotions, such as disgust [59,61,62]. Similarly,
the insula is also involved in the empathic process of “shared pain”: in fact, empathizing
with people in pain is associated with hemodynamic activity in the brain that is similar to
the activity that occurs when people feel pain themselves, leading to the activation of the
“empathy to pain network”, which involves the anterior cingulate cortex and insula [63].
It has been suggested that empathy for pain of others may be considered, at least in part,
as an automatic, primitive, bottom-up process of affective empathy since it may aid in the
immediate perception and avoidance of a threat to oneself [64]. The superior frontal gyrus
and supplementary motor area also seem to be involved not only in cognitive empathy
tasks but also in affective empathy [55].

The most interesting data show that similar changes in empathy correspond to the
involvement of different brain regions in the two phenotypes of Alzheimer’s disease. This
may be explained by the fact that empathy is a complex construct: a cognitive function
that implies several interconnected brain regions [3]. On the other hand, it is well-known
that neurodegeneration in lv-PPA and in prototypical amnesic AD involve different brain
regions due to the selectivity of vulnerability of these two presentations [65,66]. Considering
these premises, we might hypothesize that the selective neurodegeneration of the two
clinical subtypes of Alzheimer’s disease might damage different brain regions and networks
related to empathy, leading to the same impairment.

Our study has some remarkable strengths. First of all, this is one of the first studies
deeply analyzing empathy changes in lv-PPA and comparing empathy impairment with
that found in amnesic AD patients in order to detect differences and similarities between
these two clinical presentations of the disease. Another strength is the research of the neural
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correlates of empathy deficits in lv-PPA, which have never been explored before, by means
of FDG-PET.

The main limitation of our study is the relatively small sample size and thus the
lack of corrections for multiples comparisons in the correlation analysis between empathy
deficits and hypometabolism in FDG PET analysis. Indeed, we chose to use a more
exploratory threshold in order to explore the metabolic correlates of empathy also in
the small subsamples of the lv-PPA and amnesic AD patients individually considered.
Another limitation of the study is the use of a caregiver-report questionnaire even though
the IRI is the most used, validated instrument for the evaluation of empathy. In fact,
even if observer-based measures are more ecologically valid and have yielded valuable
data previously [67], they are nevertheless limited by their dependence on informants’
varying reliability [68]. On the other hand, the scores attributed by the informants present
the advantage of capturing real-life empathic behavior independently from the patients’
anosognosia [10]. The last limitation is the absence of healthy controls and the need to use
SCD to compare the behavioral data although despite this category of subjects has been
already used in previous work exploring empathy in AD [69].

5. Conclusions

In conclusion, to the best of our knowledge, our study analyzed for the first time
differences and similarities between lv-PPA and amnesic AD, which are two clinical presen-
tations of this neurodegenerative disease. We described a peculiar involvement of specific
brain areas in empathy changes in lv-PPA, comparing them with that found in amnesic AD.

Interestingly, lv-PPA and amnesic AD presented the same changes in empathy, show-
ing a damage of perspective-taking ability (part of cognitive domain) together with a
heightening of emotional contagion (the most primitive structure of affective empathy)
over time. Nevertheless, these similar changes in empathy correspond to the involvement
of different brain regions in the two phenotypes of Alzheimer’s disease. This could be
explained by the fact that neurodegeneration might damage different brain regions and
networks related to empathy in these two presentations of Alzheimer’s disease due to the
selectivity of vulnerability of the brain areas of these variants.

Moreover, our study described empathy changes and difficulties in emotion recogni-
tion in lv-PPA. In fact, while clinical diagnosis of PPA is basically anchored in linguistic
disturbances, a proportion of cases cannot be easily classified based solely on language
tests. In this scenario, emerging experimental works are revealing impairments in several
socio-cognitive processes in these patients in association with brain measures. While some
studies have already described deficits in emotion recognition, the theory of mind, and
empathy in nfv-PPA and sv-PPA, evidence about lv-PPA are sparse and far from conclusive.
Our work showed for the first time that lv-PPA patients presented deficits in empathy and
in emotion recognition, too. Further studies are needed to confirm our results and better
explore these socio-cognitive aspects of PPA, which might be very helpful in improving
early diagnostic accuracy.
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Abstract: Introduction: Huntington’s disease (HD) is often on the margin of standard medical
practice due to its low prevalence, the lack of causal treatment, and the typically long premanifest
window prior to the onset of the symptoms, which contrasts with the long-lasting burden that the
disease causes in affected families. Methods: To capture these socio-psychological aspects of HD
and map the experiences of affected individuals, persons at risk of HD, and caregivers, we created
a questionnaire using a qualitative research approach. The questionnaire containing 16 questions
was conducted online for a period of three months through patient associations in Slovakia and their
infrastructures. Results: In total, we received 30 responses. The survey results, in particular, indicate
insufficient counselling by physicians with explicitly missing information about the possibility of
preimplantation genetic diagnostic. There was also a necessity to improve comprehensive social
and health care in the later stages of the disease, raise awareness of the disease in the general health
community, and provide more information on ongoing clinical trials. Conclusion: The psychosocial
effects, as well as the burden, can be mitigated by comprehensive genetic counselling as well as
reproductive and financial guidelines and subsequent therapeutic programs to actively support
patients, caregivers, children, and adolescents growing up in affected families, preferably with the
help of local HD community association. Limitations: We have used online data collection to reach
a wider HD community, but at the same time, we are aware that the quality of the data we would
obtain through face-to-face interviews would be considerably better. Therefore, future studies need
to be conducted to obtain more detailed information.

Keywords: Huntington’s disease; psychosocial effects; underserved region; disease burden; genetic
counselling; genetic testing

1. Introduction

Huntington’s disease (HD) is an autosomal dominant, neurodegenerative disorder
leading to the progressive impairment of motor skills, cognitive function, and psychiatric
disorders [1]. HD is caused by the expansion mutation of the cytosine, adenine, and guanine
(CAG) triplet on chromosome 4, as identified in 1983 [2]. The huntingtin gene (HTT, OMIM
613004), formerly IT-15, was then identified in 1993 [3] Huntington’s disease Collaborative
Research. The HTT gene is responsible for coding the Huntingtin (HTT) protein. The
expansion mutation of the HTT gene leads to the production of mutant HTT (mHTT)
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protein accumulating in the striatum of the basal ganglia, leading to progressive neuronal
dysfunction and death, usually within a few decades after the onset of symptoms [4]. The
number of CAG repeats in HTT is inversely associated with disease onset; the greater
the CAG number, the earlier the onset of HD [5]. The onset of the disease is defined as a
manifestation of significant motor or neurological symptoms and occurs on average around
the age of 40 [6].

The number of CAG repeats within the HTT gene varies from 6 to 35 in the general
population [7]. CAG repeats in the range of 36 to 39 refer to reduced penetrance repeat
length [8]. CAG repeats with less than 27 present a stable transmission, and no manifesta-
tion is expected. The CAG repeat lengths of 27 to 35 refer to the intermediate allele and are
also not associated with HD development. However, there is the possibility of expansion
upon transmission, resulting in genetic anticipation [9].

Especially in paternal transmission, the number of repetitions in sperm increases due to
the meiotic instability of the abnormal CAG repeat, often leading to Juvenile Huntington’s
Disease (JHD) with a presence of more than 60 CAG repeats and occurs before the age of
21, which comprises about 5% of all HD cases [10,11]. For this reason, the children of an
affected parent (common father) may be at risk of developing the disease earlier than their
parent with HD [12].

Current HD management focuses on symptomatic treatment in terms of pharmaco-
logical and non-pharmacological interventions, such as psychotherapy, physiotherapy,
and speech and occupation therapies by a multidisciplinary team [13]. Several promising
methods are designed to modify the natural history of HD and are currently under investi-
gation in research studies and clinical trials aiming to reduce the reproduction of mutant
HTT gene products [14]. The natural history of HD with the progression of symptoms in
individual stages of HD about disability and life milestones, including suicidal tendencies,
is illustrated in Figure 1.

Caring for patients with HD represents a gradually increasing burden for their care-
givers, involving family members, partners, and other relatives lasting several decades [17].
The situation is further complicated due to the reconciliation with a 50% risk of disease in
their offspring, which significantly increases emotional burden and suffering compared to
other non-hereditary conditions. The genetic nature of HD means that it is not uncommon
for children to care for their parents before they develop symptoms, or for a parent to
care for a partner and then for the child, and sometimes for several generations to care for
them at the same time. Such a chronic and widespread role of care in families with HD
can deepen isolation, feelings of loss of their family members and their future, feelings
of guilt, anger, burden, and helplessness [18]. The diagnosis of HD also affects the wider
blood relatives.

Physicians and healthcare professionals consulting families with HD should do their
utmost to ensure that all family members obtain the necessary information to make
an informed decision about genetic testing, reproduction, and future financial and life
plans [19,20]. Appropriate genetic counselling plays an important role in HD management.
The requirements for genetic counselling differ on the condition of a client or patient,
depending on the type of consultation. Two types of procedures are available: differential
diagnostic and presymptomatic (predictive) testing. The predictive genetic test allows for
measuring CAG repeat length in a blood laboratory sample and predicting whether an
at-risk individual will develop HD later in life [19]. Predictive testing should be reserved
for adults who have participated in a thorough consultation with a genetic counsellor or
other trained professional or HD expert about their genetic risks and the potential risks
and benefits of the test itself, as well as post-test support [21,22]. The participant needs to
prepare for an unfavourable result by receiving information about the disease and the social
consequences of the genetic test [22]. The most important predictive and diagnostic genetic
testing procedure is appropriate counselling; informed consent from the patient must be
obtained before testing [19,21]. The implications of a positive result for the patient and their
family must be clearly outlined. Both the nature of HD itself and its autosomal dominant
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inheritance must be explained to make it clear that if the test is positive for HD, any of their
children would have a 50% chance of inheriting it [20,23,24]. The usual standard process of
genetic counselling and testing is summarised in Table 1.
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Table 1. The process of genetic counselling and testing for HD, adapted from [21]. Abbreviations:
CAG—cytosine, adenine, guanine.

The Process of Genetic Counselling and Testing for HD

Initial session

• Providing details of family history to the doctor or genetic counsellor
at the session, who then attempts to confirm the diagnosis history

• A doctor or genetic counsellor provides information about
Huntington’s disease, the genetic test process and possible results

• Discussion on reasons for requesting a test at this stage and their
approach to the possible outcomes. There will also be a chance to
discuss, if wanted, the reproductive options available if the person
wants to avoid the possibility of passing the disease on to the
next generation

• Allowing identifying someone who will support them through
the process

• Encourages them to consider the impact of any result on life, family
or friends. This can be particularly important concerning family
members who may not wish to be tested, but the test could also reveal
their status

• Encouraging to consider financial implications and other issues such
as life insurance and employment

Reflection period

• The initial session is followed by a summary letter and a
reflection period

• If the person wants to continue with the process, a second session
is arranged

Second/third
session

• A review of the information discussed at the first session
is undertaken.

• The doctor/genetic counsellor, by genetic testing guidelines, may
consider a neurological and psychologicaö examination to evaluate
the person. However, it is not a requirement for participation in
predictive testing.

• Discussion about preparing for genetic tests and results

Genetic test • The date is arranged for a blood sample to be taken
• The results will not be provided on that day

The results • At a follow-up appointment (usually a month after), there will be a
face-to-face discussion concerning the test results.

Follow-up
sessions

• Relevant follow-up sessions are arranged as required after results
are given

Advice and
support

• Regardless of the result, the person must have access to support and
advice available.

• It is appropriated to referral to local associations for HD, thus
ensuring contact with others who are going through the same
situation; there are mostly support groups and online communities

In addition, it is appropriate to enrich the education with knowledge about the expres-
sion of HD within an intermediate allele of 27–35 CAG repeats and the impact of reduced
penetration between 36–39 CAG repeats [25]. At the same time, information about techno-
logical advances in preimplantation genetic diagnostic testing (PGD) and prenatal testing
improved collaborative research networks need to be discussed. A better understanding
of the psychosocial aspect of living with HD needs to be provided. The HD expansion
mutation carrier, manifest patients and persons at risk of HD need to be informed of their
reproductive potential in preference to planned pregnancy according to the regulation
of the respective countries [26]. Determining genetic status confronts people with new
dilemmas in their reproductive decisions.

It is important to highlight the HD community’s local peer support. Anyone affected by
HD can benefit from participating in the activities of local HD associations, such as support
group seminars on the latest information, and thus be in touch with others experiencing
the same situation. In our European area is the European Huntington Association (EHA),
an umbrella organisation that provides an extensive network of people coping with the
disease—either in person or professionally. It accelerates the information flow and support
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to people with HD in their country and builds cross-border relationships [27]. The patient
community comprises people personally affected by HD (with a local presence in most
European countries), and the research community includes experts working with HD. The
situation of affected patients and their relatives was unsatisfactory in the Slovak Republic
for a long time. Although the Slovak self-help group was officially active from 1994 to
2016, it was founded and maintained by only a few volunteers in Slovakia who, despite
their heroic efforts, did not receive enough support from the government and health
professionals and burnt out over time. A functioning infrastructure was not developed,
and even such simple things as a functioning website and communication channels with
members were not established and were only based on personal contacts. This was in great
contrast to the situation in the Czech Republic, with which Slovakia was a common state
until 1993, so the issue of the HD community had practically the same starting point at
that time. Furthermore, due to the cultural and linguistic proximity of the two countries,
the affected families in Slovakia had the opportunity to compare the situation and were
understandably frustrated. The Czech Huntington’s Association quickly became a member
of the EHA, and at the same time, several specialised centres and/or several EHDN
clinics were established in the country. Comprehensive care with options such as in vitro
fertilisation (IVF), including preimplantation diagnostics, is covered by statutory health
insurance for patients with Huntington’s disease. At the time of conducting this survey,
there was no EHDN clinic in Slovakia and IVF, including preimplantation genetic diagnosis,
has to be paid for by the patients themselves. At the end of 2019, the Slovak HD Society
resumed its activities at the request of patients and their families and shortly afterwards
became a member of the EHA. The support group created a dynamic exchange platform to
promote and provide better access to the needs of those affected. Work began on building
an infrastructure with a website. The main goal is to provide support and information about
the nature of the disease, its inheritance, the possibilities of genetic diagnosis, treatment
and care for patients and family members, and the establishment of support groups [28].

This survey was the first opportunity to officially express experiences and suggestions
for improving the situation of the until then unheard HD community. It was the starting
point for defining the first and next steps for the restoration of the Slovak HD association.
The presented paper aims to explore and evaluate the psychosocial impacts of HD and
incentives to improve the care of affected patients and families in the underserved region
of Slovakia.

2. Material and Methods
2.1. Study Assessment

The project was set up to map the situation of patients and families affected by HD in
the Slovak Republic (SR). This project is part of a larger national initiative to improve the
care of affected patients and families. For this purpose, two types of questionnaires with
16 questions were designed to explore the main psychological aspects and domains. The
questionnaire was implemented and accessible via the online platform www.survio.com
accessed on 1 November 2022. The first questionnaire was aimed at people who have
tested positive for Huntington’s disease, regardless of the stage of the disease. The second
questionnaire focused on people at risk, not affected by HD and caregivers and partners of
affected individuals. Each questionnaire consisted of 13 open questions and three multiple-
choice questions with the possibility to answer in the text. The questionnaire covered
the main domains of genetic counselling about Huntington’s disease knowledge (initial
information, main source of information, reproductive counselling, experimental treatment,
lack of knowledge), genetic testing (reasons for testing or not), the possibility of psycho-
logical counselling, the impact of Huntington’s disease (the most burdensome symptom,
financial burden, impact on relationships) and social and health services in Slovakia. The
questionnaire was available online for three months in the year 2020. The questionnaire
was designed by an expert group of representatives of the patient HD community and
health care professionals, such as the neurologist, the psychiatrist, and the psychologist and
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was reviewed to ensure proper understanding and clear language This survey, including
a questionnaire, has been approved by a constituted Ethics Committee of the Psychiatric
Hospital of Philipp Pinel in Pezinok, Slovakia (Approval Date: 30 September 2020) and
conforms to the provisions of the Declaration of Helsinki in 1995 (as revised in Edinburgh
in 2000).

2.2. Study Participants

The regular members of the Slovak HD Society—specifically patients, persons at risk
and their relatives have received the possibility to participate in this project. Membership
in the newly renewed Slovak HD society was obtained through online form through the
newly opened website huntington.sk in the course of 2020, while information about Slovak
HD society and the possibility of membership was also sent in the form of a leaflet to all
genetic clinics and all neurological, psychiatric and neuropsychiatric inpatient facilities
in the Slovak Republic at the beginning of 2020. As part of filling out the membership
application form, it was possible, among other things, to voluntarily choose whether the
applicant for membership is a patient, a person at risk, a relative, or a medical professional
or write his or her other motivation to join verbally. The links to the questionnaire were
sent to the regular members of the Slovak HD Patient Society, who stated that they are
patients, persons at risk or relatives when applying for membership. They previously
provided an email address and consent to participate in the research project to the patient’s
network administrator.

In total, 60 regular members have been contacted and received an email with an
explanation text and a questionnaire link. The connection to the patient questionnaire was
sent on two occasions to the members to participate in the project. It was possible to fill
out two questionnaires per family by repeatedly accessing the link. In the questionnaire
for patients, it was possible to indicate in the opening multiple questions that the answers
were recorded by another close person since the patient was no longer able to fill them in
himself. Three patients used this option. The data have been proceeding anonymously,
without any identifiable parameters.

3. Results

In this project, the qualitative methodological approach was used to evaluate the
finding of two questionnaires with 13 open-ended questions and as well the quantitative
analysis to evaluate three multiple-choice questions. The survey data from the open-ended
questions were analysed based on the grounded theory approach [29,30]. Repeated reading
and coding of the results of the open-ended questions resulted in several themes related to
the questions, and the answers were clustered into the four main domains covering:

(I) Knowledge about HD, including initial information about HD, the main source
of information, reproductive options, information on experimental treatment, and
additional information.

(II) Genetic testing and counselling, including the process of testing and psychological
support and reasons why an individual decided to take a genetic test or not to
be tested.

(III) Impact of HD on the relationships, financial burden and burden to HD (symptoms).
(IV) Social and health care services in Slovakia, including experience and proposal

for improvement.

In total, 60 links to access the questionnaire were sent to the regular members of
the Slovak HD Society. The responsiveness rate was 50% (30 answers). In this study, we
obtained responses from the following individuals: nine individuals tested positive for
HD, four of whom were asymptomatic and five of whom had the manifest disease, five
individuals at risk for HD, and 16 responses from caregivers and partners of asymptomatic
and manifest patients, as summarised in the first line of Table 2.
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Table 2. Questions and answers of the respondents on the questionnaire administered via the Slovak
HD association to patients, persons at risk, their relatives and partners, including their experiences
and suggestions for improving the situation for the HD community in SR. The questions have been
administered as multiple-choice or as open questions. The table shows an overview and a summary
of the available answers. Abbreviations: GT—Genetic Testing; HD—Huntington Disease; N- number
of participants; n.n. not known. PGD—Preimplantation genetic diagnosis; SSE—social services
establishment; SR—Slovak Republic.

Questions in Individual
Categories of the

Questionnaire

Answers and Particular Groups of Respondents (Number of Participants)

Patients with HD
(N = 5)/Asymptomatic HD Carriers

(N = 4)
Individuals at Risk (N = 5)

Partners of Asymptomatic Persons
(N = 6)/Partners of Manifest HD

Patients
(N = 10)

Knowledge about HD

Initial information
How and when did you first learn
about the risk or presence of HD in

your family or partner?

At the age: 14, 38, 42, 39, 50/15, 35, 50,
n.n.

From family: 6,
From doctor: 3

At the age: 0, 14, 20, 38, n.n.

At the age: 7, 15, 25, 34, 39, n.n/25, 26,
30, 35, 38, 40, 46, 58, n.n, n.n

From family: 5/1,
From doctor: 1/5,
From partner:0/4

The main source of information
Where did you mainly get information
about HD? How did your doctor teach

you about HD? (open question)

From the family: 3;
From doctor: 1,

Internet: 7

From the family: 2,
From doctor: 0,

Internet: 3

From family:1,
From doctor: 1,

internet: 16

Reproductive options
Has a doctor provided information on
reproductive options, including PGD
(your child would be healthy even if

you/your partner is affected)?

Yes: 2
No, I am not interested anyway: 2

No, I searched by myself: 2
No, first time to hear: 3

Yes: 2
No, I am not interested anyway: 2

No, I searched by myself: 1
No, first time to hear: 0

Yes: 2
No, I am not interested anyway: 2

No, I searched by myself: 7
No, first time to hear: 3

Experimantal treatment
Did you receive information on

ongoing clinical trials for HD? How
do you get any updated information?

Yes: 1 (doctor), 3 (Internet), family (2)
No: 2

I am interested /I am not interested in
updates: 8/0

Yes: 4 (Internet)
No: 1

I am interested /I am not interested in
updates: 5/0

Yes: 1 (doctor), 14 (Internet)
No: 1

I am interested /I am not interested in
updates: 15/1

Lack of knowledge
What information do you think a

person at risk for HD should receive?
What did you find out over time, and
would you appreciate it if you knew it

before? (open questions)

PGD: 3
Consulting HD expert: 1

Early knowledge of HD risk (early
diagnosis of parent/myself/not

hiding HD in the family): 3;
I don’t know: 2

Reprod. options, PGD: 1
Better awareness among health

professionals: 1
Entitlement to a disability pension: 1;

I don’t know: 2

PGD: 3
Information on research: 4

More support for HD community: 2
Consulting HD expert: 1;

I don’t know: 6

Genetic testing (GT)

Reasons for (not) being tested
Please write down why you

decided/consider being tested, resp.
not to be tested? (open question)

For GT: know the truth: 2
Emerging symptoms: 3

Disability pension: 1
Future planning: 3

For GT: because of the children: 1
Against GT:

live a fulfilled life: 1
I don’t know: 2

For GT: know the truth: 3
Future planning: 7

Disability pension: 1
Emerging symptoms: 3;

I don’t know: 2
Psychologist Consultation

Have you talked to a psychologist
during genetic testing? Was it/was it

not beneficial for you?

Yes: 2 (beneficial), 1 (not helpful)
No: 7

Yes: 1 (beneficial), 1 (not beneficial)
No: 3

Yes: 3 (beneficial), 2 (not beneficial)
No: 11

Impact of HD

Most aggravating symptom
Which symptoms of HD are/were the

most burdensome for you? (open
question)

Positive test: 2
Motor skills (chorea): 5

Psychiatric (nervousness, cognitive
decline): 2

Motor skills (chorea): 2
Psychiatric (depression, cognitive

decline, aggression): 4
I don’t know: 1

Positive test: 1
Motor skills (chorea): 3

Psychiatric (cognitive decline,
aggression): 7
Dysphagia: 3

Independence loss: 4

Financial burden
How has HD affected your family
budget? Was the help of the state

sufficient for you? (open question)

Higher financial burden: 7 State
support limited: 4, we are modest: 2,

family help: 2.
I don’t know: 2

Higher financial burden: 4 State
support limited: we are modest 2,

family help: 1
Any support yet: 1

I don’t know: 1

Higher financial burden: 13 State
support limited: we are modest 3,

family help: 5, extra job:1 Any support
yet: 3

I don’t know: 3

Impact on relationships
(answers resulted from other

open-ended questions)

Blaming parents for hiding HD: 1
Fear of transmitting HD: 1

Hesitation/anxiety to say a positive
result to the family: 2

Suspicion of alcoholism due to chorea: 2
Criminal prosecution: 2

Decision with the partner to ignore
the fears of the HD and live the life

that will come: 1

Anxiety about the gradual loss of a
partner: 1

Fear of destroying the life of my
healthy partner: 1
Fear of divorce: 2

Feeling my life is ruined due to illness
of relatives: 1
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Table 2. Cont.

Questions in Individual
Categories of the

Questionnaire

Answers and Particular Groups of Respondents (Number of Participants)

Patients with HD
(N = 5)/Asymptomatic HD Carriers

(N = 4)
Individuals at Risk (N = 5)

Partners of Asymptomatic Persons
(N = 6)/Partners of Manifest HD

Patients
(N = 10)

Social and health care services in SR

Experiences
How do you evaluate social and

nursing services for patients with HD
in SR?

Insufficient—SSE staff and
paramedics do not know HD: 5

I don’t know: 4

Insufficient—SSE staff and
paramedics do not know HD: 2

I don’t know: 3

Insufficient—SSE staff and
paramedics do not know HD: 9

Sufficient: 1; I don’t know: 6

Suggestions for improvement
What do you think should be

improved in social/health services for
patients with HD? (open questions)

Better awareness among health
professionals: 3

Support home care of HD patients: 1
Experts/Psychologists for HD: 1

I don’t know: 4

Awareness among health
professionals and the public: 2

I don’t know: 3

Aids for later stages: 2
Special SSE for HD: 3
Better awareness: 5

Preferential appointment: 2
Support groups for both carriers and

patients:
Acceptance of the HD in the context of

disability 1

For individual categories of questions, we also present citations of selected answers
that authentically illustrate the situation and care of affected individuals with HD and its
psychosocial effects. As stated above, the categories were clustered into domains I -IV to
ease the overview.

3.1. First Information on HD

Only three out of thirty respondents mentioned receiving a good source of initial infor-
mation about the HD from their physician. However, all participants lacked information
on reproductive options, instruction on preimplantation testing in in vitro fertilisation, and
a generally more empathic approach. Seven participants even learned about the possibility
and accessibility of the PID in Slovakia for the first time only from our questionnaire. More-
over, all respondents would better appreciate at least some information on the ongoing
clinical trials.

To the question ‘How did your physician approach you?’ we provide some examples:
“There was no information . . . I searched for everything on the internet myself ”. “The neurologist
didn’t pay attention and immediately wrote us off as an incurable diagnosis”. “The neurologist told
me not to make a ‘big head’ out of it”. “I even had to actively explain to the general practitioner
what the disease was and what it was causing”. “It was told me that I will die”.

We addressed the questions about the information that a person at risk for HD should
receive and what to know earlier upon the genetic testing or disease onset. We received a
detailed answer stating that “greater emphasis should be placed on possible symptomatic treatment
so that one does not take it for final.” The participants would also appreciate information on
support possibilities for caregivers, “we have to unite to help each other; there is no other support for
us.” The participants were missing information on how to approach the affected person: “I
have often heard from a husband that I am healthy and do not understand him”.

3.2. Genetic Counselling and Testing

In the section about genetic testing, we explore the reasons for testing and experience
with genetic counselling. The participants stated they mainly sought this information as
they needed to know the truth about planning for the future and emerging symptoms.

Of particular interest are the answers of persons at risk who either did not yet know
their genetic status, as they either did not take the genetic test or were waiting for the test
results at the time of participating in the survey. Some answers pointed out the option
not to know about the genetic status, “We decided not to know” on the other hand, some
participants stated in more detail, “when planning the future, we chose the path of PGD with
prenatal diagnosis, but without success. Subsequently, we decided to ignore the fear of the disease
and live life as it is and as it will come. I don’t want to be tested; I know what awaits me in the
case of a positive test, and I don’t want to wrap my life in the gloom of Huntington’s disease”. This
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questionnaire could also see the burden of the COVID-19 pandemic and how it affects
families. “My husband and I are waiting for test results. Although I went to the tests with him,
the doctor did not let me into the office or tell me anything—allegedly for the corona reason. At the
same time, she was not wearing a face mask. I was sorry because it is difficult for both my husband
and me”.

It is important to understand why the persons decide to take a test and disclose their
genetic status; we also respond to individuals who have witnessed HD in their relatives
since childhood/adolescence. “When I discovered that there was a 50% chance I could inherit
this stuttering gene, I was determined to know what I was up to. Everything stopped making sense,
and my only goal was to find out if I was sick or not”. “So that I wouldn’t ruin my partner’s life . . .
And I would be ready for the institution and that I would be insane” “To stop it in our family”.

3.3. The Impact of HD

We divide this section into three subcategories to better understand the burden for
caregivers, the effect on relationships in general, and the impact on families’ financial
situation with HD.

3.3.1. Burden for Caregivers

The results present the high burden of caregivers, showing higher burdens when
coping with the mental symptoms rather than the motoric ones of their affected family
members; “My father and sister were HD patients. I saw aggression, the desire to kill, they ruined
my life, nobody will bring me back my youth ages”. It also affects the partnership “The hardest
thought is that my beloved husband, who is very wise, rational, just, will become someone who
cannot take care of himself and lose his identity”. The partners and caregivers at the same time
are often overwhelmed with the care of the affected person in the family, and sometimes
the care of the rest family comes short: “I had a mother-in-law who was affected, and same time
I have a husband and a son. I was caring for all; I would welcome any help”.

3.3.2. Relationships

The relationships are mostly affected within the family and involve different levels.
The communication between parents and children can be damaged at different levels, as
communication about HD implies a lot of challenges. Some respondents stated: “My parents
didn’t tell me anything about HD, although they knew about it. I blame them”. The affected
members experience problems communicating their genetic status in their own family and
experience the feeling of guilt, “Knowing about the HD is good when young people plan to start
a family; I went to test myself for the kids, and now I don’t know how to tell them, that I am affected,
I feel guilty”.

The own perspective of the positive genetic result plays a role and reflects further in
the relationship: “The positive result destroyed me, my partnership; I don’t want to do it to them
either”. some even stated, “everything about this disease puts me in depression so far . . . I try not
to think about it and live. Still, every encounter with such a person takes away my zest for life”.

3.3.3. Impact on the Financial Situation of Families with HD

The impact on families’ financial situation with HD is very important, as most re-
spondents describe it as unsatisfactory. It is very difficult as the partner or family needs
to compensate for an affected member, “I had to work full-time at retirement age, to be able
to pay for my husband’s private caring facility”. Most caregivers experience a difficult time
as they have a full-time job and care for an affected individual and the rest f family. “My
husband was left without a job; the disability pension is so small. I have to go to work, and we don’t
know what will happen next”. The affected families need to rely on the help of further family
members and wider relatives. “We wouldn’t have been able to manage it without the help of
our relatives”. The situation is even more complicated for the early-manifest respondents
who experience the problems due to the symptoms of HD: “I haven’t been able to find a job
for a long time, I act like I’m an alcoholic with my involuntary movements. And once I got a job,
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I almost everywhere had an accident at work. Currently, I am at the unemployment office, and I
receive benefits, which, of course, are not even enough to cover the basic living costs like household
and food; my family helps me”.

3.4. Social and Health Services in the Slovak Republic

The emerging fact is the lack of support for social and health services in the Slovak
Republic. Most respondents consider them to be insufficient, with the most common
blame regarding inadequate knowledge about HD among the health professionals and
staff working in the social services and nursing facilities. The respondents summarise their
perspectives in the following strong statements:

“The patient is just waiting to die”.

“No support in the system”.

“Psychiatrists know nothing about it”.

“Inadequate, no one knows what to do”.

“Doctors and staff have minimal knowledge. Rather they take the disease as a sensation”.

The participants were asked what could improve the health care and social systems. The
majority of participants proposed rational and possibly easy solutions to enable better
maintenance of affected individuals, such as Better prescription of medical devices, prioritisation
during the doctor visits, advice on how to deal with the dentist; insurance companies should also
pay for the recreational stays for caregivers as well (not only affected person). It became clear that
all respondents wish for more information and education about HD.

4. Discussion

This is the first survey of its kind to examine the needs and problems of the Hunt-
ington’s landscape in the underserved region of Slovakia. Our survey results on the
psychosocial impact of Huntington´s suggest similar conclusions to other studies in this
field [18,31,32]. For overview purposes, we will discuss the different themes, which were
clustered into subthemes based on responses.

4.1. Genetic Counselling and Testing

This survey highlighted the importance of proper guidelines for genetic testing and
counselling [21], as implemented in many European countries. Physicians conducting
the genetic test need to provide information about HD in a timely, private, and sensitive
manner to those who wish to do so while respecting the interests of those who do not
want the test [33]. The liberty of choice for the patient and the possibility to opt-out of
the procedure at any step and re-enter the protocol if the patients wish so at the later
stage of life [22,34]. The respondents at risk were determined not to undergo predictive
genetic testing. They are afraid to receive irreversible information for the future and
are worried about possible stigma [35]. However, higher importance should be given to
genetic counselling on reproductive options as the option is regularly available in Slovakia.
Consultation on reproductive options should be public for all interested persons, regardless
of whether they have previously had to undergo predictive testing, or it should usefully be
included in consultations on genetic testing if the person so wishes [20,36].

In addition, it should not be forgotten that individuals who learn that they will develop
HD in the future needs to be offered support not only in a short time post-testing but even
from the long time perspective [35]. An earlier survey of attitudes to predictive testing
suggested that 11–15% of people at risk would consider suicide if given an unfavourable
test result [35]. In contrast, Quaid et al. report that only four (2.1%) of the 189 individuals
in the US predictive test sample were hospitalised after receiving unfavourable results [37].
The study of Almquist et al. even described only 0.97% of all participants who experienced
a catastrophic response to predictive testing [38]. In summary, all reported frequencies are
still high and require attention.

32



J. Pers. Med. 2022, 12, 1941

However, rather rare negative reactions and impacts after the predictive testing should
be compared to thousands of individuals who have been relieved of the anxiety of not
knowing whether HD will develop [34,39]. Furthermore, in preventing fatal reactions
after predictive testing, it is necessary to emphasise the importance of ongoing counselling
regardless of the test result, identifying problematic reconciliation techniques and active
support in reconciliation strategies [21]. Despite all recommendations about the appropriate
psychological interviews as a part of predictive genetic testing, only a few respondents
stated that they had attended an interview with a psychologist during this process.

Moreover, in our survey, we specifically process the responses of individuals who
have witnessed HD in their relatives since early childhood and adolescence.

4.2. Family Relationships

HD has a major impact on family systems; impairments shape caregiver roles in the
affected family member and change in time upon disease progression [40]. Our results
confirmed the earlier findings of the role shifts in many HD families, including parenting
(children overtaking the role of a parent in a family partly) [40]. In almost all areas, teenagers
growing up in a family with HD actively assist in complex nursing care for a parent with
HD. The topics that concern them include responsibilities and early decision-making,
personal exposure and burden due to individual risk for HD. [41]. Some of our respondents
describe their early experience with HD as negative; my father and sister were HD patients. I
saw aggression and desire to kill; they ruined my life, and nobody will bring me back to my youth.
Our findings are in line with interviews conducted with 32 young people living in a family
with HD, where the following main problems were mentioned: the possibility of starting a
family as a distressing decision; feelings of loneliness in the family and among peers, the
experience of the affected parent being unable to have more reasonable conversations, and
the non-affected parent being mostly described as absent and unreachable because they
are taking care of a partner and often has several jobs for financial reasons; family life is so
difficult and marked by the conflicts [42].

Our results are in line with numerous other studies highlighting the most affected
domains in the family system involving family functioning, emotions and reactions, social
functioning, and state and social services [41–45].

The respondents experience negative and traumatic experiences (witnesses of domestic
violence, aggression, suicide and suicide attempts), causing long-term impacts on their
own lives [42].

The hereditary aspect is also important as some respondents were, for a long time, not
aware of their own risk as proper communication did not take place in the family [46] as
also stated in our interviews: “my parents didn’t tell me anything about HD”,” we did not talk
about it”, “I went to test me for the kids, and now I don’t know how to tell them, that I am affected, I
feel guilty” .

Overall, the respondents also reported feelings of being overburdened and feeling
alone without any support and, at the same time, caring for multiple jobs and households.

4.3. Future and Family Planning

Future and family planning is one of the most important topics and reasons for
undergoing predictive testing in clinical practice [47]. There is significant distress already
when considering the predictive testing, and multiple factors, such as parenteral experience
with disease and risk perception, play a role in decision-making [48]. Decruyenaere et al.
observed that more than the majority of HD expansion mutation carriers, after undergoing
predictive genetic testing, had chosen to have children with a prenatal or preimplantation
genetic diagnosis. About one in three (35%) decided to have no children anymore. A
minority (7%) was undecided or had no children for other reasons [49]. The factors
impacting the decision not to have children were the personal experience of growing
up in a family with HD and the ethical issues related to prenatal and preimplantation
genetic diagnoses [49]. The factors associated with the non-use of prenatal testing and
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the preimplantation genetic diagnosis were aversion to terminating the pregnancy and
optimism associated with treatment options and ongoing clinical trials for HD [50]. As
we have already assumed, several factors play a role in the decision-making process, such
as gender, knowledge and ethical issues about PD and PGD, the availability of these
methods, the strength of the desire to have children, and personal experiences with HD in
the family [45,49,50]. The results illustrate the complexity of the decision-making process
and the necessity of in-depth genetic counselling. A group of those who knew about the
risk and decided to have children had their decision mostly based on the hope of a cure
that would come in time to help their children if needed; a certain role played the “wish
thinking”, in which they believe that their children will not develop HD [49]. Findings
similar to our responses were presented in the group of those who had children before
they knew about the risk. They reflected the lack of information about HD and inheritance
patterns [51]. In the group of those who choose not to have children because of the risk,
the main reason was their own experience, how they saw the decline and death of family
members for HD in generations [51].

4.4. Social and Health Care System Support

Our findings also highlight the central role of the physician or general practitioner
who might consider working with families on strategies to improve emotional engagement,
communication, and problem-solving and ensure better care for affected members [52].
The findings of studies point out the importance of support needed for families with HD
facing different problems. There is an urgent need to develop strategies to help and support
genetic counsellors, healthcare providers, and school workers [53]. Our respondents
reported major complaints about the problematic and lacking support for patients with
HD in the presymptomatic and especially advanced stage of the disease and reflecting
the need for a multidisciplinary approach—the key role in helping build and develop
the infrastructure played here patients and lay organisations. There is an urgent need
for an interdisciplinary approach to HD management to ensure adequate systematic care
during all stages of the disease. It is important to provide appropriate care at all stages of
Huntington’s disease. Starting in the period before predictive testing with psychological
support, involving the general practitioner, the specialist and the family, to balance early
between fatalism (“I already have HD, and there is nothing I can do about it”) and denial
(“These symptoms are not HD” or “I have no symptoms”) [21,23]. Available supports
should include educational materials, home health care or skilled nursing support, respite
care, advocacy organisations, and local or online support groups. Educating patients
and caregivers about the availability of these services and providing access to them is
imperative for neurologists and other healthcare providers [54].

5. Limitations

Although there are so far no epidemiological studies available in Slovakia, the preva-
lence of the HD is expected to be as in other European regions 6–15: 100,000 [55,56], with
an anticipated increase of another 17% by 2030 [57]. Based on this information by the popu-
lation of five million inhabitants in Slovakia, we emphasise that there are more affected
families and individuals that we could not reach with our survey and would need to be
identified in future.

The one limitation, especially from the perspective of the qualitative research approach,
was the online form of data collection. We preferred the questionnaire form with the
possibility of answers in their own words to an interview via phone call or zoom, mainly
to preserve the anonymity of the respondents and obtain answers with a lower degree
of self-censorship. However, we are aware that the optimal way to obtain information
would be a personal interview with the trained local HD medical specialist, who already
knows the respondent and has a therapeutic relationship with them. However, this was not
possible due to the lack of HD specialists in Slovakia and non-existent HD centres where
patients would naturally concentrate. The number and type of participants could also be
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significantly influenced by the necessity of sufficient cognitive ability of patients to use
the Internet, which we tried to cover with the possibility that the family could fill in the
questionnaire on behalf of the patient. Another source of influence on the number and
type of respondents could be the lack of access to the Internet, which according to data
from Eurostat for the year 2020 [58]—at the time of data collection, on the level of access of
households to the Internet represented only 14% of households in Slovakia that did not
have access to the Internet.

In addition, the COVID-19-related isolation periods and restrictive measures may
influence some responses. It should also be noted that the survey took place between the
first two COVID-19 pandemic waves, although the first wave in Slovakia was very mild,
and the measures were considered mild compared to other European countries. All of the
responses were received within four weeks of publication in early October 2020, so the
survey was completed quickly.

6. Conclusions

In summary, Huntington´s disease requires a multidisciplinary approach due to the
different needs of those affected at different stages, which is still scarce in Slovakia. In
routine clinical practice, health professionals often assume that after informing the patient
and his/her blood relatives about the possibility of diagnosis by genetic testing and the
real limitations of currently available treatment, no other kind of support is possible than
symptomatic control of motor and psychiatric symptoms. The results of our survey on
the experiences and suggestions for improvement of the HD community in Slovakia point
mainly to the lack of basic education of doctors and the explicit absence of information
about the possibility of prenatal and preimplantation genetic testing. Strategies are needed
to improve the knowledge of health professionals and to provide better counselling. Fur-
thermore, information on ongoing clinical trials, as well as research progress, is seen as
important. The results also show that comprehensive social and health services need to be
provided for the later stages of the disease. Experts and multidisciplinary teams should be
formed, and public awareness of the disease should be raised to improve the situation in
any underserved region.
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Abstract: Multiple sclerosis (MS) is a chronic inflammatory and neurodegenerative disease of the
central nervous system characterized by broad inter- and intraindividual heterogeneity and different
prognoses. Multisystem comorbidities are frequent features in people with MS (PwMS) and can affect
treatment choices, quality of life, disability and mortality. In this scenario, autoimmune comorbidities
play a cardinal role for several reasons, such as the implication on MS pathogenesis, diagnostic delay,
disease activity, disability progression, brain atrophy, and treatment choice. However, the impact of
an autoimmune comorbid condition on MS is not fully elucidated. This review aims to summarize
the currently available data on the incidence and prevalence of autoimmune diseases in PwMS, the
possible effect of this association on clinical and neuroradiological MS course and its impact on
treatment choice.
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1. Introduction

Multiple sclerosis (MS) is a chronic, inflammatory and degenerative demyelinating
disease of the central nervous system (CNS), of unknown etiology, affecting individuals
in early adulthood [1]. The disease is characterized by broad inter- and intraindivid-
ual heterogeneity with various clinical presentations, different subtypes and prognoses
and consequently variable responses to treatments [1]. MS treatment guidelines have
changed significantly over the past decades due to the growing number of approved
disease-modifying therapies (DMTs), which can influence the disease course by preventing
relapses and disability progression in people with MS (PwMS) [2].

Although the etiology and pathogenesis of MS remain unclear, it is believed to be an
immune-mediated disease. The pathophysiology of MS seems to be characterized by an
aberrant immune activation [3]. This immune dysregulation leads to neuroinflammation in
which both immune cells from the periphery and resident cells of the CNS (e.g., microglia
and astrocytes) are involved [3].

MS may share similar underlying pathogenesis with certain comorbidities, particularly
autoimmune pathologies, which may arise from genetic susceptibility to autoimmunity
and overlapping pathogenetic mechanisms [4].

Comorbidity is defined as the co-existence of multiple diseases or medical conditions
in a patient, which may share similar overlapping pathophysiology and affect the course of
the disease itself [5].

Multisystem comorbidities are frequent features in PwMS, particularly neurological
disturbance, other comorbidity autoimmune conditions, psychiatric comorbidities, cardio-
vascular diseases, chronic lung diseases and metabolic disorders. Among neurological
disturbances, epilepsy, migraine and restless leg syndrome are more frequent in patients
with MS compared with the general population [6].

Psychiatric comorbidities (i.e., depression, anxiety, and bipolar disorder) have been
associated with poor quality of life (QoL), reduced adherence to DMTs and fatigue [7].
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Cardiovascular comorbidities such as abnormalities in blood pressure, heart rate, heart
rhythm, and left ventricular systolic function are common in PwMS, and a diagnosis of MS
increases the risk of myocardial infarction, stroke and heart failure [8,9].

Many comorbidities are present before or at MS symptom onset, but it seems that the
prevalence increases over time [10]. For example, some comorbidities such as depression
and anxiety may represent preclinical symptoms of MS resulting from immunological and
inflammatory changes in the CNS [7].

Over the last decades, the average age of the MS population has increased correlating
with increasing general life expectancy, advances in DMTs, the adoption and subsequent
widespread use of magnetic resonance imaging (MRI) and improved health and social care
for these patients. Further, MS has become a lifelong condition. The risk of multi-morbidity
increases with age and in patients with a chronic disease such as MS [11]. However, over
time, the accrual of comorbidities can be explained by several other factors such as physical
invalidity, a background of common risk factors and the use of DMTs [4].

Several studies have shown that the presence of comorbidities can delay diagnosis.
Furthermore, comorbidities can affect treatment choices, QoL, disability and mortality [12].

Marrie et al., using the North American Research Committee on Multiple Sclerosis
Registry, evaluated the association between comorbidities and both the diagnostic delay
and severity of the disability at MS diagnosis. They found that the presence of comorbidities
was associated with greater diagnostic delays and increased disability at diagnosis [13].
The presence of comorbid conditions increases the complexity of patient management and
bears important clinical and socioeconomic implications for PwMS [12].

This review aims to describe the current evidence regarding the range of comorbidities
in PwMS, focusing on autoimmune comorbidities, and widen the current knowledge about
the influence of these comorbidities on the clinical features and therapeutic choices in MS.

2. Neurological Comorbidities and MS

Several studies have suggested that comorbid neurological conditions such as epilepsy
and migraine are more frequent in PwMS [6].

2.1. Epilepsy

Epileptic seizures are more common in PwMS than in the general population. A
systematic review found that the incidence of seizure disorders (18 studies) ranged from
0.6% to 6% after MS onset, and the prevalence (24 studies) ranged from 0.9% to 8%, both
higher than reported in the general population. However, heterogeneity among these
studies was substantial [14].

Seizures may occur at any point during the course of MS and have also been described
as the presenting symptom of MS [15–17]. Seizures have been observed in patients with
relapsing-remitting MS (RRMS) as well as in progressive forms [15,18].

Several studies suggested that focal onset seizures are more common than generalized
seizures and secondary generalization of focal seizures is also frequent [19,20].

A systematic review demonstrated that patients with MS who had seizures are more
likely to have a younger age of onset compared to MS patients without seizures, and
there was also a trend demonstrating higher disability scores in patients with epilepsy [18].
A longitudinal study by Calabrese et al. showed an association between the severity of
cortical pathology, namely the number and volume of cortical lesions evaluated by double-
inversion recovery (DIR) imaging, and the occurrence of epilepsy in PwMS. Moreover, in
patients with RRMS and epilepsy, cognitive dysfunction was four-times higher than in the
RRMS group without epilepsy [21].

In a study by Martinez-Lapiscina et al., MS patients with seizures had a higher mean
number of cortico-juxtacortical lesions on T2-weighted/fluid attenuation inversion recovery
magnetic resonance imaging as compared to MS controls [22].
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The pathologic substrate of epilepsy in MS is not fully elucidated. Still, the involvement
of grey matter, along with brain inflammation, are presumably the reasons behind the
increased incidence of epilepsy [23].

2.2. Migraine

Migraine affects up to 50% of PwMS with a significantly higher prevalence than in the
general population [24].

PwMS are more than twice as likely to report migraine than controls, with a significant
association for migraine without aura [25]. Migraine can precede MS onset, be associated
with relapses, or manifest during the disease course [26,27]. However, the prevalence of
comorbid migraine seems to be higher in patients with RRMS compared to those with
progressive forms [28].

The mechanism explaining the association between MS and migraine remains to be
clarified, but several hypotheses have been postulated. The inflammatory demyelinating
MS lesions may induce migraine by disrupting the pathways involved in the pathogenesis
of migraine, deputed to pain stimuli processing. It was observed that lesions within the
midbrain, especially in the periaqueductal grey matter, were frequently associated with
comorbid migraine in PwMS [29,30].

Furthermore, a study on rodent models of autoimmune-induced cortical demyelina-
tion showed that cortical demyelination was associated with accelerated cortical spreading
depression (CSD), which has been implicated in migraine pathophysiology, both with and
without aura [31,32].

Only a few pieces of evidence support the hypothesis that CSD may lead to a subtle
increase in permeability of the blood–brain-barrier and neuroinflammation, thereby ex-
posing antigens in the CNS to circulating T cells [33]. Graziano et al. found an increased
frequency of contrast-enhancing lesions in MS patients with migraine, specifically within
the RRMS disease subtype, and postulated that having migraine comorbidity may increase
the level of blood–brain-barrier disruption in these patients [27].

Regarding the overall impact on MS severity, some studies have found no significant
correlation between the level of disability and the presence of migraine [28], while the
presence of comorbid migraine negatively affects some aspects of QoL in these patients [34].

3. Autoimmune Comorbidities and MS

The coexistence of autoimmune/inflammatory comorbidities has recently engendered
significant interest in the MS research field. First, MS and specific comorbidities may have
underlying pathogenesis. Second, the association between autoimmune comorbidities and
MS may reveal common genetic and environmental risk factors [4].

For example, smokers with multiple sclerosis had an increased risk of developing
comorbid autoimmune disease after MS onset [35].

Several articles describe the association between autoimmune/inflammatory condi-
tions and MS, but the results are still inconsistent. A population-based case-control study
on autoimmune comorbidities and MS showed that before MS diagnosis, uveitis occurred
3-fold more often, and inflammatory bowel disease (IBD) occurred 1.7-fold more often in
patients with MS [36]. A nationwide cohort study in Denmark found that PwMS were at
an increased risk of developing ulcerative colitis and pemphigoid [37]. Nevertheless, other
studies, including a recent multicentric population-based study, did not find any increased
risk of autoimmune diseases among MS patients [38].

A systematic review of the incidence and prevalence of autoimmune disease in PwMS
found that psoriasis and thyroid disease were the most prevalent autoimmune comorbidi-
ties. The findings also supported an increased risk of IBD, uveitis, and pemphigoid [39].
However, the authors stated that they could not draw conclusions because the study was
mainly heterogeneous with respect to the populations studied, methods of ascertaining
comorbidities, and reporting of findings [39].
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A systematic review and meta-analysis on the overall risk of other autoimmune
diseases in PwMS and their first-degree relatives showed that the OR of thyroid disease was
increased in both PwMS (OR 1.66) and their relatives (OR 2.38). A comparable association
was observed between MS and IBD (OR 1.56) and psoriasis (OR 1.31; p < 0.0001), though
not in relatives [40].

Table 1 lists relevant studies on MS and concomitant autoimmune conditions.

3.1. Type 1 Diabetes Mellitus

The co-occurrence of type 1 diabetes mellitus (DM) and MS is supported by several
studies. A population-based cohort study found that patients with type 1 DM were at
3-fold greater risk for developing MS. Furthermore, the risk for type 1 DM in first-degree
relatives of patients with MS was increased by about 40% [41]. The authors suggested
that similarities in immunological features between type 1 DM and MS and/or unknown
environmental factors might contribute significantly to the co-occurrence of these two
diseases [41]. Similarly, a Sardinian study observed a 5-fold and 2-fold higher prevalence of
type 1 DM in patients with MS and their first-degree relatives compared with the general
population. It concluded that common genes might contribute to susceptibility to both
diseases [42].

Furthermore, Bechtold et al. conducted a cohort study on a pediatric and adoles-
cent population affected by type 1 DM in Germany and Austria. They demonstrated a
considerably higher risk of MS co-occurrence in the diabetic population [43].

3.2. Autoimmune Thyroid Disease

Autoimmune thyroid disease seems to affect PwMS and their first-degree relatives
more than the general population, regardless of treatment with IFN-β and alemtuzumab,
but the results are variable. A controlled prospective study found that thyroid disorders
were at least three-times more common in women with MS than in female controls [44].
Another study on 353 patients not treated with IFN-β found a statistically significant higher
prevalence of autoimmune thyroiditis in male MS patients compared with male controls
but not in female patients [45]. In a study on a Spanish cohort of 93 untreated PwMS,
MS patients had a higher prevalence of antithyroid antibodies compared with the general
population [46].

3.3. Inflammatory Bowel Disease

Previous studies have established an association between MS and IBD, including
Crohn’s disease and ulcerative colitis (UC) [47,48]. A systematic review and meta-analysis
showed that IBD and PwMS seem to be associated with a 50% increased risk of MS or
IBD comorbidity, respectively, with no apparent differences between patients with Crohn’s
disease or ulcerative colitis [49].

3.4. Psoriasis

An association between MS and psoriasis has not been clarified, and several studies
have tried to determine whether an association exists. Marrie et al. found that the risk
of incident psoriasis was 54% higher in PwMS (HR 1.54; 95%CI: 1.07–2.24) [50]. One
case-control study investigating whether patients with a diagnosis of MS had higher
rates of concomitant psoriasis found a higher-than-expected frequency of psoriasis among
PwMS [51]. In contrast, other studies did not corroborate the association between psoriasis
and MS [52]. In a study on 658 consecutive patients, the prevalence of psoriasis in MS
patients compared to the general population did not differ significantly [48]. Similarly, a
large multicenter study on autoimmune disease risk in MS patients found that the frequency
of psoriasis in MS patients did not differ from spousal controls (5.8% of the MS population
and 5.4% of controls) [38]. The association between the two conditions may reflect shared
genetic, environmental factors and immune pathways, and the effectiveness of fumarates
in both conditions may yield etiologic insights into MS [53].
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Table 1. Relevant studies on the co-occurrence of MS and autoimmune diseases.

Author (Date)
[Reference] Concomitant AID Study Population Main Findings

Nielsen (2006)
[41] Type 1 DM 11,862 PwMS, 6078 type 1 DM cases RR for MS in type 1 DM patients: 3.26

(95% CI: 41.30–7.97)

Marrosu (2002)
[42] Type 1 DM 1090 PwMS, 2180 parents, 3300 siblings

Type 1 DM prevalence in MS is 3-fold
greater than in healthy siblings and 5-fold

the general population

Bechtold (2014)
[43] Type 1 DM 19 PwMS, 56,653 type 1 DM cases RR of MS in type 1 DM patients: 3.35 (95%

CI: 1.56–7.21) to 4.79 (2.01–11.39)

Edwards (2005)
[48] Type 1 DM 658 PwMS Type 1 DM prevalence of 0.9%; OR 18.14

(95% CI: 6.40–2.17)

Ramagopalan
(2007)
[38]

UC 5032 PwMS, 2707 controls No difference between PwMS and controls

Roshanisefat (2012)
[47] UC 20,276 PwMS, 203,951 controls Increased risk in PwMS: HR 1.49 (95% CI:

1.22–1.82)

Roshanisefat (2012)
[47] CD 20,276 PwMS, 203,951 controls Increased risk in PwMS: HR 1.45 (95% CI:

1.17–1.81)

Edwards (2005)
[48] IBD 658 PwMS IBD prevalence of 1.2%; OR 3.17 (95% CI:

6.40–2.17)

Farez (2014)
[52] CD 211 PwMS, 211 controls No difference between PwMS and controls

Ramagopalan
(2007)
[38]

Psoriasis 5032 PwMS, 2707 controls No difference between PwMS and controls

Roshanisefat (2012)
[47] Psoriasis 20,276 PwMS, 203,951 controls Increased risk in PwMS: HR 1.73 (95% CI:

1.42–2.10)

Edwards (2005)
[48] Psoriasis 658 PwMS No higher prevalence compared

to controls

Marrie (2017)
[50] Psoriasis 4911 PwMS, 23,274 controls Risk of psoriasis was 54% higher in PwMS

(HR 1.54; 95%CI: 1.07–2.24).

Fellner (2014)
[51] Psoriasis 214 PwMS, 192 controls Psoriasis prevalence of 4.21%; OR: 8.39

(95% CI: 1.05–66.81)

Farez (2014)
[52] Psoriasis 211 PwMS, 211 controls No difference between PwMS and controls

Niederwieser
(2003)
[45]

AITD 353 PwMS, 308 controls
Higher prevalence of AITD in male MS

patients (9.4%) than in male controls (1.9%;
p = 0.03)

Edwards (2005)
[48] AITD 658 PwMS AITD prevalence of 3.2%; OR 1.80 (95% CI:

3.02–1.07)

AID, autoimmune disease; AITD, autoimmune thyroid disease; CD, Crohn’s disease; CI, confidence interval;
DM, diabetes mellitus; HR, hazard ratio; IBD, inflammatory bowel disease; OR, odds ratio; PwMS, people with
multiple sclerosis; RR, relative risk; UC, ulcerative colitis.

3.5. Drug-Related Autoimmune Disorders

The possibility of comorbid autoimmune disorders developing secondary to DMTs has
also been a concern. Autoimmunity following alemtuzumab therapy is a well-recognized
adverse effect of alemtuzumab, with thyroid disease being the most common in more
than a third of patients. Other antibody-mediated autoimmune disorders are associated
with alemtuzumab, including idiopathic thrombocytopenic purpura and anti-glomerular
basement membrane disease [54]. IFN-β might be associated with an increased risk of
thyroid autoimmunity and dysfunction, particularly within the first year of treatment [55].

4. Effects of Autoimmune Comorbidities on the Clinical and Neuroradiological
Course of MS

Several studies investigated the effect of different autoimmune conditions on the
clinical course of MS. Patients with MS, and a concurrent autoimmune disorder seem to
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have lesser disabilities compared to those with isolated MS after an average of 5.91 years. It
has been suggested that the concurrent autoimmune disorder may increase body tolerance
against autoantigens [56]. A study performed by Fanouriakis et al. on 9 patients with both
systemic lupus erythematosus and MS showed that the coexistence of the two diseases
does not seem to be associated with a severe phenotype for either entity. In particular,
systemic lupus erythematosus remained quiescent in all patients while on standard im-
munomodulatory MS therapy [57]. A study on 66 patients with concomitant MS and IBD
showed that these patients have a milder course of the disease than patients with MS alone,
after a median of 12 years of disease duration [58].

Regarding the effects of comorbid autoimmune diseases on the radiological outcome,
Zivadinov et al. analyzed magnetic resonance (MR) imaging findings in MS patients with
autoimmune comorbidities. They found that comorbidities in patients with MS were asso-
ciated with more severe MR imaging outcomes of demyelination and neurodegeneration,
evidenced by several nonconventional MR imaging measures, including brain atrophy,
magnetization transfer imaging, and diffusivity. The findings were significant for psoriasis,
type 2 DM, and thyroid disease [59]. However, the study included 40 patients with type 2
DM, which is considered more a metabolic-acquired disease rather than an autoimmune
condition, and only 3 patients with type 1 DM.

Lorefice et al. performed a case-control MRI study on 286 PwMS, of which 30 subjects
had DM type 1, 53 patients had autoimmune thyroiditis, and 4 had celiac disease. Multiple
regression analysis found an association between type 1 DM and lower grey matter and
cortical grey matter volumes, independent from MS clinical features and related to type 1
DM duration [60].

The correlation between brain atrophy and autoimmune comorbidities may have
significance in the progression of disability, as several reports have shown that brain and
spinal atrophy may represent reliable biomarkers of neurodegeneration that correlate with
physical and cognitive impairment in PwMS [61,62].

5. Effect of Autoimmune Comorbidities on Treatment Choices

The treatment choice in PwMS and concomitant autoimmune comorbidities that share
common immunological interfaces is still challenging. Numerous therapeutic strategies are
either approved for different autoimmune disorders or may be repurposed for several dis-
eases, with the possibility of using a drug that can be effective in both conditions. Contrarily,
other medications may exacerbate pre-existing autoimmune disorders or trigger their onset.
For example, tumor necrosis factor-alpha (TNFα) blockers, established as effective agents in
the treatment of several autoimmune conditions such as rheumatoid arthritis, psoriasis and
IBD, can induce or worsen demyelinating diseases and are contraindicated in the treatment
of MS [63].

Similarly, interferons can unmask silent autoimmune processes or induce de novo
autoimmune diseases, and their use in MS with concomitant autoimmune diseases is not
recommended [64–66].

Alemtuzumab is not recommended in the case of MS and autoimmune comorbidi-
ties for its association with autoimmunity. The cause of autoimmunity is not entirely
understood and is likely related to the pattern of T- and B-cell repopulation after their
depletion [67].

Natalizumab, a monoclonal anti-α4 antibody, inhibits the trafficking of lymphocytes
from the blood into CNS. There have been several cases of patients with MS treated with
natalizumab who developed rheumatoid arthritis or experienced an onset or exacerbation of
psoriasis [68,69]. Natalizumab modifies the composition of lymphocyte subpopulations and
alters the migration of leukocytes across the blood–brain-barrier, shifting the inflammatory
response from the CNS towards other tissues [70]. Furthermore, natalizumab has been
demonstrated to be an effective drug for the induction and maintenance of remission
in patients with Crohn’s disease [71,72]. Therefore, natalizumab may be an alternative
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treatment option for patients with MS and Crohn’s disease but should be used cautiously
in patients with comorbid psoriasis or rheumatoid arthritis.

Anti-CD20 antibodies used for MS include rituximab, ocrelizumab and ofatumumab.
Ocrelizumab has been demonstrated to be an effective and safe treatment option for
rheumatoid arthritis [73]. In contrast, ocrelizumab and rituximab were associated with an
increased risk of developing psoriasis and IBD. Therefore, it should be avoided in patients
with MS plus psoriasis or IBD [74–76].

The sphingosine-1-phosphate receptor modulators (fingolimod, siponimod, ozanimod)
are potentially useful in IBD, rheumatoid arthritis and psoriasis, as demonstrated in animal
models and few reports [77–79]; however, further applications in clinical trials are still
needed to ascertain the effectiveness in these pathologies. Ozanimod has been proven safe
and effective in patients with moderate to severe ulcerative colitis and may represent an
option for patients with concomitant highly active MS and ulcerative colitis [80].

Among first-line therapies, dimethyl fumarate enhances the nuclear factor erythroid 2
related factor 2 (Nrf2) transcriptional pathway. It is approved for both relapsing-remitting
mild/moderate MS and moderate/severe psoriasis and represents the treatment of choice
in case of co-occurrence of these pathologies [81,82].

The DMTs approved for multiple sclerosis and other common autoimmune conditions
are synthesized in Table 2. A pragmatic treatment approach to MS and autoimmune
disorders should foresee first a check for contraindications, second, an evaluation of
the disease/severity of the concomitant conditions, to tailor therapies for the individual
patient [83].

Table 2. DMTs approved for MS and their use in other autoimmune disorders.

DMTs MS IBD PsO RA

INF + − − −
DMF + − * −
TER + − − *

S1PR
Ozanimod + *

+ (UC) − −

CLAD + − − −
NAT + + − −
ALE + − − −

Anti-CD20 + − − +
+, FDA approved; * used off-label; −, not used; ALE, alemtuzumab; Anti-CD20: CD20 antibodies; AZA, azathio-
prine; CLAD: cladribine; DMF, dimethyl fumarate; FDA, US Food and Drug Administration; IBD, inflammatory
bowel disease; IFN, interferon; MS, multiple sclerosis; MTX, methotrexate; NAT, natalizumab; PsO, psoriasis; RA,
rheumatoid arthritis; S1PR, sphingosin-1-phosphate receptor modulator; SLE, systemic lupus erythematosus; TER
teriflunomide; UC: ulcerative colitis.

6. MS and Autoimmune Comorbidities: Unmet Needs

The association between MS and different comorbidities is of rising interest as a factor
that could explain the heterogeneity of outcomes.

Over the past decades, insufficient attention has been paid to comorbid conditions
in MS, as it was considered mainly a disease of young adults with a limited comorbidity
burden. Recent studies demonstrated the importance of investigating comorbidities in
PwMS, as several comorbid conditions influence the course of the disease, disability pro-
gression, worsened QoL, treatment choices and mortality [84–86]. Another important point
is the diagnostic delay in patients with comorbidities [13]. An explanation could be that the
clinician could erroneously attribute MS symptoms to a preexisting condition, increasing
the time from symptom onset to diagnosis and subsequently disability at diagnosis [13].
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However, studies investigating comorbidities in PwMS have been performed mainly
in small cohorts, and a global view of comorbidity in MS is lacking. A clear understanding
of the risk of developing these pathologies and their prevalence in PwMS is necessary [6].

Furthermore, patients with comorbidities are usually excluded in clinical trials of
disease-modifying therapies in MS. Thus, trial results may not be representative of a
real-world scenario and cannot be applied to a standard clinic population with general
comorbidities [87]. However, comorbidities may influence disease activity, disability
progression and treatment choices [12].

Marrie et al. reviewed the published results of nine placebo-controlled trials of DMTs
for MS. Of the nine trials evaluated, five excluded individuals with different comorbidities,
and the explanation of the exclusions for comorbidities was unclear in four trials. None of
the trials reported the comorbidity status of patients at enrollment [87].

To address this knowledge gap, the International Workshop on Comorbidity in Mul-
tiple Sclerosis produced several recommendations for future clinical trials, indicating
relaxing restrictions on the inclusion of patients with comorbidity. The comorbidities prior-
itized were depression, anxiety, autoimmune disease, diabetes, cancer, hypertension, and
migraine [87].

In this scenario, autoimmune comorbidities play a cardinal role for several reasons.
First, the coexistence of autoimmune disorders may reflect common underlying pathobiol-
ogy. Second, as the treatment landscape continues to expand with the development of new
DMTs, concomitant pathologies may present a unique therapeutic target.

For example, MS and type 1 DM share T-cell-mediated autoimmunity [88]. Type 1 DM
is caused by T lymphocytes’ destruction of the insulin-producing β-cells in pancreatic islets
once activated by particular insulin epitopes on antigen-presenting cells. In vitro, T-cells
from type 1 DM patients reacted to pancreatic islet and CNS antigens [89]. Children with
concomitant CNS demyelination and type 1 DM exhibited heightened T-cell reactivities to
self-antigens, and these responses were not strictly limited to the disease target organs [90].

The presence of shared pathways and the involvement of similar cell types in the
pathogenesis of autoimmune conditions may underlie the risk of both MS and other
autoimmune diseases [91]. Furthermore, genetic loci shared between multiple autoimmune
diseases are involved in a wide range of immune pathways (i.e., T-cell activation, B-cell
activation, cytokine signaling), helping to explain common pathogenic features [92]. Apart
from loci within the major histocompatibility complex (MHC) associated with the greater
risk, multiple non-MHC genes mainly involved in the regulation of immune response may
also explain the susceptibility of multiple autoimmune conditions [92].

However, the impact of an autoimmune comorbid condition on MS remains yet to
be fully elucidated. The coexistence of another autoimmune disease may reduce the
possibility of disability progression due to unknown changes in immunological pathways,
increasing the tolerance against autoantigens. Alternatively, regulatory T-cells can prevent
the inflammatory activity of Th1 and Th17 cells following the secretion of anti-inflammatory
cytokines. The activation of more regulatory T-cells and the production of more anti-
inflammatory cytokines could be another hypothesis for a milder course in patients with
two concomitant autoimmune diseases. Further studies with larger sample sizes are
required to confirm the finding of brain atrophy associated with autoimmune comorbidities.

7. Conclusions

In this comprehensive review, we summarized currently available data on the inci-
dence and prevalence of autoimmune diseases comorbidity in PwMS, the possible effect of
this association on clinical and neuroradiological MS course and its impact on treatment
choice. We also highlighted the unmet needs in this field. The currently available data
make it difficult to draw firm conclusions concerning the extent of coexistence of other
autoimmune diseases in PwMS and all other topics discussed herein. Further studies
in this area are warranted considering the implication on MS pathogenesis, the possible
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role of autoimmune co-morbidity on MS diagnosis delay, disease activity and disability
progression, brain atrophy, and treatment choice.
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Abstract: Spastic type cerebral palsy (CP) is a complex neuromuscular disorder that involves altered
skeletal muscle microanatomy and growth, but little is known about the mechanisms contributing to
muscle pathophysiology and dysfunction. Traditional genomic approaches have provided limited
insight regarding disease onset and severity, but recent epigenomic studies indicate that DNA
methylation patterns can be altered in CP. Here, we examined whether a diagnosis of spastic CP is
associated with intrinsic DNA methylation differences in myoblasts and myotubes derived from
muscle resident stem cell populations (satellite cells; SCs). Twelve subjects were enrolled (6 CP;
6 control) with informed consent/assent. Skeletal muscle biopsies were obtained during orthopedic
surgeries, and SCs were isolated and cultured to establish patient–specific myoblast cell lines capable
of proliferation and differentiation in culture. DNA methylation analyses indicated significant
differences at 525 individual CpG sites in proliferating SC–derived myoblasts (MB) and 1774 CpG
sites in differentiating SC–derived myotubes (MT). Of these, 79 CpG sites were common in both
culture types. The distribution of differentially methylated 1 Mbp chromosomal segments indicated
distinct regional hypo– and hyper–methylation patterns, and significant enrichment of differentially
methylated sites on chromosomes 12, 13, 14, 15, 18, and 20. Average methylation load across 2000 bp
regions flanking transcriptional start sites was significantly different in 3 genes in MBs, and 10 genes
in MTs. SC derived MBs isolated from study participants with spastic CP exhibited fundamental
differences in DNA methylation compared to controls at multiple levels of organization that may
reveal new targets for studies of mechanisms contributing to muscle dysregulation in spastic CP.

Keywords: cerebral palsy; muscle spasticity; primary cell culture; satellite cells; skeletal muscle;
muscle; skeletal; humans; epigenomics; DNA methylation; regulatory non-coding RNAs

1. Introduction

Cerebral palsy (CP) is the most common cause of physical disability in childhood,
with a prevalence of 2–4 per 1000 live births [1–3]. It is a heterogeneous set of movement
disorders associated with a static encephalopathy that occurs during fetal development or
early postnatal life [4]. There are three fundamental types of CP: ataxic, dyskinetic, and
spastic [5], with spastic CP accounting for about 80% of cases [6]. Spastic CP is characterized
by hypertonia, exaggerated reflexes, and poor muscle growth associated with progressive
musculoskeletal deformities that often require surgical correction [5–13].

Individuals with spastic CP have difficulties with movement, movement control, and
muscle function [2,3]. Ultrasound and MRI studies have demonstrated that subjects with
spastic CP have decreased muscle length [14], cross–sectional area [15], and volume [16,17],
leading to diminished force generation, reduced range of motion, and weakness [18–21].
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Additionally, studies of muscle indicate that patients with CP exhibit increased sarcomere
length [22], disorganized neuromuscular junctions [23–25], extracellular matrix abnormali-
ties [22], tissue–level differences in gene expression profiles [26,27], and limited myogenic
potential [28].

While all individuals with spastic CP have some movement dysfunction, there is a high
degree of variability in phenotype between individuals. A more thorough understanding
of the mechanisms associated with dysfunction in the peripheral neuromotor system is
needed in order to develop more targeted and enhanced therapeutics addressing the major
challenges facing individuals with spastic CP. Importantly, spastic CP is associated with
alterations in the muscle–resident stem cell populations (satellite cells; SC) responsible for
skeletal muscle growth and repair. Surgical patients with CP have a reduced SC population,
which may account for aspects of their impaired muscle growth and decreased ability to
strengthen muscle [28–30]. Isolated SC–derived myoblasts (MB) from CP donors appear to
have altered phenotypes in culture compared to control MBs [28,31,32], and an RNASeq
study from our group showed differential expression of mRNAs and miRNAs in spastic CP
muscle [26]. These data suggest that MBs from CP patients may retain intrinsic differences
through the cell isolation and culture process.

Genetic alterations may account for intrinsic differences in isolated MB populations. A
number of potentially causative genetic variants have been identified in CP [33], but not all
types of CP are easily detected or characterized by genomic data. Several rare copy number
variants and mutations have been identified, but there is considerable genetic heterogeneity
in patients with CP [33,34]. While some CP cases may be associated with certain types
of genetic abnormality [35], the conventional view of CP remains that environmental
factors affecting neuromotor maturation are responsible for most cases, especially among
individuals with spastic CP [36,37].

Epigenetic modification may also account for some retained phenotypic differences in
isolated MB behavior. In recent work, DNA methylation pattern differences were identified
in peripheral blood cells from subjects with CP [38–41], and some early studies indicate
that muscle in CP may be similarly altered, with differential DNA methylation in CP
resulting in a decreased capacity for MBs to fuse and differentiate into MTs [32]. It has
been demonstrated in several disease states that patterns of altered DNA methylation
may uncover molecular etiologies and reveal potential therapeutic targets [42–51], and
such may be the case in spastic CP as well [39]. DNA methylation changes may serve as
markers for diagnosis, prognosis, tailoring the best treatment for a subclass of disease,
monitoring treatment efficacy, and identifying genes to be examined for the development of
genetically or epigenetically targeted therapies [52]. In the current study, DNA methylomes
were analyzed to provide insight into individual CpG site differences and altered DNA
methylation patterns in chromosomal segments and near transcription start site (TSS) in
spastic CP SCs compared to controls.

2. Materials and Methods
2.1. Subject Enrollment

Six subjects with a diagnosis of spastic CP and 6 control subjects were enrolled in
an IRB–approved study at Nemours Children’s Hospital, Delaware, after informed con-
sent/assent. The control cohort comprised children with an idiopathic condition or an
injury. Subjects with a chromosomal disorder, degenerative neurological disease, or muscu-
lar dystrophy were excluded.

2.2. Satellite Cell Isolation

Skeletal muscle biopsies collected during orthopedic surgeries were enzymatically di-
gested and a double–immunomagnetic isolation approach was used to collect a population
of mononuclear Cells positive for the surface markers neural cell adhesion molecule 1 and
C–X–C motif chemokine receptor 4 (anti–NCAM1 and anti–CXCR4, both at 2.5 ng/mL,
Miltenyi, San Diego, CA, USA) as previously described [26]. Previous studies have demon-
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strated that CXCR4 marks human SCs and that selection using the combination of NCAM1
(CD56) and CXCR4 more effectively removes non–satellite cells than using either marker
alone [53,54]. This method resulted in a nearly pure SC population as verified by positive
PAX7 immunofluorescence signal obtained after 24–48 h in culture (Anti–PAX7 from hy-
bridoma cells deposited to the DSHB by Kawakami, A., Developmental Studies Hybridoma
Bank, Iowa City, IA, USA). Cell populations that were at least 90% positive for PAX7
expression were utilized for experiments (Supplemental Table S1).

Cells were seeded at passage 3–5 (Supplemental Table S1) and proliferated in medium
consisting of Zenbio Skeletal Muscle Growth Medium (Zenbio, Triangle Park, NC, USA)
supplemented to a final concentration of 20% Qualified FBS (Thermo Fisher Scientific,
Philadelphia, PA, USA), 4 g/L of D Glucose (Thermo Fisher Scientific, Philadelphia, PA,
USA), 1 ng/mL of human bFGF (PeproTech, Rocky Hill, NJ, USA), and 1% penicillin–
streptomycin, (Thermo Fisher Scientific, Philadelphia, PA, USA) was exchanged every
other day until cells reached confluence. Proliferating MBs were collected at 50% conflu-
ence (2–5 days after seeding; Supplemental Table S1). For differentiation, cultures were
switched to low–serum medium consisting of high glucose DMEM (Thermo Fisher Scien-
tific, Philadelphia, PA, USA) supplemented with 2% horse serum (Thermo Fisher Scientific,
Philadelphia, PA, USA), 2% human insulin (Sigma, St. Louis, MO, USA) and 1% penicillin–
streptomycin upon reaching 90–100% confluence. Cells were differentiated for 24 h to
initiate MB fusion into MTs [28] and collected.

2.3. DNA Extraction, Library Preparation, and Sequencing

Genomic DNA was isolated using Gentra Puregene kits (Qiagen, Germantown, MD,
USA). A previously published DNA methylation assay [39,55,56] was utilized. Briefly, DNA
libraries for next generation sequencing (NGS) were prepared by digesting genomic DNA
with methyl–sensitive restriction endonuclease HpaII, which recognizes CCGG sites. A
standard sequencing protocol was then performed including randomized shearing (Covaris,
Woburn, MA, USA) and synthesis of a gDNA fragment library using Illumina TruSeq Nano
library synthesis kits (San Diego, CA, USA). NGS was performed on an Illumina ×10
platform by Psomagen (Rockville, MD, USA). The protocol generated single end reads
(150 bp) with >20× coverage of the regions captured. FASTQ data files were processed
to calculate the probability of methylation at individual CpG sites through a commercial
bioinformatics pipeline and software platform (Genome Profiling LLC, Newark, DE, USA).
For convenience, the term “CpG” in this paper refers to “C(CpG)G” HpaII restriction sites.

2.4. Methylation Analysis

FASTQ files were aligned to human reference genome hg19 using BWA (Burrows–
Wheeler Aligner algorithm [57]. To reduce false discovery associated with the inclusion of
both male and female participants in the study, sites on the X and Y chromosomes were
excluded from analyses. For each CpG per sample, a methylation score was calculated
proportional to the probability that a specific CpG site was methylated. These scores were
then compared between cohorts using a set of analytic modules from the R–packages
edgeR [58,59] and limma [60] to compare pairwise for each CpG site. The response scale
of the methylation data sets used here is within the operational boundaries of log–scaled
gene expression data for which edgeR and limma were designed, and the well–developed
false–discovery rate calculations in these R packages are ideal for methylation score data
distributions [61,62].

Statistical significance at the level of individual CpG sites and was evaluated using a
Likelihood Ratio Test with a one–way ANOVA contrast (LRT–ANOVA). Potentially informa-
tive CpG sites were selected for the PCA plots by filtering the LRT–ANOVA p-values with
an appropriate cutoff (<0.01). Gene annotations were derived from the Ensembl GRCh37
database based on chromosomal locus (www.ensmbl.org; last accessed on 15 November
2022 for validation). Enhancer regions were derived from Ensembl’s GRCh37 BioMart tool.
The ontology terms Muscle Organ Development, Muscle System Processes, and Skeletal
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Muscle Cell Differentiation (GO Enrichment Analysis; amigo.geneontology.org) were used
to determine 575 unique genes annotated to be involved in muscle physiology. Fisher’s
exact test was utilized to determine enrichment of significant CpGs within chromosomes.

Because methylation of the region around the TSS of a gene is thought to be highly
informative of gene expression [63], the individual CpG methylation scores were averaged
per TSS using 1000 bp upstream of the TSS and 1000 bp downstream [64]. TSS were
identified from Ensembl’s GRCh37 BioMart data mining tool (release 106) [65]. If one or
fewer CpGs were found within this range, the TSS was excluded from further analysis.
For each sample, the mean methylation load in this 2000 bp range was calculated and a
likelihood ratio test performed on the methylation loads. No more than one transcript for
each gene was included in the statistical analysis.

3. Results

Samples from 12 unique study participants were included in the study; demographic
data are summarized in Table 1. Briefly, the control group consisted of n = 6 subjects
(males = 3, and females = 3) with an average age of 13.9 ± 1.7 years; the CP group consisted
of n = 6 subjects (males = 3, and females = 3) with an average age of 15.5 ± 3.0 years. Biopsies
from different muscles were included based on the availability of viable muscle tissue
suitable for cell isolation and to help identify methylation signals generally associated with
spastic CP rather than a specific muscle: SCs were isolated from spinalis or semitendinosus
muscle for controls and from spinalis, rectus femoris, adductor longus, or vastus lateralis for
the CP group. Although differences likely exist between muscle types, previous studies of
MTs derived from different muscles found low inter-muscle variability in RNA–sequencing
data [26].

Table 1. Demographic information for subjects in the study *.

Sample Diagnosis Age Sex GMFCS Tissue Source

CN1 Spondylolysis 16.6 M N/A Spinalis

CN2 Torn ACL 12.6 M N/A Semitendinosus

CN3 Idiopathic scoliosis 12.1 F N/A Spinalis

CN4 Torn ACL 12.7 F N/A Semitendinosus

CN5 Idiopathic scoliosis 15.1 M N/A Spinalis

CN6 Idiopathic scoliosis 14.3 F N/A Spinalis

CP1 Spastic CP 15.6 M 5 Vastus lateralis

CP2 Spastic CP 19.1 M 5 Adductor longus

CP3 Spastic CP 12.6 M 4 Rectus femoris

CP4 Spastic CP 13.8 F 2 Rectus femoris

CP5 Spastic CP 19.0 F 5 Spinalis

CP6 Spastic CP 12.8 F 5 Spinalis
* CN = control; CP = cerebral palsy; ACL = anterior cruciate ligament; M = male; F = female; GMFCS = Gross
Motor Function Classification System.

To evaluate differences in DNA methylation patterns associated with affected muscle
of subjects with spastic CP, whole genome methylation patterns were determined from
proliferating MBs and differentiating MTs. Cells derived from subjects with CP appeared
morphologically similar to those derived from controls (Supplemental Figure S1) and
exhibited no significant differences in proliferation rates (Supplemental Table S1). NGS
was performed after methylation sensitive restriction endonuclease (HpaII) digestion. The
hg19 reference genome assembly from the University of California Santa Cruz [66] includes
2.29 × 106 HpaII target CCGG motifs, which represent ~15% of the 14 × 106 CpG sites in the
haploid hg19 genome [39]. Alignment of the HpaII restricted sites in our 12 samples yielded

54



J. Pers. Med. 2022, 12, 1978

1,483,038 sites were in common across all subjects for MBs and MTs. DNA methylation
patterns were analyzed at the individual CpG site level using dimensionality reduction by
principal component analysis (PCA) to assess the degree of discrimination between CP and
non–CP cohorts. All potentially informative CpG sites (n = 20,254 for MBs and 27,834 for
MTs), were integrated as one pattern and demonstrated strong discrimination based on
diagnosis (Figure 1, Supplemental Figure S2).
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Figure 1. Principal component analysis to identify discriminating methylation patterns between CP
and non–CP cohorts. For MBs (a) and MTs (b), the first two component axes (PC1, PC2) were plotted
with % variance explained in parenthesis. Each point represents the similarity position of a subject
based on all potentially informative CpG sites (p < 0.01). CP subjects are represented in gray and
control subjects in black. Ellipses represent 90% confidence intervals. The complete segregation of
the two cohorts indicates that DNA methylation patterns fundamentally differ between cohorts.

In MBs, 525 CpG sites were found to have differential methylation load scores
(FDR < 0.05; heatmap in Figure 2a, volcano plot in Supplemental Figure S3A, list of sig-
nificant CpGs in Supplemental Table S2). Of these, 11 were within genes known to be
involved in muscle physiology and 21 were within known gene enhancer regions. 1774
CpG sites were found to have differential methylation load scores in MTs between the CP
and control cohorts (heatmap in Figure 2b, volcano plot in Supplemental Figure S3B, list
of significant CpGs in Supplemental Table S3), of which 43 CpG sites were within genes
known to be involved in muscle physiology and 97 were within gene enhancer regions.
The differentially methylated CpGs included 79 CpG sites that were significantly different
under both cell conditions. Of these, 36 were significantly hypermethylated and 43 were
significantly hypomethylated in the CP cohort compared to the control cohort (Table 2).

To determine the methylation differences over larger regions of the genome, the
chromosomal distribution of significant CpGs was visualized (Supplemental Figure S4) and
Fisher’s exact test was employed to analyze enrichment of differentially methylated CpGs
on individual chromosomes. For both MB and MT cell populations, significant enrichment
was found on chromosomes 12, 13, 14, 15, 18, and 20. Interestingly, the same chromosomes
were identified as having significant CpG site enrichment in previous studies of both
muscle tissue and peripheral blood cells from subjects with CP (Table 3). To further assess
regional differences, methylation load scores were calculated across 1 Mbp chromosomal
segments. There was a strong correlation between the 1 Mbp methylation loads of MBs
and MTs (Figure 3a), indicating stability of the methylome. When these 1 Mpb regions
were mapped to the chromosomes, regions of accentuated differential methylation load
were noted on all chromosomes except 1 and 17 (Figure 3b,c). These large–scale changes in
DNA methylation could affect higher–order chromatin structure and regulation of gene
expression [52].
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Table 2. CpG sites that were differentially methylated in both MBs and MTs *.

Position MB LogFC MB FDR
Corrected p-Value MT LogFC MT FDR

Corrected p-Value Gene

chr2.0003882321 0.88 2.29 × 10−2 0.90 2.40 × 10−2

chr2.0029850455 1.24 6.74 × 10−4 1.32 1.11 × 10−5 ALK

chr2.0033057636 −0.84 3.40 × 10−3 −0.85 1.94 × 10−2 LINC00486

chr2.0035092870 −1.09 1.00 × 10−2 −1.19 8.26 × 10−5 AC012593.1

chr2.0056193463 1.32 1.79 × 10−3 1.55 1.22 × 10−6 RP11—481J13.1,
AC011306.2

chr2.0223166989 0.87 4.07 × 10−2 0.90 4.80 × 10−2 CCDC140

chr2.0235215325 −1.05 6.08 × 10−4 −1.08 6.49 × 10−4

chr3.0053784559 0.91 1.58 × 10−2 1.14 8.96 × 10−4 CACNA1D

chr3.0060919598 −0.85 1.89 × 10−3 −0.86 3.09 × 10−2 FHIT

chr3.0119863345 1.28 2.04 × 10−3 1.48 1.19 × 10−5 GPR156

chr3.0119990864 −1.14 2.05 × 10−3 −1.01 4.01 × 10−2 GPR156

chr3.0127606140 −1.40 1.26 × 10−4 −1.12 6.36 × 10−3

chr3.0182124231 −1.14 3.82 × 10−2 −1.15 5.10 × 10−3

chr3.0189791239 −1.34 1.56 × 10−2 −1.13 5.00 × 10−2 LEPREL1

chr3.0196595774 −1.37 3.54 × 10−2 −1.33 1.44 × 10−2 SENP5

chr4.0101719592 −1.04 4.74 × 10−5 −1.15 1.77 × 10−7 EMCN

chr5.0011534641 0.90 2.48 × 10−2 1.05 7.82 × 10−3 CTNND2

chr5.0039219698 1.22 3.91 × 10−2 1.37 2.24 × 10−2 FYB

chr5.0164483805 −0.92 2.51 × 10−2 −1.11 1.05 × 10−3 CTC—340A15.2
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Table 2. Cont.

Position MB LogFC MB FDR
Corrected p-Value MT LogFC MT FDR

Corrected p-Value Gene

chr5.0166472226 −1.03 1.03 × 10−2 −1.16 4.86 × 10−4

chr6.0008948266 1.16 2.27 × 10−2 1.24 2.52 × 10−3

chr6.0016145414 −1.17 2.94 × 10−4 −1.24 9.54 × 10−5 MYLIP

chr6.0019413218 0.81 2.95 × 10−3 0.86 1.70 × 10−2

chr6.0031008851 0.96 2.29 × 10−2 1.01 1.56 × 10−2 RASSF3

chr6.0154640863 1.37 9.68 × 10−3 1.34 3.64 × 10−3 IPCEF1

chr6.0161063597 −2.29 3.71 × 10−3 −1.62 2.31 × 10−2 LPA

chr7.0016768868 −0.75 1.18 × 10−2 −1.03 1.03 × 10−5

chr7.0044621160 0.91 1.71 × 10−2 0.97 4.26 × 10−2 TMED4

chr7.0147581299 −0.68 3.30 × 10−2 −0.83 3.24 × 10−2 CNTNAP2

chr11.0123045794 −1.36 1.13 × 10−3 −1.54 2.08 × 10−6 CLMP

chr11.0129565594 1.28 1.59 × 10−2 1.68 1.23 × 10−4

chr12.0003241735 1.19 4.26 × 10−3 1.04 3.25 × 10−2 TSPAN9

chr12.0026672531 1.00 4.67 × 10−2 1.28 1.68 × 10−2 ITPR2

chr12.0048360477 −1.69 3.13 × 10−4 −1.10 4.25 × 10−2 TMEM106C

chr12.0054366343 0.87 4.94 × 10−2 1.07 3.53 × 10−2 HOTAIR

chr12.0055783991 1.19 4.36 × 10−2 1.29 2.11 × 10−2

chr12.0083436417 1.62 4.94 × 10−3 2.14 6.72 × 10−5 TMTC2

chr12.0114887843 1.42 1.84 × 10−4 0.62 4.91 × 10−2

chr12.0116068191 −1.32 1.42 × 10−2 −1.58 5.07 × 10−6 RP11—1028N23.4

chr12.0128167651 1.13 3.28 × 10−2 1.57 8.87 × 1014

chr12.0131689822 1.29 2.19 × 10−2 1.74 5.09 × 10−5 RP11—638F5.1

chr13.0021286449 −1.10 4.87 × 10−2 −1.33 2.22 × 10−2 IL17D

chr13.0027424109 1.51 1.23 × 10−2 1.56 5.47 × 10−4

chr13.0033220266 −1.24 5.87 × 10−3 −1.31 2.18 × 10−3 PDS5B

chr13.0047191668 −1.30 6.51 × 10−3 −1.34 6.36 × 10−3 LRCH1

chr13.0093896533 1.50 2.96 × 10−2 2.41 2.86 × 10−5 GPC6

chr13.0099687193 1.01 3.54 × 10−2 1.06 4.85 × 10−2 DOCK9

chr13.0107176083 −1.69 7.74 × 10−3 −1.68 1.29 × 10−2 EFNB2

chr13.0109856377 −1.48 4.00 × 10−2 −1.52 6.19 × 10−3 MYO16

chr14.0021177142 −1.22 3.13 × 10−4 −1.24 7.38 × 10−5

chr14.0021316565 −1.29 2.23 × 10−2 −1.56 2.05 × 10−4

chr14.0025947530 0.91 1.48 × 10−2 1.05 7.13 × 10−3

chr14.0080449863 −1.84 5.11 × 10−5 −1.74 2.05 × 10−4

chr14.0085404000 −1.38 4.50 × 10−3 −1.38 3.07 × 10−3

chr14.0104190006 −1.48 3.71 × 10−3 −1.75 2.66 × 10−4 ZFYVE21

chr15.0046178808 −0.97 1.71 × 10−2 −0.70 4.78 × 10−2 RP11—718O11.1

chr15.0069824154 1.42 1.25 × 10−4 1.55 4.82 × 10−6 RP11—279F6.1
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Table 2. Cont.

Position MB LogFC MB FDR
Corrected p-Value MT LogFC MT FDR

Corrected p-Value Gene

chr15.0092982723 1.45 3.91 × 10−5 1.73 9.39 × 10−9 ST8SIA2

chr16.0004815786 −0.89 8.94 × 10−4 −0.92 9.24 × 10−3 ZNF500

chr16.0077912976 −1.23 8.49 × 10−3 −1.28 2.22 × 10−3 VAT1L

chr16.0079468883 1.11 4.82 × 10−3 1.28 3.78 × 10−5

chr17.0018941025 −1.85 1.91 × 10−3 −1.96 2.09 × 10−4 GRAP

chr17.0019045779 −1.55 7.74 × 10−3 −1.56 8.05 × 10−4 GRAPL,
CTC—457L16.2

chr17.0028803808 −1.20 1.47 × 10−2 −1.24 4.72 × 10−3

chr17.0070499160 1.04 1.42 × 10−4 1.06 1.48 × 10−3 LINC00511

chr17.0074566299 0.87 3.28 × 10−2 1.14 3.76 × 10−4 ST6GALNAC2,
RP11—666A8.9

chr18.0043923940 −1.66 5.63 × 10−6 −1.73 7.53 × 10−7 RNF165

chr18.0045011716 1.10 2.73 × 10−2 1.41 4.57 × 10−5 CTD—2130O13.1

chr18.0047177650 −1.15 3.29 × 10−4 −0.64 8.52 × 10−3

chr18.0047230566 −1.39 1.98 × 10−2 −1.30 3.48 × 10−3

chr18.0072250823 1.12 7.11 × 10−3 1.05 2.58 × 10−2 CNDP1

chr19.0002867898 1.36 5.19 × 10−9 1.12 1.72 × 10−2 ZNF556

chr19.0041126191 −0.80 1.99 × 10−2 −0.92 4.84 × 10−3 LTBP4

chr20.0031210733 1.20 2.29 × 10−2 1.36 2.68 × 10−2

chr20.0052825772 −1.35 1.91 × 10−3 −1.31 3.11 × 10−3 PFDN4

chr20.0055369320 −1.24 9.46 × 10−4 −1.68 1.37 × 10−4

chr20.0060501154 2.02 6.08 × 10−4 1.87 9.34 × 10−4 CDH4

chr21.0030689317 −0.78 4.49 × 10−3 −0.86 1.16 × 10−3 BACH1

chr22.0050332646 −1.23 5.83 × 10−3 −1.35 1.32 × 10−3

* LogFC = log2 fold change; positive logFC = hypermethylated in CP; negative logFC = hypomethylated in CP.

Since DNA methylation in promoter regions of genes has been associated with reg-
ulation of expression, the individual CpG methylation scores were averaged across TSS
flanking regions using 1000 bp upstream of the TSS and 1000 bp downstream. The pro-
moter methylation data revealed distinct patterns between the control and CP cohorts for
both MBs (Table 4) and MTs (Table 5). Of 31,844 unique promoters identified, there were
3 promoters with statistically different methylation loads between CP and control subjects
in the MBs and 10 promoters in MTs (FDR < 0.05). The majority of the differentially methy-
lated promoters were in non-coding genes, with only one of the MB promoters and two of
the MT promoters associated with protein coding transcripts. To explore the relationship
between methylation loads and RNA expression, the correlation of methylation load in
protein coding genes was analyzed against previously published RNA–seq count data per
gene, but no correlation was found (data not shown).
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Table 3. Chromosome enrichment analysis *.

Chromosome

MB MT Muscle Blood

Significant
CpGs

Enrichment
p-Value

Significant
CpGs

Enrichment
p-Value

Significant
CpGs

Enrichment
p-Value

Significant
CpGs

Enrichment
p-Value

1 0 1.000 1 1.000 1 1.000 10 1.000

2 26 0.997 103 1.000 84 0.361 312 1.000
3 45 4.81 ×10−3 112 0.146 77 9.94 × 10−3 650 2.20 × 10−16

4 3 1.000 9 1.000 7 1.000 21 1.000

5 14 0.998 82 0.863 64 0.082 222 1.000
6 29 0.348 98 0.209 109 1.22 × 10−12 544 2.20 × 10−16

7 8 1.000 23 1.000 23 1.000 136 1.000

8 9 1.000 26 1.000 28 0.999 169 1.000

9 18 0.921 54 1.000 22 1.000 208 1.000

10 13 0.999 35 1.000 4 1.000 76 1.000

11 33 0.103 101 0.092 58 0.196 618 2.20 × 10−16

12 76 2.20 × 10−16 204 2.20 × 10−16 67 7.43 × 10−3 519 2.20 × 10−16

13 21 3.73 × 10−2 104 7.37 × 10−14 61 9.60 × 10−9 344 2.20 × 10−16

14 41 3.31 × 10−7 137 2.20 × 10−16 68 6.01 × 10−8 448 2.20 × 10−16

15 31 1.63 × 10−3 130 2.20 × 10−16 72 6.96 × 10−9 298 3.44 × 10−9

16 20 0.835 93 0.111 68 3.04 × 10−3 369 1.37 × 10−5

17 26 0.564 86 0.659 56 0.329 300 0.912
18 35 4.65 × 10−8 107 2.20 × 10−16 47 1.42 × 10−5 341 2.20 × 10−16

19 9 1.000 47 1.000 25 1.000 170 1.000
20 47 4.59 × 10−11 153 2.20 × 10−16 64 4.93 × 10−8 484 2.20 × 10−16

21 2 0.995 6 1.000 2 1.000 9 1.000
22 19 0.101 63 1.09 × 10−2 31 0.257 293 2.20 × 10−16

Total 525 1774 1038 6541

* Fisher’s exact test was used to determine chromosomes that contained an enrichment of differentially methylated
CpGs. Significant p-values (p < 0.05) are indicated in green . Both cell conditions contained an enrichment of

differentially methylated CpGs on the chromosomes indicated in orange . Significant CpG sites were enriched
on the same chromosomes when analyzing muscle tissue and blood cells from subjects with CP.

1 
 

(a) (b) (c) 
 

Figure 3. Chromosome–based circos plots. Mean logFC values for CpG methylation load (CP over
control) were calculated for sequential 1 Mbp intervals. There was a strong correlation between
differential methylation in MBs and MTs (a). Scatterplots of values for each chromosome are shown
for MBs (b) and MTs (c); values outside the 95% confidence interval of the average logFCs across
the whole genome are red indicating significant hypermethylation in CP or blue for significant
hypomethylation in CP. The gray ring shows points within the 95% CI for the overall data.
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Table 4. Significant promoter regions (+/− 1000 bp from TSS) in MBs *.

TSS LogFC FDR Corrected
p-Value Gene Class

chr16:51277965 –0.85 3.82 × 10−4 AC137527.2 Pseudogene

chr13:115039303 0.20 1.97 × 10−3 MIR4502 miRNA

chr17:34397734 0.39 4.41 × 10−2 CCL18 Protein coding
* TSS = transcription start site, logFC = log2 fold change; positive logFC = hypermethylated in CP; negative
logFC = hypomethylated in CP.

Table 5. Significant promoter regions (+/− 1000 bp from TSS) in MTs *.

TSS LogFC FDR Corrected
p-Value Gene Class

chr17:73070401 0.59 9.50 × 10−6 AC111186.1 Pseudogene

chr17:75148756 0.36 4.01 × 10−4 RNU4–47P snRNA

chr19:48673949 0.60 8.84 × 10−4 ZSWIM9 Protein coding

chr11:46134769 0.55 1.51 × 10−3 AC024475.1 miRNA

chr4:111866955 0.30 1.81 × 10−3 LYPLA1P2 Pseudogene

chr12:7072409 0.25 6.45 × 10−3 U47924.27 lincRNA

chr1:242187356 –0.14 6.93 × 10−3 RNU6–1139P snRNA

chr12:7072408 0.25 7.37 × 10−3 EMG1 Protein coding

chr11:93971316 1.04 1.67 × 10−2 RP11–680H20.2 lincRNA

chr2:47454056 –0.67 4.96 × 10−2 AC106869.2 lincRNA
* TSS = transcription start site, logFC = log2 fold change; positive logFC = hypermethylated in CP; negative
logFC = hypomethylated in CP.

4. Discussion

This study found that DNA methylation patterns in skeletal muscle SCs grown in
culture differed significantly between a cohort of study participants with spastic CP and
non–CP controls. DNA methylation is a common and widespread chemical modification
involving the addition of a methyl group to the 5–carbon position of cytosine, predom-
inantly within CpG dinucleotides [67]. DNA methylation patterns can change during
normal developmental processes, and it has been shown that altered DNA methylation
can be passed to daughter cells and sustained later in life [68–75]. Specific DNA methy-
lation changes can modify gene expression, and DNA methylation is well known to be
involved in X–chromosome inactivation, gene imprinting, and the silencing of transposable
elements [76]. Changes in DNA methylation patterns can also occur as a result of patho-
physiologic processes or acute exposures to environmental or physiologic stress [77–79].
Altered DNA methylation has been linked to a number of risk factors and potential causes
for CP including prematurity, hypoxia–ischemia, and infection [80–83]. In a prior study,
we found that DNA methylation patterns in peripheral blood cells of spastic CP patients
varied significantly from controls [39], raising the possibility of methylome alterations in
both hematopoietic stem cell and myogenic stem/SC lineages in spastic CP. Furthermore,
epigenetic patterns from adolescents were able to be used to predict diagnosis of much
younger patients [39], suggesting that at least some methylation pattern differences are
associated with the onset of CP and are preserved over time.

The present study examined methylation pattern differences but did not look directly
at differences in cell phenotype or behavior. Studies show that individuals with CP have sig-
nificantly reduced numbers of SCs and that MBs derived from these SCs have a decreased
capacity to fuse and differentiate into MTs in culture [29,84]. A recent report indicated
that SC–derived MB progenitors from contractured muscle in CP have globally hyperme-
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thylated DNA and gene expression patterns that favor proliferation over quiescence and
differentiation; in that study, a 24 h treatment with a hypomethylating agent reduced DNA
methylation to control levels and promoted an exit from mitosis [32]. While previous stud-
ies of DNA methylation in CP SC–derived MBs have either examined DNA methylation of
a specific CpG island [28] or used Infinium Human MethylationEPIC Beadchip arrays of
850,000 targeted CpGs to identify hypermethylated regions [32], the current study used a
different sequencing technology and computational pipeline to examine over 1.4 million
CpGs distributed throughout the genome in both MBs and MTs. In addition, the current
study was able to take advantage of more closely age–matched samples than had been
possible previously. This combination of more closely matched controls and a broader
technology platform allowed for identification of both hypermethylated and hypomethy-
lated regions as well as individual CpGs, which provide higher likelihood candidates for
biomarker platforms.

The identification of differentially methylated CpG sites and regions in common across
cells from the CP cohort suggests that fundamental molecular alterations associated with
diagnosis were sustained after the cells were removed from the structural, biomechanical,
and humoral environments of the muscle tissue. Such an effect has been described as
muscle epigenetic memory wherein DNA methylation is stably altered by prior events like
biomechanical loading or acute early life exposure to inflammatory cytokines [85]. Here, we
identified 525 CpGs in MBs and 1774 in MTs that were differentially methylated in spastic
CP versus controls. Interestingly, MBs demonstrated similar proliferation rates and RNA–
seq profiles between cohorts in a previous study [26], indicating that while these 525 CpGs
may be biomarkers for CP, they may not be associated with functional changes within the
cells. Further work is needed to elucidate fully specific linkages between DNA methylation
and the regulation of protein levels and cell activities. The larger number of significant sites
in MTs was consistent with a larger number of differentially expressed genes in RNA–seq
and may indicate that a mixture of cells at different stages of myogenic differentiation was
present at the time of DNA isolation. In addition, reports indicate that native SC populations
actually comprise multiple different subpopulations that may differentially contribute to
variability; studies focused on clonal cells rather than heterogenous populations may be
needed. Interestingly, in both MBs and MTs, several significant CpG sites were within genes
known to be involved in muscle physiology, including skeletal muscle differentiation (HLF,
NOTCH1), muscle organ development (BMP2, COL6A3, DCN, FZD2, HEG1, HLF, ITGA11,
ITGA7, LAMA5, LARGE1, MAPK14, MYBPC1, MYH6, MYLK, NOTCH1, NRG1, PKP2,
SGCD, SMAD7, TBX1, TCF12, TEAD4, WNT5A, ZFHX3, ZNF609), and muscle system
process (ACTN3, ATP8A2, CACNA1C, CACNA1D, DTNA, DYSF, EDN3, GNAO1, HCN4,
ITGB5, KCNQ1, LTB4R, MYBPC1, MYH6, MYLK, NEDD4L, PDLIM5, PKP2, PLA2G6,
ROCK1, SGCD, TRDN). Of the differentially methylated CpGs identified in MBs and MTs,
79 were in common, with 36 being significantly hypermethylated and 43 significantly
hypomethylated in the CP cohort under both conditions (Table 2). Alterations in DNA
methylation can be sustained long–term and previous studies indicated that the majority
of the DNA methylome remained relatively preserved through myogenesis, from SC to
MT formation [76,86]. These 79 sites may therefore represent stable methylation signals
indicative of CP; however, more studies are needed to determine the implication(s) of these
differentially methylated sites and their roles in muscle impairment in CP.

Chromosome enrichment analysis determined that there was an enrichment of sig-
nificant CpGs on chromosomes 12, 13, 14, 15, 18, and 20 for both MBs and MTs (Table 3).
Interestingly, significant CpGs were also enriched on the same chromosomes in the CP
cohort in skeletal muscle tissue and blood cells. An analysis of differential methylation
over 1 Mpb regions in MBs demonstrated that chromosomes 6, 9, 11, and 21 contained
regions of hypermethylation in the CP cohort, while chromosomes 5, 7, 8, 16, 19, and
20 contained regions of hypomethylation, and chromosomes 2, 3, 4, 10, 12, 13, 14, 15, and
18 contained regions of both hypermethylation and hypomethylation. MTs contained more
hypermethylated regions and fewer hypomethylated regions in the CP cohort than MBs.
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Chromosomes 4, 8, 9, 11, 12, 14, 16, 21, and 22 contained regions of hypermethylation,
while chromosome 7 contained regions of hypomethylation, and chromosomes 2, 3, 5, 6,
10, 13, 15, 18, and 20 contained regions of both hypermethylation and hypomethylation
(Figure 3). Overall, the differential methylation levels over 1 Mbp regions were well cor-
related between MBs and MTs, again suggesting stability of the methylome during the
course of myogenesis. The large regions of differential methylation between the CP and
control cohorts throughout the genome suggest differences in chromatin structure within
the CP cohort as various chromatin states based on histone modifications and nucleosome
positioning can determine DNA methylation patterning [67]. There are complex mech-
anisms underlying the molecular crosstalk between DNA and histone methylation [87],
and additional studies are needed to investigate specific histone modifications in CP to
understand this complex relationship. While we are in the early stages of unraveling how
these alterations are relevant to CP, several key chromosomes were identified as potential
targets for future investigation in spastic CP.

We also identified statistically significant differences in methylation of the promoter
regions of genes and assessed the relationship between these differences and an RNA–seq
study of the same samples [26] to investigate the effect of differential DNA methylation
on gene expression. Of particular note, specific associations between protein coding DNA
methylation patterns and RNA expression were not readily resolved in our study. However,
methylation/expression relationships are difficult to resolve in general and several studies
have demonstrated that relationships between methylation status and gene expression
can be complex [88,89]. Additionally, there is no current gold standard method for rolling
up methylation scores across groups of individual CpG sites into a relevant burden for
individual genes. Furthermore, approximately 95% of CpG island promoter regions are
unmethylated independent of gene activity and recent studies suggest that methylation
of promoter CpG islands is not the primary determinant of gene activity [52,90]. Many
CpG islands occur in gene bodies, intergenic regions, or enhancers and may be relevant
to gene expression [52]. In fact, recent studies have suggested that altered methylation
in enhancer regions rather than promoter regions may be more indicative of changes
in gene expression [52,91–93]. Enhancers can regulate the transcription of one or more
genes, regardless of orientation or relative distance to the target promoter [94]. While
21 differentially methylated CpGs were identified within annotated enhancer regions in
MBs and 97 in MTs, enhancers are difficult to map experimentally [52], enhancer activity is
context and stimulus–dependent, and there are no genome–wide enhancer sets linked to
specific promoters [94]. It was not possible to investigate the effects on gene expression due
to these limitations in the annotation of enhancer elements. Therefore, it will be essential
to continue investigating genome–wide analysis approaches that can accurately associate
high–throughput expression data with methylation signatures.

Of note, the majority of the differentially methylated promotors identified in MBs
and MTs were for regulatory RNAs; a result that may be indicative of differences in RNA
processing within cells isolated from CP tissue (Tables 4 and 5). These regulatory RNAs
comprise the majority of the transcriptome and play critical roles in maintaining gene
expression regulation. The most well–known regulatory RNAs include micro RNAs and
long non-coding RNAs. MicroRNAs (miRNAs) are small noncoding RNAs (~22 nucleotides
in length) that play important roles in developmental processes such as myogenesis and
neurogenesis [95]. Long non-coding RNAs (lncRNAs) may mediate chromatin remodeling
and modification, interact with transcription factors for gene regulation, interact with
mRNAs to regulate post–transcriptional processes [96], and interact with miRNAs to
facilitate myogenesis [97]. Additional studies are warranted to investigate the complex
interplay between DNA methylation, histone modifiers, and non-coding RNAs in order to
provide a comprehensive understanding of these epigenetic modulations on SC physiology
and myogenesis in spastic CP.

The findings of our study compellingly support the idea that spastic CP is associated
with altered epigenetic pathways, but our studies are limited by our reliance on the ability
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to obtain biopsies from individuals presenting for surgery. Because of this, our number
of samples is small, SCs must be derived from different muscles in order to age–match
samples, and our CP population presenting for surgery consists of mostly severely affected
individuals with a high level of motor impairment and inactivity (GMFCS V); therefore,
extrapolation of our results to a larger CP community may require additional research.
Additionally, the technology used interrogates 2.29 × 106 CCGG motifs, which represent
~15% of the 14 × 106 CpG sites in the genome. The majority of the CpG sites in our study do
not overlap with those selected for inclusion in the Infinium MethylationEPIC technology
making comparisons to other studies using Infinium data challenging.

5. Conclusions

In this report, an innovative DNA methylation analysis was employed on SC–derived
MBs and MTs collected from individuals with and without CP. We identified differential
methylation in the CP cohort at the levels of individual CpGs, 1 Mpb regions, and promoters.
The work presented here leverages our novel methylation approach with ex vivo cell studies
to elucidate aberrant methylation signatures.
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Abstract: Although lumbar belts can be used for the treatment and prevention of low back pain, the
role of the lumbar belt remains unclear without clear guidelines. This study aimed to investigate the
effect of lumbar belts with different extensibilities on the kinematics, kinetics, and muscle activity of
sit-to-stand motions in terms of motor control in patients with nonspecific low back pain. A total
of 30 subjects participated in the study: 15 patients with nonspecific low back pain and 15 healthy
adults. Participants performed the sit-to-stand motion in random order of three conditions: no lumbar
belt, wearing an extensible lumbar belt, and wearing a non-extensible lumbar belt. The sit-to-stand
motion’s kinematic, kinetic, and muscle activity variables in each condition were measured using a
three-dimensional motion analysis device, force plate, and surface electromyography. An interaction
effect was found for the time taken, anterior pelvic tilt angle, and muscle activity of the vastus lateralis
and biceps femoris. The two lumbar belts with different extensibilities had a positive effect on motor
control in patients with nonspecific low back pain. Therefore, both types of extensible lumbar belts
can be useful in the sit-to-stand motion, which is an important functional activity for patients with
nonspecific low back pain.

Keywords: electromyography; kinematic; kinetic; low back pain; lumbar belt; sit-to-stand

1. Introduction

Low back pain is one of the most prevalent disorders today [1], and people with low
back pain move differently than healthy people do [2]. In particular, changes in motion
variability may indicate an altered adaptability of motor control systems [3,4]. As reported
in previous studies, a decrease in motion variability during running [5] and bending [6]
activities in patients with low back pain is a protective behavior when pain is present or
when pain is expected [7], and repeated tissue stress can occur over time [8]. In addition,
when the motion variability increases, as observed in reaching [9] and walking [10], in
patients with low back pain, errors or noises in proprioceptive sensory feedback and motor
commands may occur, thereby reducing the robustness of the system [11]. Thus, low back
pain can cause significant functional loss and affect the performance of dynamic tasks
and static postural control [12]. The sit-to-stand motion is a common and functionally
important task in daily life activities [13]. Because it is associated with worsening low
back pain symptoms, studies on the sit-to-stand motion are essential in back pain-related
research [14].

Although there is hope that individualized treatment will be effective for people
suffering from low back pain [15], most studies claiming to be effective have been shown to
be flawed [16,17]. In addition, claims of treatment efficacy in subgroups of individuals with
low back pain are reliable when there is a biological basis, but this is difficult in nonspecific
low back pain [18]. Because nonspecific low back pain has no known pathological cause,
treatment focuses on reducing pain and consists of education, analgesics, and psychother-
apy, but many patients do not require medical treatment [19]. Strategies for preventing
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low back pain include ergonomic control at the workplace where repetitive movements
and tasks are performed [20], exercises, such as training in waist mechanics and lifting
techniques [21], and the use of lumbar belts, which can also be used to treat low back
pain [22].

To explain the clinical benefits of lumbar belts, psychological, neuromuscular, and
biomechanical mechanisms have been proposed, but these remain unproven [23]. Psycho-
logical benefits may be related to the perception of mechanical support generated by the
lumbar belt, and neuromuscular benefits may include mechanisms that affect lumbar sta-
bility, such as lumbar proprioception, trunk muscle feedforward, and reflex activity [24,25].
Biomechanical benefits are related to the mechanical stiffness of the lumbar belt, such as
a reduction in lumbar range of motion, a reduction in the stress of the posterior lumbar
passive tissue, and a potential reduction in the compressive load of the lumbar spine [26,27].
However, the potential role of lumbar belts in treating low back pain remains unclear [28],
and low-quality studies and insufficient evidence imply that there are no clear guidelines
for using lumbar belts in patients with low back pain [29]. For this reason, it is necessary
to study the effect of lumbar belts on the biomechanics and motor control mechanism of
patients with low back pain.

Most previous studies on lumbar belt have analyzed proprioception or balance, and
there is an insufficient number of studies on the effect of wearing a lumbar belt while
the patient with low back pain performs a functional task. In particular, the effect of
sit-to-stand motion, an important functional activity for modern people who spend a lot
of time sitting and for patients with low back pain, has not been studied so far. Therefore,
this study sought to investigate the effects of wearing two lumbar belts with different
extensibilities on the kinematics, kinetics, and muscle activity in terms of motor control of
the sit-to-stand motion in patients with nonspecific low back pain and healthy adults. From
this research, we intend to present the evidence for the effective use of lumbar belts for
patients with nonspecific low back pain and provide basic data necessary for the prevention
and treatment of low back pain. For the purpose of this study, we hypothesized that the
effects of the sit-to-stand motion on kinematics, kinetics, and muscle activity would differ
depending on the presence or absence of back pain and the extensibility of the lumbar belt.

2. Methods
2.1. Participants

Participants in this study were recruited from outpatients and caregivers between the
ages of 20 and 50 years who visited a spine specialty hospital located in Daegu, Korea, from
April 2020 to May 2020. Of the 30 participants, 15 patients with nonspecific low back pain
were assigned to the experimental group, and 15 normal adults were assigned to the control
group. Participants in the control group were matched to those in the experimental group
according to age, sex, and body mass index (BMI). We used G*Power software program
(version 3.1.9.4, Franz Faul, Düsseldorf, Germany) to determine the appropriate number of
subjects, and we referred to a previous study with the same design (two groups × three
conditions) as this study [30]. We used the effect size of the lumbar total range of motion
variable of the manual material-handling task in the previous study. Based on an effect
size of 0.31, a significance level of 0.05, and a power of 80%, we calculated that a total of
30 subjects were required [31].

The selection criterion for the experimental group was lumbar or lumbar spine pain for
at least 4 weeks without radiating pain below the knee (nonacute phase), and the exclusion
criteria were spinal surgery, specific lumbar pathology, scoliosis, systemic or degenerative
disease, BMI > 30 kg/m2, hypertension, neurological history unrelated to back pain, and
medications that could affect neuronal excitability [30]. The exclusion criterion for the
control group was a history of low back pain lasting more than 1 week during the past
year [32]. Additional exclusion criteria for both groups were a neurological or respiratory
disease, trauma, or pregnancy that could affect the sit-to-stand motion [33]. The orthopedic
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surgeon verified the qualifications of these participants through medical records and image
evaluations and interviews.

After explaining the purpose of the study, the contents of the experiment, and the
degree of exposure during the experiment to all participants in advance, written consent
for voluntary participation was obtained. All participants’ sex, age, and anthropometric
data were collected, and pain (visual analog scale) and disability (Oswestry Disability
Index) data were additionally investigated for patients with nonspecific low back pain
in the experimental group. This study was approved by the Bioethics Committee of
Daegu University (1040621-201911-HR-025-02) and was conducted in accordance with
the 1964 Declaration of Helsinki and its later amendments. In addition, this study was
registered with the Clinical Research Information Service for information sharing, ethics,
and transparency of clinical research (KCT0004970).

2.2. Lumbar Belts

After consulting with an orthopedic surgeon, two models of lumbar belt were selected,
taking into consideration flexibility, comfort, and economy for use in daily life and work.
These two types of lumbar belts consisted of two layers of straps secured with Velcro. The
initial adjustment and placement of the lumbar belt were made with the inner layer, and the
final tension was adjusted with the outer layer. The extensible lumbar belt (REDIX-K210,
Acetech, Seoul, Korea) was made up of elastic materials, but the nonextensible lumbar belt
(REDIX-L350, Acetech) was made up of nonstretchable nylon materials only. Ready-made
products in three sizes (large, medium, and small) were used based on the body type of
the participants. The position of the lumbar belt to be worn was such that the lower edge
did not touch the thigh when sitting but covered the anterior superior iliac spine (ASIS) of
the pelvis [32]. Then, while the participant was standing still, the wearing pressure was
standardized to 60 mmHg as measured from a thin force-sensing resister sensor inserted
between the waist belt and the participant’s right iliac crest [34].

2.3. Experimental Procedure

A comfortable environment was created so that participants did not feel uncomfortable
with the temperature and surrounding environment of the laboratory. In order not to inter-
fere with the measurement, all participants wore a sleeveless T-shirt made of lightweight
material and short shorts. Before obtaining other measurements, body measurements were
obtained by the same examiner to determine the participants’ general characteristics.

When the electromyography (EMG) electrode placement and motion analysis reflex
marker were prepared, the participants placed their bare feet at a comfortable width on
two force plates installed on the floor. They sat down in height-adjustable chairs without
armrests or backrests (Figure 1). The chair’s height was adjusted to be 90% of the length
between the knee and the floor, which is the distance between the fibular head and the
floor. Participants looked forward and sat in their preferred comfortable position, with
their arms folded in front of their chest to avoid interference from shaking and occlusion of
markers [35].

Following verbal cues from a research assistant operating a computer connected to
the data acquisition system, the participants stood up at a rate of their choosing, held
a comfortable upright position for 3 s, and then sat back down on their chairs without
further instructions. To help the participants understand the experimental procedure,
measurements were taken after two to three practice sessions following the researcher’s
demonstration. Participants performed the sit-to-stand motion in the most comfortable
way of their choosing, with the only limitation under which they did not change their feet
positions. Paper tape was used to mark the initial position of the foot, and in the subsequent
conditions, the sit-to-stand motion was performed with the same foot position.

Three experimental conditions were set: no lumbar belt-wearing condition (condition
1), extensible lumbar belt-wearing condition (condition 2), and nonextensible lumbar belt-
wearing condition (condition 3). To exclude a learning effect, the experimental conditions
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were conducted in a random order. A card with the experimental conditions was placed in a
sealed envelope, and the experiment was conducted in the order in which each participant
drew the card. The participants performed the sit-to-stand motion under each condition,
and the biomechanical variables were then measured (Figure 2). To increase reliability,
three successful measurements were taken for each condition, and the average value was
used for analysis. All participants performed the sit-to-stand motion a total of nine times.
The test was considered successful if all markers were visible and the EMG signals of all
muscles were recorded correctly. There was a one-minute rest period between each test
and a five-minute rest period between the lumbar belt conditions.
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2.4. Measurement Method
2.4.1. Measurement of Kinematic and Kinetic Parameters

In this study, we used a three-dimensional (3D) motion analysis system (Qualisys
Medical AB, Gothenburg, Sweden) that included 6 infrared cameras and a force plate
(Kistler, Winterthur, Switzerland) to collect the kinematic and kinetic data of the participants’
body movements when performing the sit-to-stand motion. The resolution of the Qualisys
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Motion Capture System was 1280 × 1024 pixels, and the sampling frequency was set to
200 Hz. The 3D spatial coordinates were made using a nonlinear transformation method.
The sampling frequency of the force plate was set to 2000 Hz. All kinematic and kinetic data
were measured using Qualisys Track Manager (Qualisys Medical AB) software and were
low-pass filtered using a fourth-order Butterworth filter with cutoff frequencies of 25 Hz
and 10 Hz. Data were then analyzed using Visual 3D software (C-Motion, Germantown,
MD, USA) [36]. Moments were normalized by the system to weight and height [37].

Prior to conducting this test, we performed calibration to correct errors that may
occur in the infrared camera. One examiner modified the methods of the previous study
according to the purpose of this study and attached 36 reflective markers on the landmark
skin of the body [38]. A static test was performed by attaching a reflective marker and
checking the position of each joint on a computer screen in the still state of standing barefoot.
During the static test, which was performed before measuring each experimental condition,
the participant stood still for 2 s on the force plate. All markers were fixed by banding
using Kinesio tape, which does not reflect light, to prevent shaking or falling. After the
static examination, the length from both lateral ankles to the markers (ASIS, PSIS, top of
iliac crest) that were covered when the lumbar belt was worn while standing upright and
the length between each marker were recorded with a tape measure. In the lumbar belt–
wearing condition, the marker was reattached by maintaining the same position between
the experimental conditions using this length.

2.4.2. Measurement of Muscle Activity

We measured the muscle activity of the vastus lateralis (VL), biceps femoris (BF),
tibialis anterior (TA), and gastrocnemius (GM) muscles during the sit-to-stand motion
using the Wireless Bipolar Cometa Mini Wave Plus EMG system (Cometa, Bareggio, Italy)
synchronized with Visual 3D software (C-Motion). The sampling rate of the surface EMG
signal was set to 2000 Hz. The raw surface EMG signal was rectified after band-pass
filtering at 10–1000 Hz and low-pass filtered with a Butterworth filter [39]. As the ground
electrode, a disposable anode surface electrode made of silver–silver chloride was used
and attached parallel to the muscle fiber. The distance between electrodes in the surface
EMG was set to 20 mm. To minimize the skin resistance and reduce the noise of muscle
activity measurement, the hair on the skin was removed using a disposable razor, and after
gently polishing with sandpaper, the skin was cleaned with alcohol. After the electrode
attachment site was dried, two active electrodes and a reference electrode were attached.
The electrodes of the four muscles of the dominant lower extremity (VL, BF, TA, GM) were
placed according to the SENIAM guidelines [40] (Figure 3).
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All of the measured raw EMG data were converted into root mean square, which
provides a value close to the actual output value of the EMG signal. To analyze the activity
of each muscle, the maximal voluntary isometric contraction (MVIC) of VL, BF, TA, and
GM was measured, and the EMG signal collected during the sit-to-stand motion under
each experimental condition was calculated as the percentage of MVIC [41]. Surface EMG
data were synchronized using the pulses generated at the beginning of the recording
of kinematics and kinetics, and the average muscle activity measurements during the
sit-to-stand motion were compared.

2.5. Data Processing

The sit-to-stand motion was divided into three points and two phases to conduct the
analysis of the kinematics, kinetics, and muscle activity variables (Figure 4). The three
points were determined using the ground reaction force (GRF) measured on the force
plate. The initiation point [42] and the seat-off point [43] were determined based on the
vertical GRF, and the termination point was determined based on the anterior–posterior
GRF (A-P GRF) [44]. To detect potential indicator changes in the sit-to-stand motion, the
minimum and maximum values of each GRF data were used for calculation. The initiation
point was detected when a 5% threshold change occurred from the reference value of the
vertical GRF in the sitting position, and the termination point was detected when a 7.5%
threshold change occurred from the final value of A-P GRF in the standing position, going
backward [45]. The seat-off point was set as the maximum value point of the vertical
GRF [44]. The phase from the initiation point to the seat-off point was set as the flexion
phase, and the phase between the seat-off point to the termination point was set as the
extension phase [46]. Each sit-to-stand motion was normalized to 101 data points from
the initiation point to the termination point [33]. The time from the initiation point to the
termination point was measured, and the value of the seat-off point of the sit-to-stand
motion was used for the angle of joints in the kinematic variable. The maximum value
during the sit-to-stand motion was used for the moment in the kinetic variable. The average
muscle activities of the extension and flexion phases were used for the muscle activity
variable.
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2.6. Statistical Analysis

For statistical processing of the data collected in this study, we used SPSS 22.0 for
Windows (IBM Corp., Armonk, NY, USA), and all data are reported as mean ± standard
deviation. The normality test was performed using the Shapiro–Wilk test. The participants’
general characteristics were analyzed using descriptive statistics, and an independent t
test and a chi-square test were used to test the homogeneity of the two groups. Two-way
repeated analysis of variance (ANOVA) was performed to confirm the interaction between
the presence or absence of back pain and the change in lumbar belt-wearing conditions. If
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the interaction was significant, the Bonferroni method was used for post hoc analysis. The
least square difference was used for the main effect comparison. When both the interaction
and the main effect were significant, we analyzed the interaction only. The statistical
significance level (α) was set to 0.05.

Cohen’s d formula was used for the effect size corresponding to the detected effect
for the interaction between the experimental group and the control group, the main effect,
and the comparison between groups [47]. The effect size was calculated using the G-power
3.1.9.4 program. In ANOVA, 0.10 was interpreted as “small,” 0.25 as “medium,” and 0.40
as “large” for effect size f [48].

3. Results
3.1. Analysis of The General Characteristics of Experimental and Control Groups

Table 1 shows the general characteristics of the experimental group and the control
group. There was no significant difference between the two groups in terms of participants’
general characteristics (p > 0.05).

Table 1. General characteristics of the experimental and control groups.

Variable CG (n = 15) EG (n = 15) p

Sex (Male, %) 9 (60.0) 8 (53.3) 0.500 †

Age (year) 34.53 (4.40) 35.60 (5.19) 0.549 ‡

Height (cm) 171.40 (9.83) 170.20 (8.08) 0.718 ‡

Weight (kg) 70.60 (12.50) 67.40 (14.60) 0.525 ‡

BMI (kg/m2) 23.85 (2.26) 23.02 (3.38) 0.437 ‡

Visual analog scale (score) 3.80 (0.86)
Oswestry Disability Index (%) 19.60 (4.42)

Onset (month) 43.06 (33.35)
† Chi-squared test, ‡ Independent t-test, CG: Control group, EG: Experimental group.

3.2. Analysis of the Time Taken, Kinematics, and Kinetics Variables According to Lumbar Belt
Wearing Conditions of the Experimental Group and Control Group

There was an interaction effect in the required time (p < 0.05, f = 0.36; Table 2). As a
result of the post hoc analysis, there was a significant difference between the condition in
which the experimental group did not wear a lumbar belt (condition 1) and the conditions in
which the lumbar belt was worn (conditions 2 and 3). There was an interaction effect in the
pelvic anterior tilt angle (p < 0.05, f = 0.50; Table 2). Post hoc analysis showed a significant
difference between the control group not wearing the lumbar belt (condition 1) and the
lumbar belt–wearing conditions (conditions 2 and 3), and there was a significant difference
between the control group and experimental group in the condition of not wearing the
lumbar belt (condition 1).

There were main effects among lumbar belt–wearing conditions in trunk flexion angle,
hip flexion angle, knee joint flexion angle, hip flexion–extension moment, and knee joint
flexion–extension moment (p < 0.05, f = 0.36–0.75; Table 2). Post hoc analysis showed
a significant difference between the condition in which the lumbar belt was not worn
(condition 1) and the conditions in which the lumbar belt was worn (conditions 2 and 3).
There was a main effect between groups in hip flexion–extension moment (p < 0.05, f = 0.65;
Table 2). Post hoc analysis showed a significant difference between the control group and
experimental group.
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Table 2. Analysis of the time taken, kinematics, and kinetics variables for the sit-to-stand motion
according to the experimental conditions.

Variable

Condition 1
(No LB)

Condition 2
(Extensible LB)

Condition 3
(Nonextensible LB)

p
(f )

Post Hoc
CG EG CG EG CG EG “Group”

(G)
“Condition”

(C) G × C

Time taken
(s)

1.76
(0.19)

1.90
(0.28)

1.76
(0.22)

1.78
(0.20)

1.75
(0.22)

1.77
(0.20) 0.401 0.018 *

(0.39)
0.033 *
(0.36) EG: C1 > C2, C1 > C3

Trunk flexion angle
(◦)

45.70
(10.42)

40.79
(6.41)

45.96
(10.07)

45.17
(6.12)

46.89
(10.28)

44.09
(5.65) 0.336 0.030 *

(0.38) 0.102 C1 < C2, C1 < C3

Pelvic anterior tilt angle
(◦)

34.14
(5.94)

42.05
(6.16)

45.08
(8.30)

45.46
(8.89)

45.55
(8.57)

44.74
(6.31) 0.290 <0.001 *

(0.87)
0.002 *
(0.50)

CG: C1 < C2, C1 < C3
C1: CG < EG

Hip flexion angle
(◦)

100.16
(8.82)

104.30
(11.45)

108.07
(13.42)

110.73
(10.79)

111.97
(11.86)

110.24
(9.72) 0.640 <0.001 *

(0.75) 0.196 C1 < C2, C1 < C3

Knee flexion angle
(◦)

73.13
(9.09)

77.05
(9.34)

72.13
(7.82)

74.77
(9.29)

71.77
(8.94)

75.08
(9.13) 0.308 0.028 *

(0.37) 0.655 C1 > C2, C1 > C3

Ankle flexion angle
(◦)

−6.74
(4.28)

−5.73
(3.71)

−6.14
(4.91)

−6.61
(3.85)

−6.41
(4.44)

−6.57
(5.92) 0.933 0.908 0.422

Hip flexion–extension moment
(nm/kg)

−1082.71
(272.10)

−875.20
(171.62)

−1163.58
(213.83)

−968.21
(112.71)

−1193.42
(222.59)

−948.38
(151.12)

0.002 *
(0.65)

0.005 *
(0.45) 0.699 CG > EG

C1 < C2, C1 < C3
Hip adduction–abduction moment

(nm/kg)
202.97

(164.75)
178.82

(139.13)
215.26

(117.89)
181.27

(103.57)
203.81
(94.11)

186.31
(88.26) 0.532 0.848 0.821

Hip Int. Rot–Ext. Rot moment
(nm/kg)

176.89
(117.37)

170.56
(103.88)

177.02
(163.95)

159.37
(112.66)

185.39
(186.78)

188.46
(109.36) 0.883 0.365 0.675

Knee flexion-extension moment
(nm/kg)

−593.82
(145.11)

−702.46
(168.38)

−563.46
(153.38)

−655.45
(161.79)

−549.03
(134.16)

−661.88
(155.61) 0.055 0.033 *

(0.36) 0.820 C1 > C2, C1 > C3

Knee varus–valgus moment
(nm/kg)

−70.03
(32.95)

−70.54
(57.46)

−70.41
(38.22)

−73.85
(56.54)

−60.15
(43.77)

−61.66
(57.35) 0.912 0.158 0.971

Knee Int. Rot–Ext. Rot moment
(nm/kg)

−108.82
(62.90)

−108.31
(67.98)

−110.77
(64.01)

−107.18
(76.34)

−102.12
(55.16)

−111.63
(68.13) 0.934 0.972 0.763

Ankle flexion–extension moment
(nm/kg)

107.93
(43.72)

104.49
(34.09)

113.31
(34.75)

96.59
(37.56)

108.47
(52.49)

93.34
(30.89) 0.322 0.756 0.621

Ankle inversion–eversion moment
(nm/kg)

29.02
(25.26)

30.87
(21.77)

32.93
(26.19)

34.26
(25.48)

30.96
(24.01)

36.06
(22.46) 0.750 0.091 0.551

Ankle adduction–abduction moment
(nm/kg)

−1.54
(6.61)

−4.37
(7.25)

−2.36
(9.06)

−3.12
(4.34)

−3.76
(7.41)

−2.69
(6.91) 0.708 0.912 0.243

* p < 0.05, f : effect size “f”, CG: Control group, EG: Experimental group, C1: Condition 1, C2: Condition 2, C3:
Condition 3.

3.3. Analysis of Muscle Activity According to Lumbar Belt Wearing Conditions of the
Experimental Group and Control Group

An interaction effect was observed in the VL flexion phase (p < 0.05, f = 0.52; Table 3).
Post hoc analysis showed a significant difference between the control group and experi-
mental group in the condition in which the lumbar belt was not worn (condition 1). There
was an interaction effect observed in the BF flexion phase (p < 0.05, f = 0.46; Table 3). Post
hoc analysis showed a significant difference between the condition in which the lumbar
belt was not worn (condition 1) and the conditions in which the lumbar belt was worn
(conditions 2 and 3) in the experimental group.

Table 3. Analysis of muscle activity variables of the sit-to-stand motion according to the experimental
conditions (%MVIC).

Variable

Condition 1
(No LB)

Condition 2
(Extensible LB)

Condition 3
(Nonextensible LB)

p
(f )

Post Hoc
CG EG CG EG CG EG “Group”

(G)
“Condition”

(C) G × C

Vastus lateralis flexion phase 18.16
(6.48)

31.71
(10.52)

21.00
(7.14)

28.28
(9.04)

20.39
(7.97)

28.35
(9.86)

0.003 *
(0.61) 0.762 0.003 *

(0.52) C1: CG < EG

Vastus lateralis extension phase 28.50
(12.09)

40.89
(13.92)

27.41
(12.94)

40.39
(14.48)

29.59
(11.53)

41.04
(13.94)

0.014 *
(0.49) 0.342 0.728 CG < EG

Biceps femoris flexion phase 3.59
(1.44)

5.05
(2.87)

3.96
(1.41)

4.47
(2.38)

3.85
(1.37)

4.23
(2.87) 0.312 0.277 0.004 *

(0.46) EG: C1 > C2, C1 > C3

Biceps femoris extension phase 9.37
(4.39)

8.09
(4.63)

9.94
(4.40)

10.11
(4.92)

10.28
(5.25)

10.68
(6.69) 0.893 0.007 *

(0.47) 0.219 C1 < C2, C1 < C3

Tibialis anterior flexion phase 19.91
(13.06)

24.47
(14.29)

17.97
(8.95)

21.58
(11.68)

15.49
(8.77)

22.19
(13.59) 0.246 0.007 *

(0.44) 0.321 C1 > C2, C1 > C3

Tibialis anterior extension phase 5.31
(3.17)

9.19
(4.92)

5.06
(3.37)

8.14
(6.86)

5.91
(3.44)

7.78
(6.22) 0.092 0.423 0.136

Gastrocnemius flexion phase 3.08
(1.42)

4.26
(1.75)

2.75
(1.39)

3.83
(1.48)

2.24
(1.03)

4.06
(1.56)

0.010 *
(0.52)

0.011 *
(0.42) 0.076 CG < EG

C1 > C2, C1 > C3
Gastrocnemius extension phase 5.25

(2.32)
6.65

(2.67)
4.76

(1.84)
5.68

(1.76)
3.91

(1.80)
5.59

(2.55) 0.063 0.005 *
(0.45) 0.565 C1 > C2, C1 > C3

* p < 0.05, f : effect size “f”, CG: Control group, EG: Experimental group, C1: Condition 1, C2: Condition 2, C3:
Condition 3.

There was a main effect between the lumbar belt–wearing conditions in the BF ex-
tension phase, TA flexion phase, GM flexion phase, and GM extension phase (p < 0.05,
f = 0.42–0.47; Table 3). Post hoc analysis showed a significant difference between the condi-
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tion in which the lumbar belt was not worn (condition 1) and the conditions in which the
lumbar belt was worn (conditions 2 and 3). There was a main effect between groups in VL
extension phase and GM flexion phase (p < 0.05, f = 0.49–0.52; Table 3). The results of the
post hoc analysis suggested there was a significant difference between the control group
and experimental group.

4. Discussion

The purpose of this study was to investigate the effect of the presence or absence of
back pain and the difference in the extensibility of the lumbar belt on kinematics, kinetics,
and muscle activity in terms of motion control in the sit-to-stand motion. The results of this
study indicated that there was an interaction effect according to the presence or absence of
back pain and the difference in the extensibility of the lumbar belt, and the two types of
lumbar belts with different extensibility had a similar effect overall.

4.1. Analysis of The Interaction between the Presence or Absence of Low Back Pain and the
Extensibility of the Lumbar Belt

The interaction effect was found in the time taken to perform the sit-to-stand motion.
The post hoc analysis indicated no difference between the lumbar belt–wearing conditions
in the healthy adult group, but there was a decrease in the time taken in the patients with
nonspecific low back pain in the conditions in which the lumbar belt was worn (conditions
2 and 3) compared with the condition in which the lumbar belt was not worn (condition 1).
The lumbar belt had effects such as improving proprioception [49], increasing mechanical
stiffness [23], and relieving pain [30]. Although the mechanical stiffness increased in
both the nonspecific low back pain group and the healthy adult group, wearing a lumbar
belt in this study reduced the required time only in the group with nonspecific low back
pain. It has been reported that proprioceptive sensation is impaired in patients with low
back pain [50,51], and impaired proprioceptive sensation is associated with motor control
disorders [52]. Therefore, we believe that the required time was reduced because the lumbar
belt improved the proprioceptive sense of the patients with nonspecific low back pain and
had a positive effect on motor control. Considering the normal effect size, we believe that
the lumbar belt was partially helpful in improving the sit-to-stand motion by reducing the
time taken for the patients with nonspecific low back pain.

In the kinematics of the sit-to-stand motion, an interactive effect was found on the
angle of pelvic anterior tilt at the seat-off point. Results of the post hoc analysis showed
that the experimental group had a greater pelvic anterior tilt angle than the control group
in the condition in which the lumbar belt was not worn (condition 1). In conjunction with
the angle of trunk flexion in this experiment, this difference in the angle of anterior pelvic
tilt is thought to be a protection strategy for patients with low back pain to reduce the
angle of trunk flexion and maintain the lumbar region in a rigid state. In the control group,
the angle of the anterior pelvic tilt was greater in the conditions in which the lumbar belt
was worn (conditions 2 and 3) than in the condition in which the lumbar belt was not
worn (condition 1). In a previous study analyzing the effect of the lumbar belt on the
range of motion of the lumbar spine and the lumbar–pelvic rhythm, it was reported that
wearing a lumbar belt restricts the range of motion of the lumbar spine and also changes
the lumbar–pelvic rhythm [23]. In this study, the lumbar belt was worn so that the lower
edge of the lumbar belt covered the ASIS and the iliac crest to include the pelvis, which may
have had a stiffening effect on the lumbar belt, as in the previous study on the spine–pelvic
connection. The forward-driving force that accelerates the body’s center of mass (COM)
in the sit-to-stand motion is generated by trunk flexion [53]. In the experimental group,
it is thought that the front driving force required to perform the sit-to-stand motion was
generated as the trunk flexion angle increased by wearing the lumbar belt. In the control
group, there was no change in the trunk flexion angle because the lumbar belt was worn,
and the anterior pelvic tilt angle may have increased as a result of the stiffening effect
of the lumbar belt. The interaction of the pelvic anterior tilt angle at the seat-off point
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showed a large effect size. Therefore, the difference in the angle of the anterior pelvic tilt is
a characteristic that shows that the nonspecific low back pain patient group and the normal
adult group performed the sit-to-stand motion differently, and the stiffening effect of the
lumbar belt acting on the lumbar–pelvic connection is considered to be sufficient.

An interaction effect was found on the average muscle activity of VL and BF during
the sit-to-stand motion. There was an interaction effect on the average muscle activity of
the VL flexion phase. As a result of the post hoc analysis, the mean VL muscle activity
of the nonspecific low back pain patient group was significantly higher than that of the
healthy adult group under the condition in which the lumbar belt was not worn (condition
1). In this study, the nonspecific low back pain patient group showed a tendency to perform
the sit-to-stand motion using the knee joint, increasing the angle and extension moment of
the knee joint while keeping the lumbar–pelvic region in a rigid state. Thus, we believe
that VL was involved in knee joint control in the flexion phase, and muscle activity was
high in the patients with nonspecific low back pain. A previous study also reported that
the increase in the knee joint extension moment was due to the high activity of the knee
joint extensors, which supports the results of this study [54]. There was an interaction effect
on the average muscle activity of the BF flexion phase. As a result of the post hoc analysis,
there was no difference between the lumbar belt–wearing conditions in the healthy adult
group; however, as compared with the condition without the lumbar belt (condition 1), the
average muscle activity was significantly decreased in the nonspecific low back pain patient
group in the condition with the lumbar belt (conditions 2 and 3). According to a study
using EMG, the compensatory mechanism of muscle activation in the painful state could
occur in antagonist muscles and induce changes in the pattern of muscle recruitment [55].
Because the sit-to-stand motion is an action that causes the body to stand up against gravity,
the knee joint is regulated by the contraction of VL in the flexion phase. Therefore, the high
muscle activity of the BF, the antagonist of the VL, in the condition that the lumbar belt is
not worn (condition 1) is a change in the muscle recruitment pattern and is considered to be
a compensatory mechanism in patients with nonspecific low back pain. According to the
results of this study, the muscle activity of the VL and BF was reduced as the compensatory
mechanism was reduced because the trunk flexion angle of the nonspecific low back pain
patient group was increased by wearing a lumbar belt, which secured the trunk flexion
angle necessary for the sit-to-stand motion. We found a large effect size of the interaction
in the muscle activity of the VL and BF. From this large effect size, the lumbar belt is
considered to have an advantage in terms of motor control.

4.2. Analysis of Main Effects between Patients with Nonspecific Low Back Pain and
Healthy Adults

During the sit-to-stand motion, there was a difference between the nonspecific low
back pain patient group and the healthy adult group. The extension moment of the healthy
adult group was significantly greater in the flexion–extension moment of the hip joint.
Although the extension moment of the nonspecific low back pain patient group was not
statistically significant in the flexion–extension moment of the knee joint, it tended to be
larger. Healthy individuals complete the process of standing upright by simultaneously
flexing the spine and hip and then simultaneously extending the spine and hip when
performing a sit-to-stand motion [56]. In this study, the healthy adult group also correctly
performed the sit-to-stand motion using the hip extension moment. In contrast, in the
nonspecific low back pain patient group, the sit-to-stand motion was performed using
the knee joint rather than the hip joint. The surface EMG results of the lower extremity
muscles showed a tendency for the muscle activity to be high in the nonspecific low
back pain patient group. In the flexion phase, the VL and GM muscle activity of the
nonspecific low back pain patient group was high, and in the extension phase, the VL
muscle activity of the nonspecific low back pain patient group was high. In a previous
study, the authors claimed there was a causal relationship between motor outcome and
neuromuscular activity to create a protective mechanism [2]. In the flexion phase, the VL
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and GM play a role in regulating the knee and ankle joints, and in the extension phase, the
VL more greatly extends the flexed knee joint; thus, it is considered that the muscle activity
of the nonspecific low back pain patient group was high.

Previous studies have discussed the various mechanisms for nonspecific low back
pain [57], and motor control disorders have been reported to possibly be one of the
causes [58]. Because of the link between neuromuscular activity and biomechanical con-
sequences, changes in the neuromuscular system resulting from motor control disorders
lead to slower movement and affect the movement of higher muscle activity [59]. In this
study, the nonspecific low back pain patient group performed the sit-to-stand motion with
the lumbar spine rigid by increasing the angle of pelvic anterior tilt and decreasing the
angle of trunk flexion. This could be due to a short-term protective strategy to reduce
the load on the posterior structure of the lumbar spine and avoid further stress on the
painful area. In addition, to compensate for reduced body flexion angle, the knee joint
flexion angle was increased when performing the sit-to-stand motion. This is consistent
with the results of the nonspecific low back pain patient group, which had a small hip
extension moment and a large knee joint extension moment, as compared with the healthy
adult group. Previous studies also reported that in patients with low back pain, the lower
extremities were involved as a possible compensatory exercise for pain [60]. As such, we
confirmed that movement control disorders in patients with nonspecific low back pain had
an effect on daily activities, such as performing the sit-to-stand motion.

4.3. Analysis of The Main Effects between Lumbar Belt Wearing Conditions

The trunk flexion angle, hip flexion angle, and hip joint extension moment at the
seat-off point of the sit-to-stand motion significantly increased in the conditions with the
lumbar belt (conditions 2 and 3) compared with the condition without the lumbar belt
(condition 1). In the knee joint, flexion angle and extension moment were significantly
decreased. The lumbar belt can reduce the stress on the posterior viscoelastic structure
of the lumbar vertebrae or the compression load of the lumbar vertebrae [26,27]. This is
an effect of the limited lumbar movement due to the increased mechanical rigidity when
the lumbar belt is worn, and it can prevent the load of a specific vertebral structure [61].
In this study, we found that the protection mechanism for reducing the angle of trunk
flexion was reduced by wearing a lumbar belt to avoid stress on the painful area and
thus the angle of trunk flexion was increased. Trunk flexion in the sit-to-stand motion
creates a forward-driving force that accelerates the body’s COM [53]. We believe that the
compensatory action occurring at the knee joint was reduced because the angle of trunk
flexion and hip flexion increased by wearing the lumbar belt.

The EMG results showed that by wearing the lumbar belt, the muscle activity in the
flexion phase significantly decreased in the TA, and the muscle activity in the flexion phase
and extension phase in the GM significantly decreased. The TA and GM are involved
in the control of knee and ankle joints in the sit-to-stand motion. Previous studies also
reported that the TA prepares for anterior displacement of the body’s COM by moving
the tibia forward [62]. It is thought that the muscle activity of the TA and GM decreased
as the knee joint flexion angle decreased as a result of lumbar belt wearing. There was a
significant increase in the muscle activity in the extension phase of the BF. Compensation is
a motor strategy used to restore postural balance by sensory feedback [63]. In a previous
study, a relatively small activity of the hip extensor was reported because small trunk
flexion required less forward speed of the body’s COM [54]. In this study, we consider that
the muscle activity of the BF acting as a hip extensor increased because the body flexion
angle increased by wearing a lumbar belt, which required greater forward speed of the
body’s COM.

4.4. Limitations

Because of the relatively small number of subjects in this study, it is difficult to
generalize the results. We investigated only the immediate effect of the lumbar belt as
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opposed to the long-term effect. Because the spine was investigated as a single body, the
movement of each vertebral segment and the compensatory action of the thoracic vertebrae
were not considered. To focus on the effect of the lumbar belt on the sit-to-stand motion,
there were restrictions on the height of the chair and the position of the feet. Therefore,
different results may be obtained if the chair height and foot position are freely set. In
addition, because the types and designs of the lumbar belts are diverse, different results
could be obtained if there is a difference in the extensibility and design of the lumbar belt
used. Finally, the muscle activity of the trunk muscles could not be measured because it
could be disturbed by wearing a lumbar belt. Therefore, further studies using more diverse
lumbar belt designs, including study designs using more subjects and a placebo effect, and
lumbar belts equipped with biofeedback devices are needed in the future.

5. Conclusions

Patients with nonspecific low back pain performed the sit-to-stand motion in a pattern
different from that of healthy adults, resulting in impaired motor control and decreased
ability. The two lumbar belts with different extensibilities had a positive effect on motor
control and improved performance in patients with nonspecific low back pain. Therefore,
both types of lumbar belts with different extensibilities can help with the sit-to-stand
motion, which is an important functional activity for patients with low back pain.
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Abstract: Inpatient rehabilitation (IR) is a common postoperative protocol after total knee replacement
(TKA). Because IR is expensive and should therefore be justified, this study determined the difference
in knee function one year after TKA in patients treated with IR or outpatient rehabilitation, fast-track
rehabilitation (FTR) in particular, which also entails a reduced hospital length of stay. A total of
205 patients were included in this multi-center prospective cohort study. Of the patients, 104 had
primary TKA at a German university hospital and received IR, while 101 had primary TKA at
a Canadian university hospital and received FTR. Patients receiving IR or FTR were matched by pre-
operative demographics and knee function. Oxford Knee Score (OKS), Western Ontario and McMaster
Universities Arthritis Index (WOMAC), and EuroQol visual analogue scale (EQ-VAS) determined
knee function one year after surgery. Patients receiving IR had a 2.8-point lower improvement in
OKS (p = 0.001), a 6.7-point lower improvement in WOMAC (p = 0.063), and a 12.3-point higher
improvement in EQ-VAS (p = 0.281) than patients receiving FTR. IR does not provide long-term
benefits to patient recovery after primary uncomplicated TKA under the current rehabilitation regime.

Keywords: total knee arthroplasty; fast track rehabilitation; inpatient rehabilitation; postoperative
rehabilitation; patient reported outcome measures

1. Introduction

Over the last two decades, the number of total joint replacement surgeries has consis-
tently increased due to ageing in Western societies and growing numbers of people with
overweight or obesity [1]. Due to the expected increase in patients needing a total knee
arthroplasty (TKA), alternative rehabilitation pathways besides inpatient rehabilitation
(IR) have been explored with the aim to provide comparable functional outcomes while
reducing the time a patient is required to stay away from home.

IR after TKA is common practice in Western European countries. IR usually in-
cludes 3 weeks of medical rehabilitation at a rehabilitation center to reintroduce patients to
independent living and social integration. Patients receive daily physical therapy, occupa-
tional therapy, and functional training. In addition, patients are provided accommodation
and daily meals. After discharge from IR, outpatient physical therapy is continued for
four more weeks.

Post-TKA fast-track rehabilitation (FTR) was developed with the goal of reducing
costs and providing patients with a faster return to home while maintaining comparable
functional outcomes. FTR entails a reduced length of stay in the hospital with discharge to
home and not to IR. Outpatient physical therapy or inhouse visits by a physical therapist
help patients to regain their knee function and return to an independent lifestyle, while
forgoing IR can save a patient $3450 [2].

Because of the potential cost reduction, multiple countries have steered away from
utilizing IR after uncomplicated TKAs [3]. One of these countries is Canada. In Germany,
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IR is still the standard postoperative rehabilitation regime after uncomplicated TKA. As
insured patients in Germany would be reluctant to be randomized to a therapy other than
the one to which they feel entitled, it is difficult to conduct a randomized controlled trial
that compares a resource-intensive pathway (=IR) with a less resource-intensive alternative
(=FTR). Consequently, the similarities between the Canadian and German healthcare
systems offer an opportunity to compare functional improvements after these two different
rehabilitation regimes [4].

Multiple studies—mainly performed outside Germany—have demonstrated equal or
even improved patient joint function when FTR after TKA or total hip arthroplasty was
compared to IR [2,5–7]. While German patients remain unwilling to forfeit their right to IR,
a plausible method to compare the influence of IR and FTR on the functional improvement
after TKA is to analyze PROMs between German patients receiving IR and patients from
another country receiving FTR. To minimize the inherent bias when comparing patients
from two different countries, the patients’ general health and pre-operative knee function
and the surgical technique and implant design should be comparable.

Accordingly, the purpose of the study was to compare the functional improvement
after TKA among patients receiving IR in Germany with patients receiving FTR in Canada.
The hypothesis was that FTR results in comparable functional improvement one year af-
ter TKA. A follow-up period of one year seemed reasonable, since knee function reaches
a plateau within the first postoperative year, which remains stable in the following years [8–11].
A cost analysis, however, was not performed because of the countries’ different reimburse-
ment policies.

2. Materials and Methods

The study was planned and conducted as a transnational evaluation of prospectively
collected data, in which the one-year clinical improvement after the Canadian FTR and the
German IR following primary TKA was compared. The study was a mutual project of the
orthopedic departments of University of British Columbia, Vancouver, Canada, and Julius
Maximilian Universität, Würzburg, Germany. IR for the German patients took place at
a preselected rehabilitation center. Canadian patients instead conducted outpatient physical
therapy with corresponding home exercises or through home visits by a physical therapist.

Upon receipt of approval from both the Canadian (The University of British Columbia,
Office of Research Ethics, Study ID: H18-02307, 05.09.2018) and German (Ethik-Kommission
der Universität Würzburg, Number: 20210925 01, 26.20.2021) institutional ethics boards,
we identified all patients between December 2019 and February 2020 who fulfilled the
criteria for medical need for TKA treatment. Included were all patients with primary
osteoarthritis and radiographic evidence of Kellgren–Lawrence grades II-IV osteoarthritic
changes who underwent an uncomplicated unilateral TKA using the Stryker Triathlon TKA
System. Patients receiving simultaneous bilateral TKAs, patients with previous fracture
of the affected lower extremity, patients with metabolic or inflammatory joint disease
(e.g., rheumatoid arthritis or osteonecrosis), and patients not following the standardized
postoperative rehabilitation regime were not eligible to participate in the study. Patients
lost to follow-up were excluded from the final data analysis.

During the above-mentioned time-period, a total of 117 TKAs were performed at the
German hospital, of which the Stryker Triathlon System was used in 113. Nine patients
were lost to follow-up, leaving 104 patients for final analysis. In Canada, 115 TKAs were
performed in the above-mentioned time-period, all utilizing the Stryker Triathlon System;
14 patients were lost to follow-up, leaving 101 patients for final analysis (Table 1).

All TKAs were performed using a standard medial parapatellar approach, mechanical
alignment principles, and a cruciate retaining femoral component with a cruciate retain-
ing (CR) or cruciate-substituting polyethylene (CR-CS) Triathlon TKA system (Stryker,
Kalamazoo, MI, USA).

The target hospital length-of-stay for the IR patients was 4–5 days before they were
transferred to IR. IR was scheduled for three weeks and included daily physical ther-
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apy, occupational therapy, and functional training. In the FTR group, the target hospital
length-of-stay was 1–2 days before home discharge and onset of outpatient rehabilita-
tion. Outpatient rehabilitation included physical therapy twice per week for 6 weeks with
instruction to perform independent exercises at home.

Table 1. Patient pre-operative demographics.

Rehabilitation
Protocol

FTR-Canada
(n = 101)

IR-Germany
(n = 104) p-Value

Age (years)
mean ± SD 66 ± 8 67 ± 10 0.703

Sex Female (n) (%) 65 (64%) 57 (55%) 0.205
Male (n) (%) 36 (36%) 47 (45%)

BMI mean ± SD 30.1 ± 6.4 31.6 ± 6.0 0.029
ASA 0.189

I (n) (%) 9 (9%) 4 (4%)
II (n) (%) 71 (70%) 70 (67%)
III (n) (%) 21 (21%) 30 (29%)

BMI, body mass index; ASA, American Society of Anesthesiologists Physical Status; SD, standard deviation; FTR,
fast-track rehabilitation; IR, inhouse rehabilitation.

To compare the baseline health status between the two groups the pre-operative age,
sex, body mass index (BMI), and American Society of Anesthesiologists (ASA) Physical
Status score were obtained.

To evaluate and assess knee function and the functional improvement after TKA the
following patient-reported outcome measures (PROMs) were conducted. The Oxford Knee
Score (OKS) is scored from 0 (worst) to 48 (best) and assesses knee function before and after
TKA. It is self-conducted by the patient and comprises 12 questions that are divided into
two subscales: pain and physical function. The Western Ontario and McMaster Universities
Arthritis Index (WOMAC) is a self-administered questionnaire to assess pain, function,
and stiffness of the knee. The descriptors range from no difficulty (0 point) to extreme
difficulties (4 points). The WOMAC Score is a commonly used standardized questionnaire
to evaluate the condition of patients with osteoarthritis of the knee and hip. The WOMAC
is scored from 0 (best) to 96 (worst). Furthermore, the EuroQol visual analogue scale
(EQ-VAS), which measures health-related quality of life, was completed by patients. It is
scored from 0 (worst to 100 (best) and quantifies the patient’s perception of their health
state. It is self-conducted by the patient and has 5 different dimensions: mobility, self-care,
usual activities, pain/discomfort, and anxiety/depression.

The difference between the OKS, WOMAC, and EQ-VAS obtained pre-operatively
and at the one-year follow-up visit defined clinical improvement. The minimum clinically
important difference (MCID) for OKS was 5.0, for WOMAC, 10, and for EQ-VAS, 8.0 [12–14].

Statistical Analysis

In unadjusted analyses, IR and FTR were compared with pre-operative age, sex, BMI,
ASA, OKS, WOMAC, and EQ-5D VAS. Binary or categorical comparisons were made
via exact chi-squared tests, while continuous comparisons were made via the Wilcoxon
rank-sum test. Adjusted multivariable linear regression models were fitted to predict
improvements from pre-operative to follow-up in OKS, WOMAC, and EQ-5D VAS vs.
rehabilitation protocol, adjusting for age, sex, BMI, ASA, and the pre-operative value of the
PROM being analyzed. Fit of linear regression models were assessed via normal quantile–
quantile plots of the standardized residuals. Fit of logistic regression models were assessed
with the Hosmer and Lemeshow goodness-of-fit test at alpha = 0.05 [15]. SAS software
(version 9.4, SAS Institute Inc., Cary, NC, USA) was used for statistical analyses.
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3. Results

A total of 205 patients participated in the study with available PROMs at 1-year follow-
up. Patient pre-operative demographics and knee function were comparable between the
FTR and IR groups (Tables 1 and 2).

Table 2. Clinical scores in both groups.

Rehabilitation
Protocol

Pre-
Operative

Mean ± SD
p-Value

1-Year
Follow-Up

Mean ± SD
p-Value

Clinical Im-
provement ∆

Mean ± SD
p-Value

FTR 21.9 ± 8.4 38.7 ± 8.8 16.8 ± 10.6
OKS IR 19.9 ± 6.6 0.111 33.9 ± 9.9 <0.001 14.0 ± 10.7 0.001

WOMAC
FTR 47.7 ± 20.1

0.177
14.7 ± 15.2

0.571
33.2 ± 20.6

0.063IR 44.8 ± 19.8 18.3 ± 18.7 26.5 ± 25.5
FTR 66.4 ± 19.6 78.6 ± 17.6 11.9 ± 24.2

EQ-VAS IR 48.4 ± 17.3 <0.001 72.6 ± 22.1 0.103 24.2 ±26.9 0.281

OKS, Oxford Knee Score; WOMAC, Western Ontario and McMaster Universities Arthritis Index; EQ-VAS, EuroQol
visual analogue scale; FTR, fast-track rehabilitation; IR, inhouse rehabiliation; p-values for clinical improvements
are from multivariable models; improvements in WOMAC are shown in the positive direction for comparison.

Patients receiving IR had a significantly lower mean improvement in OKS (14.0 ± 10.7)
and a trend of lower improvement in WOMAC (−26.5 ± 25.5) than patients receiving FTR
(OKS 16.8 ± 10.6; WOMAC −33.2 ± 20.6), resulting in adjusted models for p-values of
0.001 and 0.063, respectively. The EQ-VAS tended to improve more after IR (24.2 ± 26.9)
than after FTR (11.9 ± 24.2) (p = 0.281) (Table 2 and Figure 1). All differences in follow-up
OKS, WOMAC, and EQ-VAS between the FTR and IR groups were below the MCID.
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4. Discussion

The most important finding from the present study was that FTR after TKA did
not result in inferior functional improvement when compared to IR. Indeed, patients
receiving FTR showed higher improvement in PROMs than patients receiving IR. While
outcomes scores at one year were higher in the FTR group regardless of the degree of
improvement, this difference was not clinically significant. These results may encourage
insurance companies to recommend FTR to their patients, as FTR does not compromise
patient outcome.
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These findings agree with multiple international studies comparing outpatient and
inpatient rehabilitation [4,7]. Prospective and retrospective studies, mainly from outside
Europe, demonstrated comparable or even improved function upon utilizing outpatient
rehabilitation after TKA, with reduced treatment costs [2,4,16–19]. As the risk of compli-
cations seemed not to increase, the conclusion of these studies was predominantly to not
recommend IR to patients undergoing uncomplicated TKA. A dissertation conducted at
the University of Rostock/Germany comparing outpatient and inpatient rehabilitation
was in agreement with these findings [5]. Unfortunately, the dissertation has not yet been
published in the medical literature. Because the improvements in PROMs in the present
study were adjusted for age, sex, ASA, and the pre-operative value of the corresponding
PROM, the observed differences in improvements being influenced by these variables can
be ruled out. I.e., irrespective of the patients’ age, sex, ASA, and pre-operatively assessed
PROM, the improvement in PROMs is comparable or slightly higher after FTR than IR.
While comparison of clinical improvement after FTR or IR can be confounded by a se-
lection bias, i.e., patients receiving FTR could be fitter, healthier, and more motivated to
improve than patients receiving IR, the results from this study are not biased by a selection
process because both patient groups followed the standard postoperative protocol of the
treating hospital [17].

In addition to providing comparable functional recovery, FTR has also been shown to
reduce costs [2]. These cost reductions include costs associated with the necessary clinical
wound check and staple removal follow-up of patients not receiving IR. Obviously, not
providing patients with accommodation, food, and sanitary needs reduces costs. Outpatient
rehabilitation also reduces readmission rate after TKA and the risk of peri-prosthetic
complications [7,18]. The number of diagnostic tests can be reduced with no negative effect
on patient outcome [19]. Because FTR includes a reduced length of hospital stay, it can be
expected that costs can be further reduced using this rehabilitation protocol [20].

Because this study favors FTR due to comparable or slightly higher functional im-
provement one year after TKA, it could motivate carriers of IR facilities to reorient the focus
of their rehabilitation regime. One potential reason that patients after FTR achieve higher
improvement than after IR is the self-guidance and patient responsibility to regain their
independence and function. The self-guidance potentially improves function in two ways.
(1) It fosters salutogenesis by focusing the patient towards solving problems after TKA,
which include regaining range of motion, mobility, and strength [21]. (2) It prevents exter-
nalization of the rehabilitation process, i.e., success or failure to improve is not the physical
therapist’s responsibility, it is the patient’s responsibility.

There are some limitations to this study. First, the difference in clinical improvement
could be influenced by country-specific pain awareness of patients and their interpretation
of functional limitations. Because the pre-operative OKS and WOMAC were not different
between the two countries and because the comparison of clinical improvement was nor-
malized to the pre-operative PROM, the country-specific influence on clinical improvement
should be minimal. Second, because patients were treated by two different orthopedic
surgeon teams in different countries, multiple variables can influence patient clinical im-
provement besides the rehabilitation protocol. To minimize the influence of other variables,
we ensured that surgical technique, component alignment target, and component design
were identical between patient groups. Consequently, only a single hospital participated in
Germany and in Canada, which could limit the generalizability of the results. Still, these
were large teaching hospitals with high volumes, and as such were representative for the
comparison of the two different rehabilitation protocols. Third, a cost analysis and compar-
ison between both rehabilitation protocols could not be made, since profoundly different
reimbursement policies were used. However, the gained knowledge from this study that
functional gains after TKA are not compromised by omitting IR could motivate German
insurance carriers, hospital systems, and healthcare authorities to conduct prospective
studies analyzing the financial impact of omitting IR after uncomplicated TKA. Fourth,
shorter follow-up intervals within the first year after TKA could have provided a more
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detailed comparison between FTR and IR [10]. Ideally, this comparison can be performed
in a prospective study within Germany, which will also allow an accurate cost analysis that
includes the financial impact of patient sick leave. Finally, the results from this study only
apply to patients undergoing primary TKA with an ASA of I to III.

5. Conclusions

Among adults undergoing primary TKA, the use of IR compared with FTR does not
yield a higher improvement in knee function. These findings do not support IR for this
group of patients with the current rehabilitation regime. This study can provide a thought-
provoking impulse to IR carriers to reorient their focus on rehabilitation after TKA by
fostering patient salutogenesis.
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Abstract: Bone-anchored maxillary protraction (BAMP) is effective for skeletal Class III malocclusion.
However, infection, screw and plate loosening, and device failures occur with conventional plates.
This pilot prospective study analyzed the feasibility of individualized BAMP using preoperative sim-
ulation and 3D titanium printing in patients referred by the orthodontic department for four BAMP
miniplates. Preoperative cone beam computed tomography data were analyzed using CAD/CAM
software to fabricate the individualized 3D-printed BAMP device. The customized plates were
printed using selective laser sintering and inserted onto the bone through an adjunct transfer jig.
The accuracy of preoperative simulation and actual placement of the BAMP device were tested
by superimposing simulated positioned digital images and postoperative computed tomography
data. The growth modification effect depended on superimposition of lateral cephalograms and
comparative changes in SNA, SNB, ANB, and Wits. Two male patients were finally included in the
study. BAMP decreased the ANB difference (−4.56 to −1.09) and Wits appraisal (−7.52 to −3.26)
after 2 years. Normal measurement indices for sagittal and vertical growth indicated successful
growth modification. The mean accuracy between preoperative simulation and actual surgery was
0.1081 ± 0.5074 mm. This treatment modality involving preoperative simulation and 3D titanium
printing for fabricating and placing customized BAMP devices precisely at planned locations is
effective for treating skeletal Class III malocclusion.

Keywords: bone-anchored maxillary protraction; skeletal class III malocclusion; 3D printing; growth
modification

1. Introduction

Skeletal Class III malocclusion is a common orthodontic deformity involving a sin-
gle or a combination of protrusive mandibles, deficient or retrusive maxilla, protrusive
mandibular dentition, and retrusive maxillary dentition, which not only affect a patient’s
masticatory function but also their esthetic appearance and mental health [1,2]. Prevalence
of Skeletal Class III was reported as 7.8% [3], and Class III presents the highest prevalence
among orthognathic cases [4].

In growing patients, early intervention for correcting the craniofacial relationship has
been used for several decades with significant outcomes [5–7].

It is better to use extraoral anchorage than intraoral anchorage for skeletal growth
control in the early intervention for Class III malocclusion to prevent undesirable dental
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changes from anchored teeth force application [8]. Among the different therapies, bone-
anchored maxillary protraction (BAMP) is considered one of the most reliable methods for
Class III malocclusion; it eliminates dentoalveolar effects and facilitates patient full-time
wear compliance by using only intraoral skeletal anchorage. BAMP with miniplates is
used in growing patients, with multiple miniscrews to ensure anchor stability and avoid
any possible damage to the tooth germ [9]. A recent systematic review and clinical study
showed reliable results for the treatment of skeletal Class III malocclusion, in which BAMP
was reported to enhance maxillary growth and inhibit mandibular growth [10].

Despite its advantages, there are limitations to BAMP treatment, such as the need
for additional surgery, possible tooth germ injury, and irritation of the adjacent tissues by
elastics or miniplates. The miniplates can also loosen due to insufficient bone density at
early ages. Therefore, the precise application of ready-made miniplates of sufficient bone
quality following the contour of the cortical surface while avoiding the tooth germ is often
surgically challenging [11,12].

Recent developments in 3D printing technology and the introduction of digital den-
tistry have made it possible to fabricate patient-customized simulations and individualized
dental devices. In addition, metal 3D printing using selective laser sintering (SLS) allows
the fabrication of individualized bone fixation plates and bone reconstruction material.
BAMP is an effective treatment modality for skeletal Class III treatment; however, it is
challenging to apply conventional plates onto the correct location. Therefore, the clinical
feasibility of individualized BAMP plates using preoperative simulation and 3D titanium
printing was tested in this pilot study.

2. Methods
2.1. Study Sample

This pilot prospective study was performed from 2019 to 2021 in departments of
orthodontics and oral and maxillofacial surgery at Ewha Womans University Mokdong
Hospital. This study was approved by the institutional ethics committees (EUMC 2019-06-
014). Patients who were referred by the orthodontics department for four BAMP miniplates
were included in the study. Any syndromic patients and cleft patients were excluded.

2.2. Data Acquisition

Cone beam computed tomography (CBCT) and intraoral scanning were performed
to collect essential pre-surgical information to fabricate the individualized 3D-printed
BAMP device. Since the BAMP device itself is placed on the maxillary and mandibular
bone surface, it can be manufactured solely with CBCT, without digital information of
the dentition. However, we previously experienced inaccurate placing of the BAMP
device without dentitional information during the actual surgery. Therefore, an additional
tooth-guided jig that can deliver the BAMP device to the precise simulated position was
manufactured, and intraoral scanning was performed for an accurate tooth-guided transfer
jig for properly positioning the plate.

Dicom data of CBCT were extracted into STL format and merged with intraoral
scanning STL data. The CBCT dataset obtained 2 weeks before surgery was surface-
rendered in the 3D model (STL format) of the bone. Intraoral Scanning with Trios3 (3 shape,
Copenhagen, Denmark) started with the most distal tooth in the third quadrant and
continuing to the anterior teeth. Next, the fourth quadrant was scanned, again beginning
with the most distal tooth. Scanning of the maxilla started with the most distal tooth in
the second quadrant and ended at the central incisor. The first quadrant was recorded
starting with the most distal tooth. The camera was positioned at 45 degrees (or as close as
possible to the axis of the tooth) to the buccal and lingual scans. The scanning device works
by means of confocal microscopy, with a fast scanning time; the light source provides an
illumination pattern to cause light oscillation on the object. As for the superimposition and
merger of DICOM+STL (including software info), 3D Slicer(extension slicer RT, ver.4.11,
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open source) was used to create a 3D bone model file (stl format), and Meshmixer (ver.3.5,
Autodesk) was used to edit the surface model created by 3D slicer.

2.3. Preoperative Simulation

Using Ondemand® CAD/CAM software (Cybermed Co., Seoul, Korea) and Doctor
Check software® (Cusmedi Co., Seoul, Korea), virtual miniplates and an additional transfer
jig were designed with respect to the patient’s bone contour, location of the hook, and
shape of the surgical site. The maxillary plates for BAMP are preferably positioned on the
zygomatico-maxillary junction and maxillary first molar. Positioning as close to the teeth
as possible is more advantageous for surgical convenience and minimal surgical invasion.
When located in the alveolar bone vertically too close to the teeth, there is a risk of tooth
germ injury and screw loosening due to relatively more active bone remodeling and the
low density of the maxillary bone during treatment. When positioned higher, near the
zygomatic bone, permanent tooth germ injury can be avoided, and fixation strength can be
obtained due to the greater bone density. The proper position, considering bone density
for fixational support and avoiding tooth germ injury, could be determined preoperatively
on the CBCT.

2.4. Surgical Procedure

The BAMP device consisted of a closed subperiosteal part for bone fixation and an
open intraoral part for applying the elastics to deliver orthopedic force. The conventional
flat-design bone fixation miniplate does not follow the bone surface contour nor does it form
a tight contact with the bone, leaving small gaps that could cause biological complications.
To minimize these complications, the BAMP plate is designed to be positioned to emerge
intraorally at the mucogingival junction 5 mm above the gingival margin so that it can
be placed along the anatomical contour when it is opened intraorally in the bone fixation
part. This design minimizes the biological complications of the device maintained in the
oral cavity for at least 6 months and up to 3 years. The elastics can be applied between the
maxillary premolar and the first molar to maximize the patient’s treatment adherence.

Accurate application of the simulated BAMP device to the determined location during
actual surgery is a challenge. An additional transfer jig can be fabricated using precise
intraoral scanning data to minimize the error between simulation and actual surgery. The
transfer jig is suitable for being referenced to adjacent maxillary teeth and is manufactured
to carry and deliver the BAMP device. The transfer jig is manufactured using resin or
titanium metal printing (SLA type, EP-3500, Shinin). The BAMP device to be placed on
the mandibular anterior teeth is designed in the same manner. The mandibular device is
placed on the mandibular symphysis; therefore, tooth germ injury and bone density are
less of a concern than with the maxillary device.

The design of the customized BAMP device through preoperative simulation is ex-
ported as an STL file from a CAD software program (Magics, Materialise, Leuven, Belgium)
and submitted for 3D printing (Metalsys150, Winforsys Co., Seoul, Korea; laser power
120–200 W) using titanium alloy (Ti6Al4V ELI, medical grade in accordance with ASTM
F136, AP&C, Quebec, QC, Canada) following the SLS additive manufacturing technique.
Titanium powder was melted into thin layers, which were used in the 3D printer. Post-
processing of the plate involved removal of the loose power and the support structures
and polishing to improve the surface quality and mechanical properties and reduce errors
during CBCT and scanning data acquisition.

A rapid prototyping model of the patient was manufactured before surgery, and a
virtual surgery was performed through the process of pre-fitting. In the actual surgery,
customized plates were installed at the surgical site using the transfer jig as a guide. An
incision (1.5–2.5 cm) was made above the bone where the fixation plate had to be placed,
and minimal dissection was performed. Then, the jig was precisely matched to the reference
point, indicating accurate installation of the BAMP device. After the correct position of
the BAMP device was confirmed, fixation was performed using 1.5 mm screws. After
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confirming that the BAMP device was sufficiently fixed to the bone, the incision was
sutured using vicryl 4-0 and 5-0.

Postoperatively, patients were instructed to use a chlorhexidine mouth rinse three
times a day for 7 days. Analgesics and non-steroidal anti-inflammatory drugs were pre-
scribed. After 7–10 days of soft tissue healing, Class III elastics were applied with an initial
force of ~70 g on each side. The force of the elastics was increased to 150 g after 1 month
of traction and again increased to 200–250 g after 3 months. Patients were instructed to
wear the elastics full-time, except for meals and for brushing. They had to replace the
elastics daily, with regular follow-up. Patients were also instructed to follow-up once a
month postoperatively.

2.5. Cephalometric and Superimposition Analysis

Simulated positioned digital images and postoperative CT data were superimposed
for comparison to evaluate the accuracy of preoperative simulation and actual application
of the fabricated BAMP device. In addition, lateral cephalometric analysis was performed
before BAMP treatment and 2 years postoperatively to evaluate the treatment effects of
BAMP’s skeletal Class III correction. The superimposition of lateral cephalograms was
analyzed, and changes in SNA, SNB, ANB, and Wits were compared to determine the effect
of growth modification.

The 3D deviation between the position of the BAMP designed with CBCT and the
position of the BAMP after surgery was investigated to evaluate the accuracy between
virtual simulation and actual surgery. Twenty points were randomly selected from BAMP
and used as reference points to investigate the single linear deviation, reported in mm,
along the x-, y-, and z-axis. The x-axis is the transverse (lateral/medial) direction, the y-axis
is the sagittal (anterior/posterior) direction, and the z-axis is the axial (cranial/caudal)
direction. The deviation in the cranial, anterior, and lateral directions of the BAMP was
considered positive (+), and the deviation in the contralateral direction was considered
negative (−). The 3D average distance is expressed in mm, and the difference is indicated
by color (Supplementary Figure S1). The 3D geometrical deviation was assessed after color
coding high or low geometrical deviation using Geomagic software (Freeform Plus, 3D
Systems, Morrisville, NC, USA) (Supplementary Figure S2).

3. Results

Four patients were screened, and two were included in this study for BAMP therapy.
The two included patients were both male, 9 and 10 years old. All operations were
performed under local anesthesia, and the average time from incision to the upper bone of
the BAMP device through the transfer jig, from screw fixation to sutures, was 8.3 min per
site, on average. Unlike for conventional plate surgery, the time to consider tooth germ
injury and sufficiently dense bone and application work through screw bending were not
relevant; therefore, the surgery time was dramatically reduced. In addition, since the plate
fixing position was accurately known in advance, minimally invasive surgery, including
incision and dissection, was possible.

During the follow-up, the customized miniplates showed no loosening or inflamma-
tion. The miniplates were well-retained for over a year, had sufficient retention force, and
maintained good oral hygiene in the surrounding tissue.

Skeletal measurements revealed that BAMP decreased ANB difference (−4.56 to
−1.09) and Wits appraisal (−7.52 to −3.26). Other measurements indices for sagittal and
vertical growth were also in the normal range, indicating successful growth modification
with customized BAMP therapy for skeletal Class III malocclusion (Table 1).

The accuracy between simulation and actual surgery was satisfactory. In the mea-
surement of the linear deviation between preoperative simulation and actual surgery,
the average difference was −0.0154 mm on the x-axis, −0.0946 mm on the y-axis, and
0.0579 mm on the z-axis, with an average distance of 0.1081 mm (Table 2).
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Table 1. Skeletal measurements: preoperative and postoperative (24 months) *.

Measurement Reference Value Preoperative Postoperative 24 Months

Maxillo-mandibular measurement
SNA 81.6 (3.1) 77.98 84.63
SNB 79.1 (3.0) 82.54 85.72

ANB difference 2.4 (1.8) −4.56 −1.09
Wits appraisal −2.7 (2.4) −7.52 −3.26

Angular measurement
FMA 29.63 (5.66) 30.34 28.98

SN-GoMe 36 (4) 37.1 32.72
A point—N Perpend 0.4 (2.3) −5.37 −1.86

Facial height measurement
Facial Height Ratio 65 (9) 61.7 66.37

Posterior Facial Height 85 (5.5) 76.84 90.76
Anterior Facial Height 127.4 (5.6) 124.52 136.74

Dentoalveolar measurement
U1 to SN 107 (6) 123.45 120.62

IMPA 95.9 (6.3) 78.2 78.3
Interincisal angle 124 (8.3) 121.2 128.32

Soft tissue measurement
Upper Lip E-plane 0.1 (2) 0.44 −1.58
Lower Lip E-plane 0.1 (2) 2.69 0.26
Nasolabial angle 84.9 (5) 93.86 101.9

* Values are presented as mean (standard deviation).

Table 2. Linear deviations in the x-, y-, and z-axis at 20 selected reference points.

Linear Deviation

x-Axis
(Lateral/Medial)

y-Axis
(Anterior/Posterior)

z-Axis
(Cranial/Caudal) Distance Difference

N 20 20 20 20
Median −0.0154 −0.0946 0.0579 0.1081
Range −0.1729–0.2448 −1.1643–1.5076 −0.9189–0.7126 0.0211–1.3772

SD 0.1463 0.9012 0.5515 0.5074

4. Case Presentation

A 10-year-old boy presented with maxillary retrognathism, mandible prognathism, and
dentofacial deformity and was diagnosed with skeletal Class III malocclusion (Figures 1 and 2).
The patient had no systemic diseases and no signs of temporomandibular joint dysfunction.
Cephalometric analysis showed a concave facial profile and hyperdivergent growth pattern.
Considering the patient’s age and growth patterns, treatment with customized BAMP
miniplates was considered as the most optimal therapy.

For the left maxilla, a ‘Y’ shaped plate was used and fixed at the zygomatic process
to avoid possible disruption of the molar roots. An ‘L’ shaped plate was designed for
the mandible and fixed at the symphysis of mandible. After preoperative simulation
and fabrication, BAMP plates were used for the individualized rapid prototyping model
(Figure 3). Under local anesthesia, customized BAMP plates were installed at the simulated
location using the transfer jig as a guide. The jig was precisely matched with the reference
point for accurate installation of the miniplates (Figure 4). The mean surgical time from
incision to suture was 6.4 min for each side.
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Figure 3. Preoperative simulation and application of fabricated customized plates and transfer jig on
the individualized rapid prototyping model.

The patient was advised to maintain good oral hygiene after the operation. After soft
tissue healing, Class III elastics (5/8 3.50 oz) were applied with an initial force of ~70 g
on each side. The force of elastics (left: 5/16 3.50 oz; right: 3/16 3.50 oz) was increased to
150 g after 1 month of traction and again increased to 250 g after 3 months. The patient was
instructed to wear the elastics full-time, except during meals and brushing. The patient also
had to replace the elastics daily, with regular follow-up (Figure 4). During the follow-up,
the customized miniplates showed no loosening or inflammation. The miniplates were
well-retained for over two years, showing sufficient retention force, and maintained good
oral hygiene in the surrounding tissue. Superimposition of lateral cephalograms indicated
that BAMP therapy successfully protracted the maxilla and prevented mandibular growth
and hyperdivergent vertical growth (Figure 5).
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5. Discussion

Recently, bone-anchored maxillary protraction has been regarded as an effective treat-
ment method for growth modification in growing skeletal Class III patients; however, an
individualized approach, especially using 3D metal plate printing, has not been previously
reported. The authors believe sharing our experience in the study will contribute to the
acceleration of the medical use of individualized metal printing to the field of dentistry.

Skeletal Class III malocclusion correction in growing patients is considered one of
the most challenging treatments in orthodontics. It is conducted using either an extraoral
or intraoral device. The use of a facemask has been one of the most common approaches
for maxillary traction, but it may result in undesired dentoalveolar outcomes, such as
upper incisors or extrusion of the upper molars. A chin cup is effective for mandibular
development restriction, but it may cause anterior teeth inclination in the mandible due to
the pressure applied on the bone and soft tissue [13]. Wearing an extraoral appliance may
be esthetically unpleasing and may cause social discomfort in growing patients, oftentimes
leading to noncompliance [14]. Miniscrews or miniplates have replaced the use of extraoral
devices for such orthopedic force transfer. Intraoral miniscrews and miniplates have shown
sufficient biocompatibility and durability for the loading of orthodontic force, significantly
influencing the advancement of maxillary structures [9,11].

However, the use of bone anchorages has been increasing, and various factors relating
to the failure of implants are being studied. The location of the implant, diameter of the
screw, shape of the miniplate, inflammation, and keratinization of peri-implant tissues
affect the stability of bone anchorage [15,16]. Age is also a crucial factor in adolescent
patients. The stability of BAMP therapy can be attributed to mechanical retention and the
density and thickness of the cortical bone. In our case, the plate on the left maxilla and
right mandible were found mobile after 5 months of installation and eventually failed. As a
child, the patient’s developing bone may have not been strong enough to endure the force
applied for anchorage. Applied orthopedic force for bone correction, which is relatively
higher than that applied for tooth movement, may also have influenced the stability of bone
anchorage. Bone remodeling occurs quickly and plays a significant role in young patients
during their growing period. When excess force is applied on the anchorage device, its
loading can significantly influence the density and turnover of the alveolar bone, loosening
the BAMP correction device and leading to eventual failure.

Oral hygiene and plaque accumulation may also affect the success of plate insertion.
Microbial flora at the interface between the artificial material and mucosal epithelium
influence plate fixation. Anaerobic bacteria at the insertion site may cause inflammation. In
our case, only mild infection was observed in the right mandible. Keeping the emergence
point within the attached gingiva is essential to avoid bacterial invasion [17].

A customized titanium miniplate was manufactured after the failure of anchorage on
the left maxilla and right mandible. The transfer jig created for each surgical site allowed
clinicians to precisely determine the final location and delivery of the plate during the
surgery [18,19]. CBCT and oral scan data were used to evaluate and design the customized
miniplates accordingly. In the second operation, the customized miniplates were to be
fixed at the zygomatic process and symphyseal to avoid the previous insertion site and any
possible damage to the surrounding structures, such as the root and tooth germ. Bending
and adjusting the plate contour not only alters the mechanical strength of the plate but
also causes its inevitable deformation. Customized plates manufactured according to the
skeletal contour of the patient eliminate the need for adjustment during the surgery. The
use of customized devices allows clinicians to make smaller but more accurate incisions and
deliver the plates in their ideal locations within a shorter period. There was a report of a
minimally invasive approach for BAMP placement without surface incisions in the gingival
margins or papillae. This potentially minimizes the gingival recession that sometimes
accompanies flap surgery [20]. A combination of maxillary protraction, expansion and
contraction would be beneficial in this case.
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A BAMP device ideally fixes to the jawbone and directly contacts the oral surface
through the open mucosa. There are inherent risks of plaque accumulation and chronic
inflammation, but BAMP therapy is shorter and more efficient than extraoral orthopedic
devices such as a chin cup.

6. Conclusions

Preoperative simulation and a 3D titanium printing technique allowed the fabrica-
tion of customized BAMP devices and their precise application at the planned locations.
The clinical results demonstrated the stability and effectiveness of this modality for the
treatment of skeletal Class III malocclusion.
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Abstract: Cancer hallmark genes and proteins orchestrate and drive carcinogenesis to a large ex-
tent, therefore, it is important to study these features in different cancer types to understand the
process of tumorigenesis and discover measurable indicators. We performed a pan-cancer analysis
to map differentially interacting hallmarks of cancer proteins (DIHCP). The TCGA transcriptome
data associated with 12 common cancers were analyzed and the differential interactome algorithm
was applied to determine DIHCPs and DIHCP-centric modules (i.e., DIHCPs and their interacting
partners) that exhibit significant changes in their interaction patterns between the tumor and control
phenotypes. The diagnostic and prognostic capabilities of the identified modules were assessed to
determine the ability of the modules to function as system biomarkers. In addition, the druggability
of the prognostic and diagnostic DIHCPs was investigated. As a result, we found a total of 30 DIHCP-
centric modules that showed high diagnostic or prognostic performance in any of the 12 cancer types.
Furthermore, from the 16 DIHCP-centric modules examined, 29% of these were druggable. Our
study presents candidate systems’ biomarkers that may be valuable for understanding the process of
tumorigenesis and improving personalized treatment strategies for various cancers, with a focus on
their ten hallmark characteristics.

Keywords: hallmarks of cancer; differential interactome; system biomarkers; druggability;
personalized treatments

1. Introduction

Cancer is one of the leading causes of death in almost every country in the world.
According to GLOBOCAN, there were about 19.3 million new cancer cases and 10 million
cancer deaths in 2020 [1], and these numbers make the fateful picture clear. Cancer is an
uncontrolled cell-division process that leads to cell transformation through the occurrence
of various and successive genetic alterations. This transformation is the result of a complex
process, and this complexity makes the disease an enigma shrouded in mystery and
incurable [2].

In 2000, Hanahan and Weinberg wondered, as there were a variety of cancers, how
many regulatory mechanisms were affected, or were the same regulatory mechanisms
destroyed in the cell to become cancerous? Additionally, were there common signals? After
asking these questions, they proposed that cancer cells exhibited six biological phenomena,
which they called “hallmarks of cancer”. They proposed that these six hallmarks play a
critical role in cancer development and are likely to occur in all cancers [3]. In the coming
years, Hanahan and Weinberg added four more cancer features to the list of characteristics
with the ongoing studies. Subsequently, with this update, the ten hallmarks of cancer
approved today (eight trait characteristics and two enabling characteristics) were formed.
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These hallmarks include: (i) activating invasion and metastasis; (ii) enabling replicative im-
mortality; (iii) evading growth suppressors; (iv) avoiding immune destruction; (v) genome
instability and mutation; (vi) inducing angiogenesis; (vii) deregulating cellular energetics;
(viii) resisting cell death; (ix) sustaining proliferative signaling; and (x) tumor-promoting
inflammation [4]. Hanahan suggested, in his latest article, that potential features such as
cellular plasticity, non-mutative epigenetic reprogramming, polymorphic microbiomes,
and impaired differentiation could be added to the list in the future. However, he believes
that the definition of these conceptual features needs to be discussed and experimentally
validated with cancer biology studies [5].

Since the hallmarks of cancer genes and proteins orchestrate and drive carcinogenesis
to a large extent, it is noteworthy to study these features in different cancers to under-
stand the process of tumorigenesis and discover measurable indicators of altered biological
states such as biomarkers. A study which was conducted by Nagy et al. [6] performed a
pan-cancer survival analysis of cancer hallmark genes by not considering the associations
among them. However, the development of cancer is generally induced by a combination of
genes, proteins, metabolites, and other factors. In 2019, Yu and co-workers, by considering
the association between genes, identified cancer hallmarks based on the gene co-expression
networks for seven cancers [7]. Nevertheless, deciphering the changes at the protein level
(protein interactome) is essential to understand tumorigenesis at the systemic level. There-
fore, deciphering the hallmarks of different cancers using protein–protein interactions (PPIs)
within the protein interactome is a promising approach to understand the mechanisms of
cancer and to propose diagnostic, prognostic or therapeutic biomarker targets.

In our study, we performed a pan-cancer analysis and aimed to map differential
hallmarks of cancer-associated protein–protein interactions (Figure 1). We examined the
Cancer Genome Atlas (TCGA) transcriptome data from 12 different cancers: breast inva-
sive carcinoma (BRCA); colon adenocarcinoma (COAD); head and neck squamous cell
carcinoma (HNSC); kidney renal clear cell carcinoma (KIRC); kidney renal papillary cell
carcinoma (KIRP); liver hepatocellular carcinoma (LIHC); lung adenocarcinoma (LUAD);
lung squamous cell carcinoma (LUSC); prostate adenocarcinoma (PRAD); stomach adeno-
carcinoma (STAD); thyroid carcinoma (THCA); and uterine corpus endometrial carcinoma
(UCEC), having sufficient samples in both tumor and control groups (n > 30) and applied
a differential protein interactome algorithm [8], to determine differentially interacting
hallmark of cancer proteins (DIHCPs) and DIHCP-centered modules (i.e., DIHCPs and
their interacting partners) that represent significant changes in their interaction patterns
between the tumor and control phenotypes. The diagnostic and prognostic capabilities of
the identified DIHCP-centered modules were assessed in order to identify the modules’
potential ability to function as system biomarkers. In addition, the druggability of the prog-
nostic and diagnostic DIHCPs were investigated. Ultimately, this study presents candidate
system biomarkers that may be useful for understanding tumorigenesis, developing novel
diagnostic tools, and improving personalized treatment strategies for various cancers, with
a focus on the hallmarks of cancer.
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Figure 1. The systematic approach for the study. The steps of the applied systems’ biology methodol-
ogy for the study. After collecting the data from different repositories, the differential interactome
algorithm was applied. This algorithm was used to identify differentially interacting hallmark of can-
cer proteins (DIHCPs) and DIHCPs-centered modules. The prognostic and diagnostic performance of
the DIHCPs-centered modules was evaluated. The enrichment analyses were performed and finally
the components of the modules’ druggability were discovered.

2. Materials and Methods
2.1. Collecting of Gene Expression Data

RNA-sequencing (RNA-seq) fragments per kilobase of transcript per million fragments
mapped (FPKM) normalized gene expression data were collected from the Cancer Genome
Atlas (TCGA) [9]. For this study, gene expression data of 12 cancers with at least 30 normal
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and tumor samples of 33 different cancers were collected from the TCGA. In total, gene
expression data were collected from 6239 tumor and 637 matched normal tissue samples.
The 12 cancer types studied and their sample numbers are represented in Figure 2.
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Figure 2. Distribution of samples from 12 human cancers. The diagram shows control and tumor
samples from 12 human cancers analyzed in the study.

2.2. Collection of Cancer Hallmark Genes

Genes representing all the ten hallmarks of cancer [4] were collected from two publicly
available biological repositories which are Cancer Hallmark Genes (CHG) da-tabase [10]
and the Catalogue of Somatic Mutations in Cancer (COSMIC) database [11] (v.95). A total
of 1906 different cancer hallmark genes were collected from these two repositories. The
GeneCards: The Human Gene Database [12] was used to define proteins encoded by the
cancer hallmark genes.

2.3. Collection of Human Protein Interactome Data

Human PPI data were extracted from the BioGRID database [13] (MV-Physical-4.2.191),
which contains 51,745 physical and experimentally detected PPIs among 10,177 human
proteins. Integration of the obtained PPI interaction data with proteins encoded by genes
for which gene expression data are available in TCGA and with proteins encoded by cancer
hallmark genes resulted in a network consisting of 7422 PPIs among 1906 proteins.

2.4. Identification of Differentially Interacting Hallmark of Cancer Proteins

The differential protein interactome algorithm [8] was applied to the gene expression
profiles of all 12 cancer types using the R platform [14] (version 4.0.2). Briefly, differential
hallmarks of cancer-associated PPIs (dHCPPIs) were determined to detect changes in PPI
patterns between tumors and controls. To this end, the algorithm uses gene expression
profiling to predict the relative frequency of observation (q-value) for each PPI to represent
the dHCPPIs.

The following criteria were chosen to determine dHCPPIs: (i) if the predicted q value
for PPI is less than 0.10, the interaction is significantly suppressed in the tumor state; (ii) if
the predicted q value for PPI is greater than 0.90, the interaction is significantly activated
in the tumor state; (iii) the normalized frequency of observation in the tumor or normal
phenotype is greater than 20%.

Application of the differential protein interactome algorithm yielded DIHCPs rep-
resenting significant changes in their interaction patterns during the transition between
the normal and tumor phenotypes. The DIHCPs were classified into 2 groups according
to their interaction partners: (i) proteins with suppressed interactions in the tumor state
and (ii) proteins with activated interactions in the tumor state. DIHCPs (the hub hallmark
of cancer proteins) together with their interacting protein partners were designated as
DIHCP-centered modules (modular structures around hubs). Further analyses were per-
formed using the DIHCP-centered modules with at least 10 proteins. The dHCPPIs and
DIHCP-centered modules were visualized using Cytoscape (v3.5.0) [15].
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2.5. Diagnostic Performance Analyses of Differentially Interacting Hallmark of Cancer
Protein Modules

Principal component analyses (PCA) were performed based on TCGA-derived gene
expression profiles of the genes encoding DIHCPs in each DIHCP-centered module. Each
simulation was performed with at least 30 randomly selected normal and 30 tumor samples,
and the first 3 principal components representing the highest variances (at least 80% of the
total variance) were considered in determining the sensitivity (the proportion of positive test
results among diseased individuals) and specificity (the proportion of negative test results
among healthy individuals) metrics. Simulations were repeated until the robustness of the
average value of the sensitivity and specificity metrics was ensured. The DIHCP-centered
modules with at least 90% of the sensitivity and specificity values were considered statistically
significant in this study and were accepted as a diagnostic DIHCP-centered module.

2.6. Prognostic Performance Analyses of Differentially Interacting Hallmarks of Cancer
Protein Modules

To evaluate the prognostic performance of the DIHCP-centered modules, clinical
information on 12 cancer types was collected from TCGA and used in the prognostic
performance analyses. Prognostic abilities were evaluated by Kaplan–Meier plots and the
log-rank test. All analyses were performed using the Survival package in R [14] (version
4.0.2). Samples were analyzed according to the prognostic index (PI), which is the linear
component of the Cox model (PI = β1 × 1 + β2x2 + . . . + βpxp, where xi is the expression
value of each gene, βi is the coefficient obtained from the Cox fit). The hazard ratio
(HR = (O1/E1)/(O2/E2)) was calculated using the ratio between the relative mortality
rate in group 1 and the relative mortality rate in group 2, where O and E are the observed
and expected number of deaths, respectively. DIHCP-centered modules with a log-rank
p-value < 0.01 were considered as statistically significant and accepted as a prognostic
DIHCP-centered module in this study.

2.7. Enrichment Analyses of Diagnostic and Prognostic Modules

To obtain clues about the biological characteristics of the diagnostic and prognos-
tic modules, over-representation analyses were performed using the bioinformatics tool
Database for Annotation, Visualization and Integrated Discovery (DAVID) [16] to identify
functional annotations (i.e., biological pathways) significantly associated with DIHCPs.
Pathway p-values were determined using Fisher’s exact test, and the Benjamini–Hochberg
correction was used as a correction technique for multiple testing. Pathways with adjusted
p < 0.01 were considered statistically significant.

Moreover, although the DIHCPs were already associated with hallmarks of cancer and
to determine which cancer hallmarks are prominent and to further examine the distribution
of the hallmarks, the components of the DIHCP-centered modules (i.e., DIHCPs) were
subjected to enrichment analysis. For the analyses, we used the obtained cancer hallmark
genes from the two repositories [10,11] and integrated them with the diagnostic and
prognostic DIHCPs.

2.8. Druggability of the Diagnostic and Prognostic Differentially Interacting Hallmark of Cancer
Protein Modules

The DIHCP-centered modules that were (i) accepted as diagnostic in this study,
(ii) accepted as prognostic in this study, and (iii) all dHCPPIs that were suppressed or
activated in the tumor state were included in the druggability analysis. Components of the
DIHCP-centered modules that met the established criteria were screened for druggability
using the Drug Gene Interaction Database (DGIdb v4.2.0) [17]. Only FDA-approved drugs
were considered throughout the screening process. The types of protein–drug interaction
(activator, suppressor, inhibitor, etc.) were also considered. Namely, if all dHCPPIs in the
modules were suppressed, the drug candidates with activator activity were considered, or
if all dHCPPIs in the modules were activated, the drug candidates with inhibitor activity
were considered.
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3. Results
3.1. Interpreting Differential Protein Interactome Algorithm in Human Cancers

To identify dHCPPIs between tumor and normal tissue samples, the differential
protein interaction algorithm [8] was independently applied to the gene expression profiles
of the 12 cancer types and integrated with the reconstructed human protein interactome
(7422 PPIs between 1906 proteins). Application of the algorithm yielded the hub proteins
representing significant changes in the interaction patterns between “tumor phenotype”
and “normal phenotype”, which we named “DIHCPs”.

We identified a total of 4405 dHCPPIs among 832 different hallmarks of cancer proteins
(i.e., DIHCPs) for 12 cancer types. While HNSC had the highest number of dHCPPIs,
KIRP had the lowest dHCPPIs. The tumor specificity of dHCPPIs varied by cancer type.
Of all the dHCPPIs found, 786 (18.5%) of the dHCPPIs were specific to a cancer type.
COAD had the highest number of specific interactions (230 specific dHCPPIs), whereas
there was one specific dHCPPI for LUAD (0.2%) (Figure 3A). In addition, HNSC had
the highest number of nonspecific dHCPPIs. On the other hand, none of the dHCPPIs
was the same for all cancer types studied, and five interactions were the same in at most
seven different cancers (i.e., CAV1-CTNNB1, COL1A1-IGFBP3, LDHA-LDHB, PCNA-
GAPDH, and PSMB7-PSMB3). Comparative analysis of the interaction type (i.e., activated
or suppressed) of these dHCPPIs revealed that the dHCPPIs were generally activated in
the tumor state (88% activated).
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3.2. Differentially Interacting Hallmark Proteins and Modules in Human Cancers

Of the 832 DIHCPs identified, 26% of the DIHCPs were specific for one cancer type.
There were two common proteins (EGFR and ESR1) that had DIHCP features in all cancers

108



J. Pers. Med. 2022, 12, 1919

studied. COAD had the highest number of specific DIHCPs. Namely, 16.9% of the DIHCPs
of COAD were COAD-specific (Figure 3B).

The differential interactome showed a network topology with modular organization.
Therefore, the DIHCPs (hub cancer hallmark proteins) together with their interacting
protein partners, were referred to as modules, which we called “DIHCP-centered modules”.
The DIHCP-centered modules with at least 10 components were considered, and each
DIHCP-centered module was named after the name of the hub protein of the module.

In the comparative analysis of DIHCP-centered modules, we found that modules
whose hubs belong to the protease or 14-3-3 protein complex shared the vast majority of
DIHCPs. Therefore, DIHCP-centered modules sharing at least 70% of the common proteins
were pooled based on cancer type to increase the robustness of DIHCP-centered modules.
These pooled modules were designated as mPSMcomp or mYWHAcomp. For BRCA, four
proteasome complex-associated hub modules were pooled. For COAD, two proteasome
and two 14-3-3 protein complex-associated hub modules were pooled separately. In HNSC,
25 proteasome-associated and 3 of the 14-3-3 protein complex-associated hub modules were
pooled. In LUAD and UCEC, five protease complex-associated hub modules were pooled
independently. In LUSC, 31 proteasome complex-associated hub modules were pooled.

As a result, a total of 111 DIHCP-centered modules were identified (Table S1
(Supplementary Materials)). HNSC provided the highest number of DIHCP-centered
modules (21 DIHCP-centered modules), while KIRP provided only 2 DIHCP-centered
modules (Figure 4).

3.3. Diagnostic and Prognostic Power of Differentially Interacting Hallmarks of Cancer
Protein-Centered Modules

In this study, the DIHCP-centered modules have the ability to be potential systems’
biomarkers because we believe that the potential disease differences depending on diseased
and control status are mainly due to the coordinated action of a group of biological entities.
We further hypothesize that the DIHCP-centered module, as a systems’ biomarker, would
have high diagnostic and prognostic capabilities.

The diagnostic feature of each module was analyzed by PCA. Considering the most
significant principal components (accounting for at least 80% of the total variance), sensitiv-
ity and specificity metrics were calculated, and modules with at least 90% of the sensitivity
and specificity values were considered as diagnostic DIHCP-centered modules. Of the
111 DIHCP-centered modules, 39 had significantly high diagnostic performance (sensitivity
≥ 90% and specificity ≥ 90%), and some of these are shown in Figure 5. No diagnostic
DIHCP-centered module could be observed for PRAD and THCA (Table S2).

The prognostic performance of the modules was assessed using Kaplan–Meier survival
plots. The log-rank p-value and hazard ratios were considered to determine whether
the DIHCP-centered modules had a high impact on overall patient survival. A total of
88 DIHCP-centered modules had a high impact on patients’ overall survival (log-rank
p-value < 0.01) in different cancer types (Figure 6), except for PRAD that had no effect on
the prognostic DIHCP-centered modules (Table S2).
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Figure 4. Differential interactome networks in 12 human cancers. For each cancer type, a differential
interactome network was constructed around a differential hallmark of cancer-associated PPIs
(dHCPPIs). The number of differentially interacting hallmarks of cancer proteins (DIHCPs) for each
cancer type was presented.
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Figure 5. Principal component analyses for different cancer types. PCA plots showing individual
differences in protein expression profiles between cancer types comprising at least 30 individuals in
each type.
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survival for 11 cancers with p-value and hazard ratio given for each curve. 
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ules that showed a high diagnostic or prognostic performance in any of the cancer types: 
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(mCDC37, mCTNNB1, mGNB2, mJUN, mMYC, mNONO, and mYWHAcomp); and 

LUSC (mCAV1, mCDH1, mNONO, mPCNA, mPPP1CA, mPSMcomp, and mYWHAG) 

indicated both diagnostic and prognostic properties. 

3.4. Enrichment Analyses of Diagnostic and Prognostic Protein Modules 

Pathway and hallmark enrichment analyses were performed to obtain further bio-

logical characteristics of the diagnostic and prognostic 30 modules. The DIHCPs pathway 

Figure 6. Prognostic analyses for different types of cancer. Kaplan–Meier Plots estimating patients’
survival for 11 cancers with p-value and hazard ratio given for each curve.

Among the DIHCP-centered modules, there were a total of 30 DIHCP-centered mod-
ules that showed a high diagnostic or prognostic performance in any of the cancer types:
one module in BRCA (mPPP1CA), KIRC (mCCND1) and STAD (mHSP90AA1); two mod-
ules in HNSC (mCAV1 and mEGFR), KIRP (mHSPB1 and mMET) and LIHC (mHSP90AA1
and mHSPB1; three modules in UCEC (mGNB1, mPCNA and mSFN); four modules in
LUAD (mNPM1, mPPP1CA, mSTAT1, and mVIM); seven modules in COAD (mCDC37,
mCTNNB1, mGNB2, mJUN, mMYC, mNONO, and mYWHAcomp); and LUSC (mCAV1,
mCDH1, mNONO, mPCNA, mPPP1CA, mPSMcomp, and mYWHAG) indicated both
diagnostic and prognostic properties.

3.4. Enrichment Analyses of Diagnostic and Prognostic Protein Modules

Pathway and hallmark enrichment analyses were performed to obtain further biolog-
ical characteristics of the diagnostic and prognostic 30 modules. The DIHCPs pathway
over-representation analysis of modules based on annotations stored in the KEGG database
revealed various pathways (Figure 7). For instance, cancer-associated pathways such as
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bladder cancer, chronic myeloid leukemia, gastric cancer, glioma, and melanoma come
into prominence. Signaling pathways such as Hippo, JAK-STAT, MAPK, PI3K-AKT, and
WNT, which are known to be associated with cancer development and progression, were
found to be statistically significant. Interestingly, viral carcinogenesis and viral infections
associated with cancer (i.e., HBV, HPV, HTLV1, and KSHV) [18] were remarkable pathways
associated with DIHCPs. Moreover, the hallmarks of cancer comprise ten distinct biological
capabilities derived during the multi-staged development of tumors; however, to reveal the
most fundamental trait of cancer cells, hallmark enrichment analyses were performed in di-
agnostic and prognostic DIHCP-centered modules (Figure 8A). Among the ten hallmarks of
cancer, DIHCPs were most enriched in sustaining proliferative signaling, presumably due
to the fact that unlimited replication is essential in cancer cells for tumor development. In
addition, genome instability and mutation and enabling replicative immortality hallmarks
remain in the background when compared to others.
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Figure 7. The pathway enrichment analyses results. The bubble plot indicates the diagnostic and
prognostic 30 modules differentially interacting hallmark of cancer protein’s (DIHCP’s) pathway
enrichment results according to q-value (−log10) significance.
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Figure 8. The hallmark enrichment and druggability analyses results. (A) The heat-map represents 

the hallmark enrichment results of the module’s differentially interacting hallmark of cancer pro-

teins (DIHCPs). AID: avoiding immune destruction; AIM: activating invasion and metastasis; DCE: 

deregulating cellular energetics; ERI: enabling replicative immortality; EGS: evading growth sup-

pressors; GIM: genome instability and mutation; IA: inducing angiogenesis; RCD: resisting cell 

death; SPS: sustaining proliferative signaling; TPI: tumor-promoting inflammation. (B) The drugga-

bility distribution of module’s DIHCPs. The bar graph indicates the number of DIHCPs, which are 

druggable (light grey bars) and undruggable (dark grey bars). 

3.5. Druggability of Differentially Interacting Hallmarks of Cancer Proteins 

The DIHCPs were promising therapeutic targets because they represent significant 

changes in the interaction patterns between tumor and normal phenotype. For this reason, 

we investigated the druggability of the modules. Of the 30 diagnostic and prognostic 

DIHCP-centered modules, the DIHCPs of 17 modules were examined according to the 

established third criteria, because 13 of the dHCPPIs modules had both suppressed and 

activated interactions that did not meet our third criteria (see Materials and Methods). 

We found that of the 17 DIHCP-centered modules, 28% of the DIHCPs were drugga-

ble. The mPSMcomp belonging to LUSC had the highest percentage (66%) of druggable 

proteins, whereas the lowest number of druggable DIHCPs among all cancers analyzed 

belonged to mGNB2 (10%) of COAD (Figure 8B). 

A total of 200 different drugs targeting DIHCPs were found. A total of 54% of the 

drugs were specific for only one cancer type. None of the drugs were specific for all can-

cers studied, and 25 of the drugs were specific for no more than 6 different cancers (Table 

S3). 

4. Discussion 

Complex diseases such as cancer usually arise as a result of interactions between bi-

ological entities. The biological molecules that trigger the development of a cancer or bio-

logical process never function alone; they work together in a complex, interconnected net-

work to carry out these biological functions. The state of interconnectedness of molecules 

establishes the phenomenon of the “biological network”. A biological network is an 
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Figure 8. The hallmark enrichment and druggability analyses results. (A) The heat-map represents
the hallmark enrichment results of the module’s differentially interacting hallmark of cancer proteins
(DIHCPs). AID: avoiding immune destruction; AIM: activating invasion and metastasis; DCE: dereg-
ulating cellular energetics; ERI: enabling replicative immortality; EGS: evading growth suppressors;
GIM: genome instability and mutation; IA: inducing angiogenesis; RCD: resisting cell death; SPS:
sustaining proliferative signaling; TPI: tumor-promoting inflammation. (B) The druggability distri-
bution of module’s DIHCPs. The bar graph indicates the number of DIHCPs, which are druggable
(light grey bars) and undruggable (dark grey bars).

3.5. Druggability of Differentially Interacting Hallmarks of Cancer Proteins

The DIHCPs were promising therapeutic targets because they represent significant
changes in the interaction patterns between tumor and normal phenotype. For this reason,
we investigated the druggability of the modules. Of the 30 diagnostic and prognostic
DIHCP-centered modules, the DIHCPs of 17 modules were examined according to the
established third criteria, because 13 of the dHCPPIs modules had both suppressed and
activated interactions that did not meet our third criteria (see Materials and Methods).

We found that of the 17 DIHCP-centered modules, 28% of the DIHCPs were druggable.
The mPSMcomp belonging to LUSC had the highest percentage (66%) of druggable proteins,
whereas the lowest number of druggable DIHCPs among all cancers analyzed belonged to
mGNB2 (10%) of COAD (Figure 8B).

A total of 200 different drugs targeting DIHCPs were found. A total of 54% of the
drugs were specific for only one cancer type. None of the drugs were specific for all cancers
studied, and 25 of the drugs were specific for no more than 6 different cancers (Table S3).

4. Discussion

Complex diseases such as cancer usually arise as a result of interactions between
biological entities. The biological molecules that trigger the development of a cancer
or biological process never function alone; they work together in a complex, intercon-
nected network to carry out these biological functions. The state of interconnectedness of
molecules establishes the phenomenon of the “biological network”. A biological network is
an advanced concept that allows researchers to model, characterize, and decipher complex
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interactions between different biologically relevant entities in a biological system [19]. Bio-
logical networks thus change our perspective and shed light on the internal organization of
the cell, allowing us to understand the mechanisms underlying complex diseases. More-
over, predictive, preventive, and personalized medicine is a holistic healthcare strategy
that aims to predict individual predisposition, provide targeted prevention, and provide
personalized treatment [20]. To advance personalized medicine strategies, the discovery of
new treatments is essential. However, with today’s financial resources, it is nearly impossi-
ble to discover drugs from scratch using traditional methods. Using biological network
analysis, researchers can also discover and/or predict anti-cancer drugs [21]. We believe
that network-based systems biology is a new approach for discovering treatment and
prevention strategies, especially for cancer, which is currently a major burden worldwide,
and researchers are embracing this concept. For example, researchers have integrated
gene expression profiling with multiple networks to identify new biomarkers and drug
candidates for breast cancer [22], pancreatic cancer [23], cervical cancer [24], acute myeloid
leukemia [25], thyroid cancer [26], and so on. Accordingly, these holistic analyses enable
the discovery of potential biomarkers for diagnosis, prognosis, or therapeutic purposes.
Therefore, biological networks hold great potential for the present and the future, especially
for complex diseases such as cancer [27].

The protein–protein interactome represents a biological network that encompasses
all physical protein interactions within the cell. These protein–protein interactions play
a crucial role in the living organism. These are essential for almost all cellular functions,
involved in the physiology and biochemistry of the organism. These can also influence
cancer cell growth, transmit oncogenic signals, and even cause the development of typical
cancer features. Targeting such interactions is a promising strategy for new drug devel-
opment [28,29]. Thus, it is strongly suggested that significant changes in protein–protein
interactions occur depending on the phenotype of the individual (i.e., diseased versus
healthy) [30].

We applied our constructed differential interactome algorithm, which had proven
to be a powerful tool in other studies [8,31,32], for the protein–protein interactome data
on hallmarks of cancer. Our results revealed DIHCPs showing remarkable changes in
the interaction patterns of patients during the transition from the “normal” phenotype to
the “cancer” phenotype. As mentioned earlier, cancers occur and spread usually due to
the coordinated action of a group of biological molecules. In this study, DIHCPs and the
modular structures around these proteins (DIHCP-centered modules) were considered as
potential systems’ biomarkers. However, we believe that a valid biomarker must provide
prognostic or diagnostic information about the specific cancer. For this reason, to provide
confidence in the precise diagnostic and prognostic capacity of the systems’ biomarkers we
clearly demonstrated their diagnostic and prognostic performances by PCA and survival
analyses and demonstrated high biomarker performances in multiple tumors (30 diagnostic
and prognostic DIHCP-centered modules).

In this study, we only used hallmark of cancer proteins, while we integrated proteomics
data to apply the differential interactome algorithm. Hallmarks of cancer proteins are
considered as driver proteins of tumorigenesis. These proteins are responsible for the
most basic phenotypic features of tumor initiation and progression [3]. Therefore, we
hypothesized that we can highlight the principles and mechanisms of tumorigenesis by
focusing only on the proteins essential for carcinogenesis (hallmarks of cancer proteins),
we can reduce the complexity of the disease, and typify the process by characteristic and
complementary features. In addition, if the potential system biomarker components (i.e.,
DIHCPs) presented in the study are all among the hallmark characteristics of human
cancers, we believe we will identify highly robust cancer biomarkers. Moreover, since
these hallmarks represent features of cancer cells, recent therapeutic approaches have been
increasingly aiming at targeting hallmark proteins [33]. Therefore, the systems’ biomarkers
identified in this study will have remarkable clinical value. For this reason, this study also
evaluated the druggability of the diagnostic and prognostic systems’ biomarkers.
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The hubs of the diagnostic and prognostic systems’ biomarkers are mostly associated
with the sustaining proliferative signaling involved as an important feature in the hallmarks
of cancer. It is known that cancer cells can stimulate their own proliferation indefinitely and
this cancer hallmark characteristic is chronically activated in all cancers. The well-known
mechanism for sustaining proliferative signaling is to activate oncogenes [34]. Oncogenes
encode proteins that stimulate cell proliferation and programmed cell death. An oncogene
arises when a proto-oncogene is altered genetically (i.e., mutated) and over-expressed. For
instance, in cancers, the most noticeable oncogenes are BRAF and RAS [35]. Moreover,
resisting the cell-death hallmark feature comes into prominence for diagnostic and prognos-
tic hubs. Resistance to cell death is a natural barrier to cancer development and is mostly
regulated by programmed cell death. The best-known form of programmed cell death is
apoptosis, in which cells are destined to die. In addition to apoptosis, necroptosis is referred
to as the second important process for inducing cell death. Apoptosis and necroptosis cause
different immune responses. Necroptosis releases molecules that promote inflammation,
while apoptosis triggers silent immunological responses [36]. Autophagy is another process
that leads to cell death [34]. The autophagy process allows cells to remove unnecessary or
dysfunctional components. In cancer, autophagy may play a tumor-suppressor or oncogene
role under certain conditions and at certain stages of carcinogenesis [37]. A recent review
systematically described the hallmarks of different cell death modes [38].

The major limitation of the study is the lack of experimental validations of the diagnos-
tic and prognostic modules with relevant tissue samples or cell lines. Therefore, the most
important aspect of this study is to translate these computational findings into experimental
approaches. For example, future in vitro studies need to be performed to investigate the
impact of the identified modules in terms of their response to cell viability, cell migration
and disease progression. In addition, the accuracy, consistency, reproducibility, and reliabil-
ity of the biomarkers presented in this study should be experimentally validated if they
prove to be clinically useful. In addition, the mechanism of action of these modules needs
to be experimentally evaluated to clearly elucidate their effects on the hallmarks of cancer
characteristics. We believe that computational analysis is an important and first step in
biomarker development. However, to address the broad medical and scientific audience,
the need for experimental validation is inevitable.

In conclusion, the knowledge of specific proteins being impacted within a given hallmark
of the patient’s cancer type could offer the opportunity to personalize treatments. One such
approach would be to target proteins from the proteins in the enrichment analysis that match
the patient’s specific tumor type and prioritize repurposing the drugs proposed from our
analysis. Furthermore, our investigation on the hallmarks of cancer protein provides valuable
data for further experimental and clinical efforts in a variety of cancer types since the proposed
systems’ biomarkers have the potential to be diagnostic and/or prognostic. Moreover, the
protein–protein interactions could be utilized as therapeutic targets.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jpm12111919/s1, Table S1: Differentially interacting hallmark of
cancer protein (DIHCP)-centered modules; Table S2: Diagnostic and prognostic analysis of differen-
tially interacting hallmark of cancer protein (DIHCP)-centered modules; Table S3: Drugs targeting
module’s differentially interacting hallmark of cancer proteins (DIHCPs).
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Abstract: We studied the overview of drug discovery and development to understand the recent
trends and potential success factors of interorganizational collaboration by reviewing 1204 transac-
tions performed until 2019 for 107 anticancer drugs approved by the US Food and Drug Admin-
istration (FDA) from 1999 to 2018. Immune checkpoint blockade was found to be a significantly
active area in interorganizational transactions, especially the number of alliances, compared with
other mechanisms of action of small molecules and biologics for cancer treatment. Furthermore, the
analysis of pembrolizumab and nivolumab showed that the number of approved indications for
these two drugs has been rapidly expanding since their first approval in 2014. Examination of the
acquisitions and alliances regarding pembrolizumab and nivolumab showed that many combination
partners were developed by US-based biotechnology or start-up companies, the majority of which
were biologics. These findings suggest that immune checkpoint blockade is a paradigm for cancer
treatment, resulting in huge product sales and continuous indication expansion. Additionally, interor-
ganizational collaboration, especially trial collaboration, is a strategic approach for the development
of immune checkpoint blockade agents. The translation of these empirical practices to new drug
candidates is expected for the research and development of innovative drugs in the future.

Keywords: cancer treatment; immune checkpoint blockade; PD-(L)1 inhibitors; interorganizational
transaction; combination therapy

1. Introduction

Business in the pharmaceutical industry is unique in terms of product universality,
where a company needs to research and develop each pipeline of drugs according to
strict local regulations and requirements to obtain approval from the respective regulatory
authority to launch their products. Therefore, drug research and development (R&D) is an
extremely costly and time-consuming process [1–4]. In addition, business success in the
pharmaceutical industry requires innovative products and expansion of product values
to secure high pricing, grant of reimbursement and longer market exclusivities. Recently,
R&D has become more complicated as modality becomes diverse by introducing new
technologies and knowledge to address existing unmet medical needs in specific target
populations. Thus, companies in the pharmaceutical industry have strived to enhance
sustainability by adopting various strategic approaches, such as pursing globalized or
region-oriented business models [5,6], selective therapeutic areas in R&D, optimizing R&D
productivity [7], and open innovation, including external collaboration and interorganiza-
tional transactions [8–11]. In particular, the importance of external collaboration in R&D has
been disseminated and many pharmaceutical companies have pursued interorganizational
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transactions and established open innovation platforms to acquire external knowledge and
pipelines across organizations [8,10–13].

In the pharmaceutical industry, cancer therapeutics have a long history in the trans-
formation of treatment options, including chemotherapy [14,15], targeted therapy [16],
biologics [17], and combination therapy [18]. The recent hot spot is immuno-oncology [19,20],
in which immune checkpoint blockade is a paradigm. Currently available immune check-
point inhibitors are cytotoxic T lymphocyte-associated antigen 4 (CTLA4) inhibitors, pro-
grammed cell death protein 1 (PD-1) inhibitors, and programmed death-ligand 1 (PD-L1)
inhibitors. The first entry into the market for immune checkpoint blockade was the anti-
CTLA4 antibody ipilimumab (Bristol-Myers Squibb (BMS) (New York, NY, USA), and
Medarex (Princeton, NJ, USA)), approved for metastatic melanoma in 2011 by the Food
and Drug Administration (FDA) in the US. Subsequently, two anti-PD-1 antibodies, pem-
brolizumab (Merck) and nivolumab (BMS), were approved for metastatic melanoma in
2014 [21]. A number of PD-1 or PD-L1 inhibitors have been approved or are under devel-
opment [22,23], thereby expanding the target tumor types [24] not only in the US but also
in Europe, Japan, and other regions.

After the isolation of PD-1 by Dr. Honjo’s laboratory in Japan in 1992 [25], there was a
long lag period until its first approval in 2014. The approval process involved extensive
collaborations, supported by academia, biotechnology companies, pharmaceutical com-
panies, biomarker companies, non-profit organizations, and regulatory agencies [20,26].
Chen and Han reviewed several important histories regarding anti-PD-(L)1 therapy for
human cancer [26]. For example, the discovery of the PD pathway resulted from several
collaborations by scientists, belonging to different laboratories, who identified and isolated
at least five interacting molecules, PD-1 [25], PD-L1 (B7 homolog 1 [B7-H1]) [27,28], PD-L2
(B7-DC) [29,30], CD80 (B7-1) [31,32], and molecule family member b (RGMb) [33], and
explored their functions and discovered mutual interactions [28,34–37]. Hoos suggested
that collaboration among Medarex, BMS, a community organization called the Cancer
Immunotherapy Consortium (CIC) of the Cancer Research Institute (New York, NY, USA),
and CIC’s partners would generate breakthrough in the clinical evaluation of cancer im-
munotherapies by establishing new criteria and evaluation method. This led to the success
of ipilimumab in clinical trials and eventually contributed to the acquisition of Medalex and
responsible regulatory guidance by the FDA and the European Medicine Agency (EMA)
(Amsterdam, The Netherlands). During the R&D of immune checkpoint blockade agents,
there were important interorganizational transactions. For example, LifeArc (London,
UK), which has a technology to generate a humanized clinical candidate, engineered pem-
brolizumab in collaboration with Organon in 2007 [38], and Merck acquired Organon later
that year. Medarex, which was a biopharmaceutical company focused on the discovery,
development, and potential commercialization of fully human antibody-based therapeutics
and engineered ipilimumab and nivolumab, was acquired by BMS in 2009 [39]. Addition-
ally, the development of combination therapy in this segment is quite active before and even
after product launch [10,40,41] involving the collaboration of multiple companies. Given
these previous successful practices, one of the effective approaches for sustainable business
in the discovery and development of anticancer drugs may consider how a company that
tries to generate a potential innovative drug can be a pioneer in terms of open innovation.
Our interests were to understand whether immune checkpoint blockade is the active area
in terms of interorganizational collaboration in anticancer drug development, and whether
there are strategic collaborations with various external partners behind the recent successes
of the indication and market expansion of immune checkpoint blockade agents. However,
no previous study has investigated the trends in interorganizational collaborations for the
R&D of immune checkpoint blockade that potentially led to successful drug development.

Therefore, the objective of this study was to understand the recent trends and success
factors, based on various experiences of active transactions, for the development of immune
checkpoint blockade agents. The definition of success in our study is a positive outcome de-
rived from drug development or interorganizational transactions which enable a company
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to maintain sustainable growth, specifically drug approvals, new indication approvals, and
market sales. We used the number of approved indications and market sales amount as
proxies for success. We also investigated the important transactions in the discovery and
development of immune checkpoint blockade agents, including extensive combination
therapy development, especially pembrolizumab and nivolumab, which triggered the
paradigm of standard of care in cancer therapeutics. In the present study, we investigated
these from the angle of the mechanism of action (MOA), which defines how a drug or other
substance produces an effect in the body; for example, how it affects a specific target in a
cell, such as an enzyme, or a cell function, such as cell growth. Therefore, the efficacy and
safety of drugs are highly dependent on the MOA [42]. Immune checkpoint blockade is the
current major MOA in cancer therapy, and we expect that comparisons between immune
checkpoint blockade and other MOAs of anticancer drugs are valuable for our research
objectives. As an immune checkpoint blockade agent is a monoclonal antibody, that is, a
biological anticancer drug, we precisely compared immune checkpoint blockade agents
with other biologics. We also added small molecules for comparison, which are the most
conventional therapeutic agents used in cancer treatment [14,15]. These small molecules
were divided into two groups, namely kinase inhibitors (which are the major MOAs of
small molecules) and other small molecules. Our goal was to uncover the potential key
success factors of R&D for generating innovative and novel drugs to fulfill unmet medical
needs in the future.

2. Materials and Methods
2.1. Samples and Data Sources

Sample data on cancer drugs were collected from the FDA’s New Molecular En-
tity (NME) list of approved small molecules and the New Biological Entity (NBE) list
of approved biologics [24] from 1999 to 2018. Target drugs were determined based on
CenterWatch’s list [43] of new cancer drug approvals, which was cross-referenced against
the FDA’s NME and NBE lists. Using this approach, we selected 77 small molecules and
30 biologics as samples for this study.

The data source of approved indications for pembrolizumab and nivolumab was a
package insert published by the FDA [24] from 2014 to 2019. The data source of product
sales in pembrolizumab and nivolumab was Form 10-K from 2014 to 2019. The data
source of company type and development phase of combination partners tested with
pembrolizumab or nivolumab in interorganizational transactions was the Biomedtracker
Deal Search [44].

2.2. Variables and Data Sources

Information on the number of transactions per product was collected from the In-
forma database’s Biomedtracker Deal Search [44]. We examined 1204 transactions related
to the identified 107 cancer drugs approved by the FDA. The deal types defined by In-
forma included “acquisitions,” “alliances,” and “financing.” Each concept of “acquisitions,”
“alliances,” and “financing.” are defined as follows:

• An acquisition is when one company purchases all or most of another company’s
shares to gain control of that company.

• An alliance is an agreement between two or more companies regarding a pharmaceu-
tical product, technology, service, etc.

• A financing involves a company raising money publicly or privately through the sale
of equity, debt, or royalty monetization.

The deal characteristics defined by in the alliances consisted of “co-promotions,”
“includes contract,” “includes equity,” “includes royalties or profit split information,”
“intra-biotech deals,” “marketing-licensing,” “product or technology swaps,” “R+D and
marketing-licensing,” “trial collaborations,” and “reverse licensing.” The development
phase is derived from each company’s source information since the information on Biomed-
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tracker Deal Search is obtained exclusively from publicly available sources such as company
press releases, medical conference presentations, etc.

2.3. Statistical Analysis

SPSS Statistics 27 (IBM, Armonk, NY, USA) and Microsoft Excel 2016 (Microsoft, Red-
mond, WA, USA) were used for the statistical analysis. We performed multiple comparison
Tukey–Kramer tests corresponding to 95% confidence intervals using a pre-set significance
level (two-sided p-value of 0.05). The Tukey–Kramer test is the extension of Tukey’s test.
Both Tukey’s test and the Tukey–Kramer test are a parametric multiple comparisons proce-
dure and applies simultaneous to the set of all pairwise comparisons to find means that are
significantly different from each other. We chose the Tukey–Kramer test which is used in
the case of unequal samples sizes while Tukey’s test is used in the case of equal samples
sizes. In the figures, the obtained p-values are presented as follows: p < 0.01 as **, p < 0.05
as *, and p < 0.1 as †.

3. Results
3.1. Interorganizational Transaction per Mechanism of Action

We initially investigated the trend of interorganizational transactions for drug discovery
and development in the oncology area by reviewing 1193 transactions performed until July
2019. We performed a multiple comparison Tukey–Kramer test to compare the number of
transactions among four categories of MOA: immune checkpoint blockade (which is the
largest number of interorganizational transactions in biological anticancer drugs approved
under Biologics License Application (BLA)), other biologics approved under BLA, kinase
inhibitor (which is the largest number of interorganizational transactions in small molecule
anticancer drugs under New Drug Application (NDA)), and other small molecules approved
under NDA. The number of interorganizational transactions in immune checkpoint blockade
was significantly higher than that in other MOAs (immune checkpoint blockade: other bio-
logics: kinase inhibitors: other small molecules’ total = 44.00, SD 31.97: 11.30, SD 16.21: 6.95,
SD 7.70: 9.26, SD 7.09, p < 0.05; acquisition = 3.29, SD 3.30: 1.17, SD 1.95: 0.68, SD 1.12: 1.46,
SD 1.77, p < 0.05; alliances = 35.43, SD 24.67: 8.65, SD 12.63: 5.45, SD 5.94: 6.08, SD 5.40,
p < 0.05; financing = 5.29, SD 4.89: 1.48, SD 2.25: 0.82, SD 1.66: 1.72, SD 2.25, p < 0.05;
Figure 1). It has also been suggested that alliances are the major category of interorganiza-
tional transactions in immune checkpoint blockade.
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We then explored the main purpose of transactions for alliances in immune checkpoint
blockade. We classified the deal characteristics carefully. Some deals classified in deal
types are classified two or more deal characteristics on Biomedtracker Deal Search, and
we counted all deal characteristics in these cases. It was suggested that transactions for
“alliance” were performed for trial collaborations most frequently, followed by R+D and
marketing–licensing (Table 1).

Table 1. The average number of interorganizational transactions for seven immune checkpoint
blockade agents in each deal characteristic defined in the alliances.

Average SD

Co-promotion 3.571 2.225

Includes Contract 0.714 0.756

Includes Equity 2.143 2.116

Includes Royalty or Profit
Split Information 9.000 5.916

Intra-biotech Deal 4.714 6.396

Marketing-licensing 0.714 1.496

Product or Technology Swap 0.429 0.535

R+D and Marketing-licensing 14.000 9.678

Trial Collaborations 24.429 18.636

Reverse Licensing 0.286 0.488

3.2. Market Landscape and Interorganizational Collaborations for Combination Therapy
Development of Top Two Immune Checkpoint Blockades: Pembrolizumab and Nivolumab

To understand the landscape of immune checkpoint blockade in the market, we
examined the history of approved indications and annual product sales of two immune
checkpoint blockades in the US, namely pembrolizumab and nivolumab, which triggered
the paradigm of immuno-oncology and are the top two successful products in terms
of the number of indications and product sales. Both pembrolizumab and nivolumab
have achieved rapid indication expansion since they were initially approved in 2014
(Figure 2). Both products target various tumor types, such as solid and hematological
tumors, including microsatellite instability-high and mismatch repair-deficient colorectal
cancer. We also confirmed that product sales of both pembrolizumab and nivolumab have
increased very rapidly, and the total annual sales of pembrolizumab surpassed that of
nivolumab in 2018.

Next, we investigated the empirical landscape of combination therapy of pembrolizumab
and nivolumab, as trial collaboration is the most common area in which active interor-
ganizational transactions are performed in immune checkpoint blockade (Table 1), and
most of them are related to combination therapy development. In this investigation, we
selected only interorganizational transactions that directly influence the drug discovery
and development of pembrolizumab and nivolumab, hereinafter referred to as effective
interorganizational transactions. These included 67 transactions in alliance and financing
for pembrolizumab until 2019 and 59 transactions in acquisition, alliance, and financing for
nivolumab until 2019.
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Figure 2 shows the annual number of effective interorganizational transactions for
pembrolizumab and nivolumab, sorted into transactions for combination therapy devel-
opment and others from 2014 to 2019. Throughout the period, the main purpose of trans-
actions was combination therapy development for both pembrolizumab and nivolumab.
Transactions for companion diagnostics (CoDx) development have been observed for both
pembrolizumab and nivolumab. Ono Pharmaceutical and Dako AS contracted for CoDx
development in 2015, BMS contracted with Enterome Bioscience SA for CoDx development
in 2016 and invested in GeneCentric Diagnostics for translational biomarker research in
2017 for nivolumab, and Merck contracted with NanoString Technologies for CoDx de-
velopment in 2016 for pembrolizumab. Interestingly, Merck lost two cases in 2017, where
Merck paid $625 million upfront and global sales royalties to BMS owing to patent infringe-
ment to obtain non-exclusive rights and paid $19.5 million to PDL Biopharma owing to
patent infringement to obtain non-exclusive rights.

Outside of the period from 2014 to 2019, one of the outstanding transactions was the
contract between Ono and Medalex for joint R&D in 2005, in which Medalex obtained
exclusive rights in North America. Of note, the deal search based on our algorithm in the
database did not detect the acquisition of Medalex by BMS in 2009.
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We also examined the features of combination partners, including developing compa-
nies, which were identified in effective interorganizational transactions for combination
therapy development. As transactions in financing involve collaborations not directly
related to combination therapy development, we only used transactions in acquisitions and
alliances; there were 46 transactions in alliances for pembrolizumab and 41 transactions,
including 3 acquisitions and 38 alliances, for nivolumab. Figure 3 shows the number of
products distinguished by the type of company that develops combination partners tested
with pembrolizumab or nivolumab, displayed in each development phase from preclinical
to market. We classified developing companies into pharmaceutical companies or biotech-
nology company/start-up companies, and classified development phases into preclinical,
phase 1, phase 1/2 or phase 2, phase 3, initial regulatory filing, or marketed after the initial
regulatory approval. Some transaction information did not indicate the development phase
of the combination partners and was classified as not applicable. It was observed that
the main partners were biotechnology/start-up companies for both pembrolizumab and
nivolumab; 8 pharmaceutical companies and 35 biotechnology/start-up companies for
pembrolizumab and 8 pharmaceutical companies and 24 biotechnology/start-up compa-
nies for nivolumab. In addition, different trends were observed, as mainly combination
partners under phase 1, phase 1/2, or phase 2 statuses developed by biotechnology com-
panies or start-up companies were tested with pembrolizumab, whereas nivolumab was
combined with combination partners under broader development phases from preclinical
to marketed phases.
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4. Discussion

We investigated the recent trends and success factors of interorganizational transac-
tions in cancer therapeutics, especially immune checkpoint blockade. We also explored
in depth transactions for the drug discovery and development of immune checkpoint
blockade agents, including extensive combination therapy development, especially pem-
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brolizumab and nivolumab. We collected data for each parameter from an open-source
database and performed summary statistics and statistical analysis to study the trends of in-
terorganizational transactions, combination therapies, especially with pembrolizumab and
nivolumab, and the features of combination partners. Our findings suggest that immune
checkpoint blockade is the most active area in terms of interorganizational collaboration in
cancer drug development, where alliances related to combination therapy development are
the center of practice. It was also suggested from a detailed investigation of transactions
for pembrolizumab and nivolumab that different approaches were taken in indication
expansion and phase of combination partners.

There were many more interorganizational transactions for drug discovery and de-
velopment for immune checkpoint blockade than for other MOAs, and the main purpose
of transactions was for trial collaboration, as shown in Figure 1 and Table 1, respectively.
When we examined the details of interorganizational transactions for pembrolizumab and
nivolumab, the majority of these were performed for combination therapy development.
Based on these two observations, it was suggested that interorganizational collaborations
are important in drug discovery and development of immune checkpoint blockade and al-
liances is the most effective means for activating combination therapy development which
requires an in-licensing pipeline from another company or co-development with another
company. These consequences may bring momentum to R&D activities in immune check-
point blockade area by enabling partnering companies to achieve continuous regulatory
authorization and lead business success in sales. In addition, indication expansions ob-
served in Figure 2 may promote the potential combinations of immune checkpoint blockade
with other agents for broader cancer types. Combination therapy is the key to expanding
the use of pembrolizumab and nivolumab. This may be because combination therapy is
expected to increase the number of responders who are non-responders with monotherapy,
as previous studies argued that a combination strategy where various combination targets
are tested with PD-(L)1 inhibitors is one of the most promising approaches to address
treatment of these non-responders [21,40,45–47]. Although immune checkpoint blockade is
a paradigm in cancer treatment, as shown by higher overall response rate, achievability of
off treatment survival, and higher safety profile, there is clear challenge that only a fraction
of cancer patients can derive clinical benefit from immune checkpoint blockade [21,47–50]
thus much more research should be necessary for exploring further potential.

Both pembrolizumab and nivolumab are leading products in immune checkpoint
blockade and both have common areas in drug discovery and development, including
the same initial approval year for the same indication by the FDA. In addition, there
are differences between pembrolizumab and nivolumab in terms of market landscape
and interorganizational transactions. We anticipated that these differences could lead to
successful drug discovery and development. Regarding the approval history and product
sales transition of pembrolizumab and nivolumab, as shown in Figure 2, the indication
expansion of nivolumab was initially more rapid than that of pembrolizumab from the first
FDA approval in 2014 to 2017, indicating that the expansion of pembrolizumab increased
from 2017 to 2019, whereas that for nivolumab has slowed down. This transition seems
to link the transition of product sales, as initial product sales of nivolumab were higher
than those of pembrolizumab until 2017, and this trend has been reversed since 2018. Both
products are innovative and successful against various cancers. However, the difference
in development strategies might have affected the result of indication expansion and
product sales.

As shown in Figure 2, it was observed that the distribution of the effective transactions
appears to present a “Gaussian” shape with the peak in 2017 while the sales trend keeps
increasing even in 2019 [10]. Our previous study shows that that the observed distribution
with the peak in 2017 is unique to pembrolizumab and nivolumab while other biologics
and small molecules show different distribution of interorganizational transactions with
peaks in different years. We anticipate that the reason for this is because newer immune
checkpoint blockades and new drugs using new technologies such as gene therapy have
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been developed after the launch of pembrolizumab and nivolumab, and the interorgani-
zational collaboration has shifted in combination with those newer agents. On the other
hand, pembrolizumab and nivolumab still have solid positions with a large amount of
evidence for various indications, which could be associated with an increase in sales as
the previous research argued that the order of entry and strong efficacy are correlated
with product sales [51,52]. In addition, we confirmed that several interorganizational
transactions were performed for the R&D of CoDx and biomarkers. Although immune
checkpoint blockade is a remarkably effective approach, previous researchers have argued
that the overall response rate varies and is highly dependent on the microenvironment
or genetic variations in patients with cancer [47,53]. Therefore, predictive biomarkers are
very important [46,49,50,54] and PD-L1 expression is one of the most common biomarkers.
However, it has been previously reported that a single biomarker is insufficient to predict
clinical benefit or durability of the response to treatment in patients with cancer, and there
are no reliable predictive biomarkers [21,50]. Therefore, our observations reflect the fact
that further research in this area is necessary.

Regarding the observation of differences in the phase of combination partners between
pembrolizumab and nivolumab, different strategies for partner selection can be expected.
Although we did not investigate the correlation between strategic transactions and success
in drug development and commercialization, the result shown in Figure 3 suggests that the
selective approach of collaboration partners led to more successful indication expansion
and increases in sales, as pembrolizumab was tested with many combination targets
that were in phase 1, phase 1/2, or phase 2. It is also interesting to note that Merck’s
transactions for payment owing to patent infringement seemed to be decisive, which
enabled Merck to obtain exclusive rights to develop and sell pembrolizumab globally.
In addition to interorganizational transactions, different approaches can be observed in
clinical development, as in the case of nivolumab, which was ahead of pembrolizumab in
clinical development entry; the duration from initial investigational new drug application
to initial BLA submission was 100 months, with data from 886 subjects in six clinical
trials, whereas it was 56 months with data from 1577 subjects in five clinical trials for
pembrolizumab, which eventually enabled BLA approval earlier than that of nivolumab.
These different approaches in drug development are referable when companies in the
pharmaceutical industry develop pipeline strategies.

These considerations, based on our findings, can be translated into R&D strategies
when new innovative pipelines are developed. In the future study, we will perform
similar analysis focused on the MOA of additional combination therapy approved in
recent years in order to clarify the findings in this study which were specific for immune
checkpoint blockade.

5. Conclusions

The results of this study confirmed that active research and development related to
immune checkpoint blockade is extraordinary in terms of continuous indication expansion
and interorganizational transactions, especially for trial collaboration after the initial suc-
cess of regulatory approval. In particular, trial collaboration for testing combinations with
other cancer drugs was main deal characteristic specifically in the cases of pembrolizumab
and nivolumab, which also achieved continuous indication expansion and increases in mar-
ket sales. In addition, we found a remarkable variety of interorganizational collaborations,
from the discovery of potential molecules, such as PD-1, to the post-launch of products.

However, there are limitations in our study. We performed database research us-
ing an open-source database and investigated only anticancer drugs, especially immune
checkpoint blockade. In addition, detailed investigations were performed only for pem-
brolizumab and nivolumab. Further research is expected in the future to investigate
whether the results from our study are applicable to other MOAs or modalities or whether
the same kind of strategic collaboration can be seen in newer MOAs or modalities in the
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future. We expect the results of future research to address the remaining unmet medical
needs and sustainability of the pharmaceutical industry.
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Abstract: Background: A high pre-treatment De Ritis ratio, the aspartate transaminase/alanine
aminotransferase ratio, has been suggested to be of prognostic value for mortality in muscle-invasive
bladder cancer (MIBC). Our purpose was to evaluate if a high ratio was associated with mortality
and downstaging. Methods: A total of 347 Swedish patients with clinically staged T2-T4aN0M0,
with administered neoadjuvant chemotherapy (NAC) or eligible for NAC and undergoing radical
cystectomy (RC) 2009–2021, were retrospectively evaluated with a low ratio < 1.3 vs. high ratio > 1.3,
by Log Rank test, Cox regression and Mann–Whitney U-test (MWU), SPSS 27. Results: Patients with a
high ratio had a decrease of up to 3 years in disease-free survival (DFS), cancer-specific survival (CSS)
and overall survival (OS) (p = 0.009, p = 0.004 and p = 0.009) and 5 years in CSS and OS (p = 0.019 and
p = 0.046). A high ratio was associated with increased risk of mortality, highest in DFS (HR, 1.909; 95%
CI, 1.265–2.880; p = 0.002). No significant relationship between downstaging and a high ratio existed
(p = 0.564 MWU). Conclusion: A high pre-treatment De Ritis ratio is on a population level, associated
with increased mortality post-RC in endpoints DFS, CSS and OS. Associations decrease over time and
require further investigations to determine how strong the associations are as meaningful prognostic
markers for long-term mortality in MIBC. The ratio is not suitable for downstaging-prediction.

Keywords: urinary bladder neoplasms; neoadjuvant therapy; cystectomy; clinical decision rules; prognosis

1. Introduction

In 2020, 573,000 people were diagnosed with urinary bladder cancer (UBC), making it
the 10th most common cancer worldwide and 6th most common in men [1]. The incidence
varies between countries. Sweden has approximately 3200 new cases every year, with
700 deaths yearly. Men are three times more likely to be affected than women. At diagnosis,
70–75% are non-muscle-invasive bladder cancer (NMIBC; clinical stages Ta, T1 and Tis) and
20–25% are muscle-invasive bladder cancer (MIBC; clinical stages T2–T4) [2]. MIBC-patients
have had a worse prognosis, with a five-year survival of less than 50% [3]. The addition of
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Cisplatinum-based neoadjuvant chemotherapy (NAC) prior to radical cystectomy (RC) has
improved survival. However, if patients are non-responders to NAC, this may result in
delayed RC and adverse events with decreased downstaging. Downstaging is considered a
surrogate marker for overall survival [4,5].

The classical staging systems of clinical tumor-node-metastasis (cTNM) from the
American Joint Committee on Cancer (AJCC) and the World Health Organization (WHO)
classifications of high and low tumor grade, is routine in classifying and evaluating prog-
nosis in MIBC-patients. Still, the classifications have less significance in predicting 5-year
progression-free survival (PFS) [6]. Finding pre-treatment factors with the potential to
predict aggressive disease and survival post-RC, would be useful [7]. A more precise
evaluation of prognosis could also affect treatment selection prior to RC [8]. No clinical
markers concerning prognosis in MIBC are available from a simple blood test at present [9].

However, the De Ritis ratio has recently been described as having prognostic value in
multiple individual cancer forms, such as renal cell carcinoma (RCC), myeloma, colonic,
pancreatic and urothelial cancer [8,10–15]. The ratio consists of the well-known circulating
enzymes aspartate aminotransferase (AST) and alanine aminotransferase (ALT) [3,10],
which are retrievable by blood test. The AST/ALT ratio was initially presented by De
Ritis in 1957 as a tool to asses liver disease [16]. The underlying mechanism between the
AST/ALT enzymes and cancer is not fully clear, but aminotransaminases are expressed
by both cancerous and noncancerous cells and found in the liver, heart, skeletal muscle,
and kidney [13]. UBC is considered a glucose-dependent malignancy, and it is known that
AST plays an essential role in glycolysis, which leads to a potential condition in which
increased glucose metabolism induced by cancer, known as the Warburg effect, exists with
an increase in AST/ALT ratio. Thus, a potential correlation between a high ratio and cancer
disease has been hypothesized [7,8,13,17,18].

Retrospective studies on MIBC have reported findings in which a high ratio was prog-
nostic for inferior PFS, lesser cancer-specific survival (CSS) and lower overall survival (OS).
Similar methods to establish a cut-off value were used, including ROC curve with a high
De Ritis ratio if >1.1–1.5. The studies may have made deeper reflections regarding potential
weaknesses in the statistical methods that established the cut-off level [3,7,8,10,12,19]. One
study was based on a population where 30% had disseminated disease and there was
no mention of NAC [19]. Another study had a mixed population of MIBC and NMIBC
(non-MIBC) and only 18% of the patients received NAC. One of the most important fac-
tors for assessing long-term survival, lymph node status pre-treatment, was reported in
a vague way, where it is not possible to determine whether it was overt cN+ or whether
postoperative pN+ was intended [3]. One study presented survival predictions solely in
OS [7], which may include, but is not limited to, death by other types of cancers than MIBC,
noncancer-related death and death from treatment. Thus, many events in patients that were
specifically unrelated to MIBC were included [20]. Two meta-analyses from 2020 concluded
that further validation of the De Ritis is required and that previous retrospective studies
from up to 2020, including UBC, were often single-centre and lacking a diverse study
population such as patients of African or American origin [11].

We intended to evaluate a larger cohort solely on NAC-treated and NAC-eligible
patients after the exclusion of pre-treatment disseminated disease, bacillus Calmette-Guérin
(BCG)-resistant UBC and liver disease, as opposed to some previous studies that included
patients with known lymph-node involvement. Thus, our aspiration was a cohort with
potentially less bias due to high comorbidity and disseminated disease. The aim was to
investigate if an association between a high De Ritis ratio > 1.3 and increased mortality
existed, by evaluating endpoints in different time periods regarding survival outcomes
post-RC and evaluating the proxy marker downstaging of primary tumor. To the best of
our knowledge, downstaging has not yet been evaluated in this research area.

132



J. Pers. Med. 2022, 12, 1769

2. Materials and Methods

Study design and patient selection; Cystectomized patients were derived from an
existing clinical, multi-centre database with all cystectomized patients between the years
2009 and 2021 (n = 973). The patients were treated at either four Swedish cystectomy centres;
Norrlands Universitetssjukhus, Umeå; Länssjukhuset Sundsvall, Sundsvall; Västmanlands
sjukhus, Västerås and Universitetssjukhuset Linköping, Linköping. Inclusion criteria were
MIBC; cT2-T4aN0M0, urothelial histopathology and NAC-administered or NAC-eligible
NAC-naïve patients. All patients were discussed after diagnosis at multidisciplinary
conference and assigned NAC pre-RC if clinically acceptable. Exclusion criteria were liver
disease, disseminated cancer, non-urothelial histopathology, and contraindications for
NAC; i.e., age > 75, reduced kidney function, Charlson Age Comorbidity Index (CACI) > 6
and hearing impairment. Patients with missing data regarding AST/ALT, due to there
being no available laboratory results, were excluded. Final analysis included 347 patients,
all who had undergone RC (Figure 1).
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Figure 1. Flowchart displaying selection process of patient cohort, including inclusion and exclusion
criteria. Muscle invasive bladder cancer (MIBC); clinical tumor node metastasis (cTNM); neoadjuvant
chemotherapy (NAC); aspartate aminotransferase/alanine aminotransferase (AST/ALT); radical
cystectomy (RC).

Study procedure: clinicopathological variables from patient medical records were
individually collected and compiled into an existing clinical database. Laboratory data
were updated from 1 January 2009 to 31 January 2022. Variables included age, Body Mass
Index (BMI), American Society of Anaesthesiologists (ASA) score, CACI, cTNM, pTNM,
NAC or NAC-legibility, active smoker yes/no, outcome data on cancer recurrence and
disease-free survival (DFS), CSS and OS. DFS was chosen instead of PFS as the presented
endpoint in this study, with the included events initially described by Punt et al. [21] and
later by Birgisson et al. [20]. AST/ALT was documented within 30 days pre-NAC or pre-RC,
depending on the treatment the patients were assigned. AST and ALT were routinely tested
in lithium heparin plasma with upper reference level 0.75 and 1.1 µ/L, respectively. De
Ritis cut-off value in analysis was set to 1.3 based on a frequent used cut-off in previous
studies [3,7,19]. Patients were categorized into two groups based on high ratio ≥ 1.3 or low
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ratio < 1.3. Downstaging of the primary tumor was divided into four different outcomes
and ranked with values 1–4 on an ordinal scale; progressive disease (PD; pN+, pT4b),
stable disease (SD; pT2–4aN0M0), partial response (PR; pTa, pTis, pT1N0M0) and complete
response (CR; pT0N0M0). In analysis, variables on two levels were treated as nominal, such
as age > 70 or age < 70, active smoker; yes or no, NAC; yes or no, ASA and pT-stage > 0;
pT0 or pTis-T4b, considering the importance of pT0 as a survival benefit, according to
Rosenblatt et al. [4]. The variables BMI and CACI were treated as interval variables.

Statistical analysis: Analysis on downstaging was performed separately on NAC-
receivers, and the entire cohort of NAC and NAC-eligible NAC-naïve patients, to compare
if the association with downstaging and a high ratio differed depending on the different
NAC levels. The association between the pre-treatment De Ritis ratio and downstaging
outcomes was evaluated by the Mann–Whitney U tests. Survival was predicted up to 3, 5
and 13 years with the study endpoints DFS, CSS and OS. The influence of the pre-treatment
De Ritis ratio on the study endpoints was visualized and compared with the Kaplan–
Meier estimator and the Log Rank test. Crude and adjusted Cox proportional regression
analyses were carried out to determine the influence of patient gender, age, histological
TN, pathological T stage, tumour grade and pre-treatment De Ritis ratios on DFS, CSS and
OS. HRs estimated from Cox models are shown as the HR with the corresponding 95% CI.
The Cox proportional hazard assumption were visually evaluated in STATA. All the used
tests are two-sided with a significance level of 5%. The data were statistically evaluated in
SPSS Statistics 27.0 for Mac (IBM Corporation, Armonk, NY, USA), and STATA version 15
(Stata Corp, Houston, TX, USA).

3. Results

The final cohort consisted of 347 patients (Figure 1). A total of 258 patients with
NAC had pre-treatment data on AST/ALT and 89 NAC-eligible NAC-naïve patients had
pre-treatment data on AST/ALT. A total of 76% of the total cohort were men, but a larger
proportion of the women in the cohort existed within the high ratio group, compared to
the low ratio group (Table 1, p = 0.044). A total of 35% of the patients in the cohort were
aged over 70. Regarding comorbidity, median level of CACI was 5 and approximately
23% of 347 patients had ASA grade III. Additionally, 75% received some sort of NAC, of
which 78% within the group of high ratios were NAC-receivers, compared to 73% NAC-
receivers within the low-ratio group. The majority of the cohort-patients had initial stage
cT2 (61%) (Table 1).

Table 1. Patient cohort characteristics within groups of low and high De Ritis ratio and total cohort.

Variables Low De Ritis Ratio < 1.3 High De Ritis Ratio ≥ 1.3 Total Cohort p-Value

n = 218 n = 129 n = 347
Preoperative

Sex, n (%)
Male 173 (79.4) 90 (69.8) 263 (75.8) 0.044 *

Female 45 (20.6) 39 (30.2) 84 (24.2)
Age, n (%) 0.055 *
<70 years 149 (68.3) 75 (58.1) 224 (64.6)
>70 years 69 (31.7) 54 (41.9) 123 (35.4)

BMI (mean, SD) 26.46 (3.9) 25.3 (3.9) 26.03 (3.9) 0.008 †

ASA, n (%) 0.592 *
I 37 (17) 21 (16.3) 58 (16.7)
II 134 (61.5) 74 (57.4) 208 (59.9)
III 47 (21.6) 34 (26.4) 81 (23.3)

CACI (median, IQR) 5 (4, 5) 5 (4, 5) 5 (4, 5) 0.275 ƒ

Smoker, n (%) 0.966 *
Yes 57 (26.1) 34 (26.4) 91 (26.2)
No 161 (73.9) 95 (73.6) 256 (73.8)
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Table 1. Cont.

Variables Low De Ritis Ratio < 1.3 High De Ritis Ratio ≥ 1.3 Total Cohort p-Value

cT-stage, n (%) 0.317 *
cT2 136 (62.4) 77 (59.7) 213 (61.4)
cT3 73 (33.5) 41 (31.8) 114 (32.8)
cT4a 9 (4.1) 11 (8.5) 20 (5.8)

NAC, n (%) 0.299 *
Yes 158 (72.5) 100 (77.5) 258 (74.4)
No 60 (27.5) 29 (22.5) 89 (25.6)

NAC; MVAC, n (%) 0.521 *
Yes 131 (60.1) 82 (63.6) 213 (61.4)
No 87 (39.9) 47 (36.4) 134 (38.6)

Postoperative
pT-stage n (%) 0.612 *

pT0 62 (28.4) 40 (31.0) 102 (29.4)
pTCis-T4b 156 (71.6) 89 (69.0) 245 (70.6)

* Chi-square test; † t-test; ƒ Mann–Whitney U-test; BMI; Body Mass Index, ASA; American Society of Anaesthesiol-
ogists, CACI; Charlson Age Comorbidity Index, cT2-4a-clinical-tumor-stage; NAC; neoadjuvant chemotherapy,
pT0-T4b; pathological-tumor-stage.

Significantly increased mortality was found in patients with high De Ritis ratio; Log
Rank-test, in endpoints DFS (p = 0.009), CSS (p = 0.004), and OS (p = 0.009) up to three years
(36 months) post-RC (Figure 2a–c). Significantly increased mortality existed in patients
with high De Ritis ratio in endpoints CSS (p = 0.019) and OS (p = 0.046) but not in DFS
(p = 0.057) up to five years (60 months) post-RC (Figure 3a–c). No significant increased
mortality existed in patients with high ratio, up to 13 years (160 months) post-RC in any
endpoint; DFS (p = 0.090), CSS (p = 0.067), or OS (p = 0.261, Figure 4a–c).

Kaplan–Meier curves predicting survival endpoints up to 36 months.
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Figure 4. Kaplan–Meier curves predicting 5-13 years (160 months) post-RC survival endpoints
(a) Disease-free survival; (b) Cancer-specific survival; (c) Overall survival.

The Cox proportional hazard assumption was visually evaluated and the hazard ratio
(HR) between low and high De Ritis ratio seems constant up to three years, and then
decreases somewhat. After five years, the proportional hazard assumption can no longer
be considered valid. Hence, HR is only evaluated up to three and five years (Table 2).
Regarding NAC, in neither crude nor adjusted Cox analysis can a significant interaction
effect be visualized between a high De Ritis ratio and NAC, indicating that a high De Ritis
ratio equally affects mortality in NAC-receivers and those who are NAC-eligible in our
material. We used this as an argument to evaluate the effect of the De ritis ratio in the
entire cohort.

A high De Ritis ratio > 1.3 was associated with increased risk of mortality in endpoints
DFS, CSS and OS up to three years post-RC, up to five years in CSS and OS, both crude
and adjusted for pT-stage > 0, age > 70, active smoking, ASA, CACI, BMI, and NAC. In
addition, pT-stage > 0 was associated with increased risk of mortality in all endpoints up
to three- and five-years post-RC when adjusted for ratio > 1.3, age > 70, active smoking,
ASA, CACI, BMI, and NAC. No individual association was seen between mortality and
the other variables age > 70, active smoking, ASA, BMI, and NAC, in any timeframe or
endpoint (Table 2).
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Table 2. Cox analysis crude and adjusted on entire cohort; NAC and NAC-eligible NAC-naïve,
n = 347, up to 3- and 5-years post-RC.

Crude Estimates 1 Adjusted Estimates 2

Type of Survival Variables HR CI p HR CI p

Survival up to 3 years after RC

DFS
AST/ALT > 1.3 1.573 1.117–2.215 0.010 * 1.673 1.175–2.380 0.004 **

pT-stage > 0 2.654 1.628–4.325 0.000 **

CSS
AST/ALT > 1.3 1.772 1.191–2.636 0.005 * 1.909 1.265–2.880 0.002 **

pT-stage > 0 3.913 2.059–7.435 0.000 **

OS
AST/ALT > 1.3 1.625 1.125–2.348 0.010 * 1.724 1.183–2.513 0.006 **

pT-stage > 0 2.493 1.485–4.186 0.001 **

Survival up to 5 years after RC

DFS
AST/ALT > 1.3 1.372 0.989–1.902 0.058 1.485 1.060–2.080 0.021 **

pT-stage > 0 2.783 1.747–4.434 0.000 **

CSS
AST/ALT > 1.3 1.575 1.075–2.308 0.020 * 1.759 1.185–2.612 0.005 **

pT-stage > 0 4.334 2.292–8.193 0.000 **

OS
AST/ALT > 1.3 1.427 1.005–2.025 0.047 * 1.556 1.086–2.228 0.016 **

pT-stage > 0 2.564 1.567–4.194 0.000 **

1 Crude estimates of the De Ritis ratio < 1.3 or ratio > 1.3; 2 Adjusted estimates for variables ratio > 1.3, Age > 70,
CACI; Charlson Age Comorbidity Index, ASA; American Society of Anesthesiologists, active smoking, BMI;
Body Mass Index, pT-stage; pathological T-stage post-RC, NAC; neoadjuvant chemotherapy. DFS; Disease-free
survival, CSS; Cancer-Specific Survival, OS; Overall survival. * Significant p-value in crude estimates suggest
association between increased risk of mortality and a ratio > 1.3. ** Significant p-value in adjusted estimates
age > 70, CACI, ASA active smoking, BMI, pT-stage, or NAC, suggest an association between increased risk of
mortality and significant variable. Only variables with values of statistical significance any time in analysis are
displayed in table.

There is no significant relationship between the downstaging of primary tumor and
a high De Ritis ratio > 1.3 (p = 0.564 MWU) either in the entire cohort (Figure 5a) or
in NAC-receivers only (Figure 5b) (p = 0.276 MWU). A visible difference can be seen
in distribution between the downstaging grades, where NAC-receivers have a higher
percentage of increased downstaging within the survival markers of CR and PR (Figure 5b),
compared to the entire cohort (Figure 5a).
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Figure 5. (a) Downstaging of primary tumor in patient cohort NAC and NAC-naïve n = 347, by the 
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is no significant relationship between downstaging and a high De Ritis ratio > 1.3 (p = 0.564 MWU); 

Figure 5. (a) Downstaging of primary tumor in patient cohort NAC and NAC-naïve n = 347, by the
four downstaging categories with patients (%) within sub-groups of high or low De Ritis ratio. There
is no significant relationship between downstaging and a high De Ritis ratio > 1.3 (p = 0.564 MWU);
(b) Downstaging of primary tumor in NAC patients only n = 258, by the four downstaging categories
with patients (%) within sub-groups of high or low De Ritis ratio. There is no significant relationship
between downstaging and a high ratio > 1.3 (p = 0.276 MWU).
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Downstaging of tumor vs high AST/ALT ratio within all patients (left) and only NAC
patients (right).

4. Discussion

A high pre-treatment De Ritis ratio was associated with higher mortality in both
survival analysis (Figures 2a–c, 3a–c and 4a–c) and in crude and adjusted risk-analysis with
increased HR if the ratio was >1.3 in patients, compared to low ratio <1.3. pT-stage >0 was
also frequently associated with higher mortality in more endpoints than the De Ritis ratio
(Table 2). Thus, a higher tumor stage with more severe cancer post-RC is most statistically
associated with mortality than all of our other included variables, as was to be expected.
We suggest that pT-stage post-RC that is of the current standard is still of higher prognostic
value in predicting survival compared to a high De Ritis ratio pre-treatment. However,
UBC is considered a glucose-dependent malignancy, and it is known that AST plays an
essential role in glycolysis, which leads to a potential condition in which the increased
glucose metabolism by cancer, known as the Warburg effect, exists with an increase in
AST/ALT ratio and, therefore, possibly has a high ratio with cancer disease. However, the
exact mechanism of the suggested condition has not been shown [8,13] and can only be
hypothesized, which must be considered a weakness.

No significant relationship existed between downstaging of the primary tumor and a
high De Ritis ratio in either the mixed cohort (p = 0.564 MWU) or in NAC-receivers only
(p = 0.276 MWU) (Figure 5a,b). We, therefore, propose that the different NAC-levels did
not affect the potential association between a high De Ritis ratio and downstaging, and that
a high pre-treatment ratio may not be of prognostic value regarding downstaging response
in either NAC- or NAC-eligible patients. To the best of our knowledge, these findings have
not previously been described. The strength in this study is in the evaluation of a relatively
large cohort (n = 347), considering extensive inclusion and exclusion criteria compared
to other similar studies with higher heterogeneity in the study population. A selection
bias could be argued regarding the selection process of patients described in the Methods,
where patients with extra high comorbidity may have been excluded due to the inclusion
criteria. However, our result may possibly reflect a healthier population than other, similar
studies that made no such distinction between levels of disease pre-analysis. Consequently,
we propose that our significant results are not primarily due to the high comorbidity in the
study population, which may be considered a strength.

A potential weakness may be the HRs in Table 2. The Cox proportional hazard
assumption was visually evaluated and the hazard ratio between low and high De Ritis
ratio seems constant up to three years, and then decreases somewhat. After five years,
the proportional hazard assumption can no longer be considered valid. Other unknown
factors may influence the hazard around and after 3–5 years, which may be considered a
weakness in the results displayed in Table 2. However, many recurrences were detected
before three years post-RC, hence suggesting that the risk analysis utilizing De Ritis ratio
has a clear interest for evaluation. Another weakness may lie in our cut-off level of a high
De Ritis ratio > 1.3. This was selected from previous studies [3,7]. This may have influenced
our results. However, we still had unique individual AST/ALT levels on our population,
and can thus compare our results with studies that had the same cut-off level of 1.3, but
different AST/ALT levels due to the different study population. We had similar results
to several other studies regarding the association between higher mortality and a high
ratio [7,10,19,22]. Finally, our results regarding an association between increased mortality
and a high ratio lack statistical calculations regarding how strong that association may be.
Therefore, we suggest that the strength in the association should be further investigated.
This may provide more insight into whether said association between a high De Ritis ratio
and mortality is so strong that the ratio can be considered a future prognostic factor for
survival in MIBC.
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5. Conclusions

A high pre-treatment De Ritis ratio is associated with an increased risk of mortal-
ity post-RC in endpoints DFS, CSS and OS. The association decreases over time and
requires further investigation to determine how strong the association is as a long-term
potential prognostic factor for mortality in MIBC. The De Ritis ratio is not suitable for
predicting downstaging.
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Abstract: Recent studies on patients with muscle-invasive bladder cancer (MIBC) undergoing neoad-
juvant chemotherapy (NAC) have shown an association between NAC and thromboembolic events
(TEE) prior to radical cystectomy (RC). Recent studies suggest that central venous access catheters
(CVAs) may induce TEEs, and low-molecular-weight heparin (LMWH) has been mentioned as possi-
ble prophylaxis. However, other studies have shown a high incidence of decreased renal function in
these patients. The purpose of this study was to determine the portion of MIBC patients with NAC-
induced TEEs who had decreased preoperative renal function for whom LMWH potentially would
not be beneficial as prophylaxis. We identified 459 cystectomized MIBC patients from two Swedish
medical centers from 2009 to 2021. The inclusion criterion of cT2-T4aN0M0 resulted in 220 eligible
patients, who were further divided into NAC-administered (n = 187) and NAC-eligible (n = 33), the
tentative control group. Values of renal function before, during, and after each NAC cycle were retro-
spectively collected from individual medical records. Amongst the NAC-administered patients with
TEE (n = 29), 41% (95% CI 23.5–61.1%) of patients had decreased renal function. Thus, a substantial
portion of NAC-administered patients who developed TEEs had reduced renal function and would
have been less likely to have benefited from renal clearance-dependent LMWH prophylaxis.

Keywords: complications; cystectomy; low-molecular-weight heparin; neoadjuvant therapy; throm-
boembolism; urinary bladder neoplasms

1. Introduction

Urinary bladder cancer accounted for around 570,000 new cancer cases and about
200,000 deaths worldwide in 2020, making it the tenth most commonly diagnosed cancer [1].
Bladder cancer manifests either as non-muscle-invasive cancer or a muscle-invasive form
(MIBC); the latter form accounts for approximately 25% of cases at diagnosis. Urothelial
MIBC was, prior to the introduction of neoadjuvant chemotherapy (NAC), associated
with a poor prognosis, with a 5-year overall survival (OS) post-RC of 50%. The current
treatment regimen in Europe for MIBC includes NAC in medically fit patients and radical
cystectomy (RC) [2]. The inclusion of NAC pre-RC aims to eradicate micro-metastatic
dissemination and has been shown to significantly increase survival compared with RC
only [3,4]. We previously showed that chemo-responding patients who downstaged with
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complete response (CR) to pT0N0M0) had an absolute risk reduction of 31% for death at
the five-year median observation time (OS) [5].

The NAC regimen for MIBC patients in Sweden in most centers consists of a cisplatin-
based combination of methotrexate, vinblastine, doxorubicin, and cisplatin (MVAC), while
in patients who are ineligible for cisplatin, a carboplatin-gemcitabine combination is
used [6]. Eligibility for NAC, according to Swedish guidelines, are age ≤ 75 years, re-
nal function with eGFR > 50–60, no hearing impediments, and acceptable comorbidities [7].
NAC treatment is generally well tolerated; however, adverse events, including throm-
boembolic events (TEEs). have been shown to occur during and after NAC treatment [8,9].
Eriksson et al., using a multicenter clinical dataset, showed serious grade 4 TEEs in patients
treated with NAC. In addition, acute kidney injury and chronic kidney disease were seen
in 41% and 11% of patients, respectively [10]. Interestingly, 30% of patients receiving NAC
had to terminate the treatment prematurely. Among these patients, 62% of terminations
were due to acute kidney injury. There was a significant association between decreased
kidney injury and increased downstaging, possibly reflecting the effect of completed in-
tended NAC cycles on downstaging, as reported earlier [5]. Renal impairment is a fraught
consequence of cisplatin-based combinations and one of the key determinants for NAC
eligibility [7,11]. Mehrazin et al., in a recent study, showed a continued decline in eGFR
rates in MIBC-NAC patients after discharge. In their study, the rate of decline was related
to eGFR rates at discharge, with up to 43% of the patients showing a decline [12]. Deep
vein thrombosis (DVT) and pulmonary embolism (PE) are two lethal complications during
NAC and RC. Endothelial damage and the hypercoagulable state during cancer treatment
continues post treatment [13]. Thromboprophylaxis pre- and post-surgery has become a
standard in tertiary care centers and is highly encouraged as a quality-of-care indicator [14].
Low-molecular-weight heparin (LMWH) is frequently prescribed for the prevention and
treatment of TEEs in patients [15]. LMWH provides a reduction in the incidence of venous
thromboembolism and requires minimal monitoring [16,17]. However, combined with im-
paired renal function, the major mode of excretion for LMWH, there is an increased risk of
supratherapeutic accumulation of LMWH with an associated risk of major bleeding [12]. To
the best of our knowledge, no international or national guidelines exist advocating LMWH
as prophylaxis against TEEs amongst MIBC-NAC patients during the NAC period. In this
retrospective study, we investigate the incidence of NAC-induced renal impairment in our
research database. The objective was to assess the incidence of patients with NAC-induced
TEEs who may not have benefited from LMWH if prophylaxis had hypothetically been
used.

2. Materials and Methods
2.1. Data Collection and NAC Eligibility

The study population was derived from an extensive dataset based on records of
radically cystectomized patients with urothelial carcinoma in the urinary bladder in the
years 2009–2021. Patients’ data were retrospectively collected from individual medical
records from the two participating Swedish centers: Norrlands Universitetsjukhus in
Umeå and Länssjukhuset in Sundsvall. The inclusion criteria allowed for MIBC carci-
nomas categorized as cT2-T4bN0M0 with urothelial or mixed-type histopathology, thus
excluding non-muscle-invasive cancers, disseminated disease before treatment initiation,
and histopathology without any urothelial component. Hence, of the 459 radically cys-
tectomized patients who were initially available for consideration, 220 were suitable for
analysis, as 239 patients were excluded due to unfit histopathology, non-cT2-4aN0M0, or
not fulfilling the criteria for NAC treatment and thus being deemed as non-NAC-eligible
patients. For detailed information on patient selection, see Figure 1.
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rose. However, a few patients still are untreated due to other circumstances; for example, 
some choose to reject NAC. Thus, non-NAC but NAC-eligible patients provide us with a 
suitable parallel control group, as these patients can be regarded as exhibiting the same 
clinical status as those treated with NAC (Table 1). Consequently, this study focused on 
the NAC-administered patients (n = 187) and NAC-eligible non-NAC patients (n = 33), 
who were considered being the tentative control group. By analyzing the NAC-eligible 
patients, any confounding factors regarding the carcinoma and its innate effects on the 
cohort’s kidney function could be overviewed. The basic characteristics of both NAC-
treated as well as NAC-eligible patients are shown in Table 1. To establish which patients 
would have been eligible for NAC, medical journals and preestablished NAC criteria were 
used with the guidance of a senior urologist and the national guidelines. To be considered 
NAC-eligible, patients had to be ≤75 years old with an eGFR > 50 or creatinine < 100 and 
a Charlson Age Comorbidity Index (CACI) of 6 or less. The CACI is used to determine a 
standardized 10-year survival prediction and was individually calculated for each patient. 
If a patient fulfilled the criteria to receive NAC but the multidisciplinary team 

Figure 1. Flowchart of study population. MIBC; muscle-invasive bladder cancer. NAC; neoadjuvant
chemotherapy. TEE; thromboembolic event.

The majority of MIBC patients in Sweden today receive 3 or 4 cycles of chemotherapy
before RC, and in 2021, 71% of all MIBC patients received NAC in Umeå. On the contrary,
in 2009, only 17% received NAC in Umeå, as NAC was not recommended by clinical
guidelines until more recent years. Hence, a portion of all MIBC patients in Sweden did
not receive NAC and was solely radically cystectomized. As chemotherapy by time was
introduced into modern MIBC guidelines, the number of NAC-administrated patients
rose. However, a few patients still are untreated due to other circumstances; for example,
some choose to reject NAC. Thus, non-NAC but NAC-eligible patients provide us with a
suitable parallel control group, as these patients can be regarded as exhibiting the same
clinical status as those treated with NAC (Table 1). Consequently, this study focused on the
NAC-administered patients (n = 187) and NAC-eligible non-NAC patients (n = 33), who
were considered being the tentative control group. By analyzing the NAC-eligible patients,
any confounding factors regarding the carcinoma and its innate effects on the cohort’s
kidney function could be overviewed. The basic characteristics of both NAC-treated as well
as NAC-eligible patients are shown in Table 1. To establish which patients would have been
eligible for NAC, medical journals and preestablished NAC criteria were used with the
guidance of a senior urologist and the national guidelines. To be considered NAC-eligible,
patients had to be ≤75 years old with an eGFR > 50 or creatinine < 100 and a Charlson
Age Comorbidity Index (CACI) of 6 or less. The CACI is used to determine a standardized
10-year survival prediction and was individually calculated for each patient. If a patient
fulfilled the criteria to receive NAC but the multidisciplinary team recommended abstaining
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from treatment, the latter judgement was regarded by the study being the final verdict
regarding a patient’s NAC eligibility.

Table 1. Baseline characteristics of the study cohorts.

NAC-ADMINISTRATED n = 187 NAC-ELIGIBLE
n = 33

WITH TEE n = 29 NO TEE n = 158 TEE + NO TEE
n = 187

VARIABLE Mean (SD) Mean (SD) Mean (SD) Mean (SD)

AGE 67 (7) 68 (7) 68 (7) 67 (9)
CACI 5 (1) 5 (1) 5 (1) 5 (1)
NO. NAC CYCLES 3 (1) 3 (1) 3 (1) 0 (0)

n (%) n (%) n (%) n (%)

MEDICAL CENTER
UMEÅ 25 (86) 120 (76) 145 (77) 22 (67)
SUNDSVALL 4 (14) 38 (24) 42 (22) 11 (33)

GENDER
WOMAN 4 (14) 41 (26) 45 (24) 5 (15)
MAN 25 (86) 118 (75) 143 (76) 28 (85)

cT-STADIUM
T2 15 (51) 91 (57) 106 (57) 22 (67)
T3 12 (41) 54 (34) 66 (35) 11 (33)
T4 & T4a 2 (7) 13 (8) 15 (8) 0 (0)

THROMBOSIS PROPHYLAXIS
Anticoagulant 12 (41) 9 (6) 21 (11) 3 (9)
Antiplatelet 28 (96) 23 (14) 51 (27) 5 (15)

NAC: neoadjuvant chemotherapy. TEE: thromboembolic event. SD: standard deviation. CACI: Charlson
comorbidity index.

Laboratory values regarding renal function were gathered, adding to the database’s
already large collection of clinicopathological variables, such as age, gender, smoking
habits, BMI, ASA, CACI, and TEE. Values for renal function are monitored in MIBC
patients but are rarely measured by one single variable. Thus, four measurements were
obtained for the study to obtain a conclusive portrayal of each patient’s clinical kidney
status: serum/plasma creatinine (S/P-creatinine), eGFR by cystatin c, eGFR by creatinine
and chrome-ethylenediaminetetraacetic acid (Cr-EDTA). The cut-offs for each measurement
were in accordance with Swedish clinical practice and the standardized reference intervals:
S/P-creatinine > 90 for females and > 100 for males, eGFR (creatinine) < 60, eGFR (cystatin
c) < 60, and Cr-EDTA < 60. The reference intervals for all analyzed measurements are
presented in Table 2. Values were collected at predetermined time intervals: pre-TUR-b,
before initiation of NAC, after each provided NAC cycle, and, finally, before RC. Not all
patients had an available value for each measurement in every time period, and if values
were inaccessible, they were considered missing data. As no conclusion can be made
from unavailable measurements, the study considered missing data to be non-pathological
values. No patient had missing values in all 4 extracted measurements. Utilizing each
exact value for every available measurement that was collected allowed the stratification of
the cohort’s population into two sub-categories: patients with or without reduced kidney
function. As one patient could potentially have either one single or several pathological
values, multiple groupings regarding the type of measurement of kidney function at
different time periods were considered.

Another distinction in the study cohort was made by separating the NAC-administrated
who did or did not suffer a TEE. The TEE incidences, presented in Table 3, were used for
analysis, with PE, DVT, TEEs anatomically related to the central venous access catheters
(CVA), angina/myocardial infarction (MI), and transient ischemic attack (TIA)/stroke used
as included types of events. The events were registered if the time of the TEE occurred
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during the period from TUR-b to RC. Four patients had a total number of 2 TEEs, and one
patient had a total of 3 TEEs.

Table 2. Reference interval and cut-off values for pathology of included measurements.

MEASUREMENT REFERENCE INTERVAL CUT OFF VALUE

P/S-Creatinine
Male 60–100 >100

Female 50–90 >90
eGFR (creatinine)

18–50 years >80 <60
>50 years >60 <60

eGFR (cystatin c)
18–50 years >80 <60
>50 years >60 <60

Cr-EDTA
20–50 years 80–125 mL/min/1.73 m2 <60
51–65 years 60–110 mL/min/1.73 m2 <60
66–80 years 50–90 mL/min/1.73 m2 <60

P/S: plasma or serum. eGFR: estimated glomerular filtration rate. Cr-EDTA: chrome ethylenediaminetetraacetic acid.

Table 3. TEE incidences amongst NAC-administrated patients pre-cystectomy.

NAC-ADMINISTRATED n = 187

WITH TEE n = 29

TYPE OF TEE
DVT 2
THROMBOPHLEBITIS 3
PE 18
FROM CVA 11
ANGINA/MI 1

TEE, thromboembolic events; NAC, neoadjuvant chemotherapy; DVT, deep vein thrombosis; PE, pulmonary
embolism; FROM CVA, anatomically related to the central venous access; MI, myocardial infarction.

2.2. Statistics

Population characteristics for interval variables are described as means and standard
deviation, and those for nominal variables are described as frequencies and percentages.
The confidence interval for the percentage of patients with reduced kidney function among
the defined groups of the cohort was calculated with the Clopper–Pearson method. The
statistical analyses were performed with IBM SPSS Statistics for Windows, Version 28.0.
Armonk, NY, USA: IBM Corp.

2.3. Ethics

The study was approved by the regional ethics board in Umeå: EPN-Umeå, dnr:
2013/463-31M and amendment 2016/403-32. The study conformed to the provisions of the
Declaration of Helsinki (as revised in Fortaleza, Brazil, October 2013). The regional ethics
board specifically decided that informed consent from the participants was to be considered
redundant, especially due to the high mortality of MIBC as well as the retrospective nature
of the study.

3. Results

The clinicopathological variables for each of the 220 analyzed patients were extracted
from the extensive official database charting all MIBC patients who have undergone RC
in Sweden and are presented in Table 1. Amongst these variables, TEE incidences were
collected, enabling division into subgroups depending on whether patients suffered postu-
lated NAC-induced thrombosis or not. Twenty-nine patients in the NAC-administrated
group suffered one or more TEEs. Out of them, 18 were PEs and 11 were thromboses
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anatomically connected to the CVA. Three patients suffered thrombophlebitis as a TEE, two
had DVTs, and, finally, one patient presented with angina. Four patients developed two
individual TEEs, and one patient developed three.

The findings regarding pathological renal values before the initiation of chemotherapy
are presented in Table 4, elucidating any existing kidney damage in the study population
pre-NAC and thus establishing the baseline measurements in each group. Non-pathological
values for P/S-creatinine and eGFR are predetermined requirements for NAC eligibility;
consequently, no patients in this group had reduced kidney function. In addition, as no
patient in the NAC-eligible group suffered any TEE pre-RC, only patients without TEEs
are presented. The reduced kidney function in the study population during the entire
period, TUR-b to RC, is presented in Table 5. In the NAC-administrated group, 98 patients
(52%) out of the total number of 187 had reduced kidney function pre-RC. Pathological
measurements were found in 12 patients belonging to the NAC-administrated subgroup
who also suffered TEEs (n = 29), resulting in 41% (95% CI 23–61%).

Table 4. Reduced kidney function after TUR-B, before first NAC cycle.

NAC-ADMINISTRATED
(n = 187)

NAC-ELIBIGLE
(n = 33)

WITH TEE
n (%) NO TEE n (%) TEE + NO TEE

n (%) NO TEE n (%)

n = 29 n = 158 n = 187 n = 33

REDUCED KIDNEY FUNCTION PRE-NAC 1

MEASUREMENT
P/S-Creatinine 6 (21) 29 (18) 35 (19) 0 (0)
eGFR (creatinine) 3 (10) 14 (9) 17 (9) 0 (0)
eGFR (cystatin c) 1 (3) 25 (16) 26 (14) 0 (0)
Cr-EDTA 3 (10) 21 (13) 24 (13) 0 (0)

ALL MEASUREMENTS
9 (31) 50 (32) 59 (31) 0 (0)

For NAC eligibility, non-pathological renal functional values were required as predetermined by the study; thus,
no NAC-eligible patients present any kidney damage at diagnosis. All measurements: one or more of the four
values were pathological in the same patient. TUR-B: transurethral resection of the bladder. NAC: neoadjuvant
chemotherapy. TEE: thromboembolic event. P/S: plasma or serum. eGFR: estimated glomerular filtration rate.
Cr-EDTA: chrome ethylenediaminetetraacetic acid.

Table 5. Reduced kidney function at any point during the entire period; pre-TUR-B to before cystectomy.

NAC-ADMINISTRATED n = 187 NAC-ELIBIGLE
(n = 33)

WITH TEE
n (%) NO TEE n (%) TEE + NO TEE

n (%) NO TEE n (%)

n = 29 n = 158 n = 187 n = 33

REDUCED KIDNEY FUNCTION PRE CE

MEASUREMENT
P/S-Creatinine 9 (31) 69 (44) 78 (42) 9 (27)
eGFR (creatinine) 5 (17) 37 (23) 42 (22) 1 (3)
eGFR (cystatin c) 2 (7) 31 (20) 33 (18) 0 (0)
Cr-EDTA 3 (10) 22 (14) 25 (13) 0 (0)

ALL MEASUREMENTS
12 (41) 86 (54) 98 (52) 9 (27)

All measurements: one or more of the four values were pathological in the same patient. TUR-B: Transurethral re-
section of the bladder. NAC: neoadjuvant chemotherapy. TEE: thromboembolic event. RC: radical cystectomy. P/S:
plasma or serum. eGFR: estimated glomerular filtration rate. Cr-EDTA: chrome ethylenediaminetetraacetic acid.
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Table 6 presents the portion of the study population in which at least one of the
four predetermined and analyzed measurements were accessible. Out of the 220 patients,
35 (16%) had no obtainable values between TUR-b and the first NAC cycle and were thus
left as missing data.

Table 6. Patients with available values at any point in the entire time period: TUR-b–pre-cystectomy.

NAC-ADMINISTRATED
n = 187

NAC-ELIGIBLE
n = 33

WITH TEE
n (%)

NO TEE
n (%)

TEE + NO TEE
n (%) NO TEE n (%)

n = 29 n = 158 n = 187 n = 33

MEASUREMENT
P/S-Creatinine 29 (100) 158 (100) 187 (100) 32 (97)
eGFR (creatinine) 20 (69) 109 (69) 129 (69) 10 (30)
eGFR (cystatin c) 0 (0) 15 (9) 15 (8) 1 (3)
Cr-EDTA 1 (3) 2 (1) 3 (2) 0 (0)

TUR-b: transurethral resection of the bladder, NAC: neoadjuvant chemotherapy. TEE: thromboembolic event. P/S:
plasma or serum. eGFR: estimated glomerular filtration rate. Cr-EDTA: chrome ethylenediaminetetraacetic acid.

4. Discussion

According to our findings, a considerable portion of the NAC-administrated patients
who suffered a TEE during treatment had reduced renal function, as 41% (95% CI 23–61%)
had one or more pathological values throughout the entire time period, up until the day of
cystectomy. Fifty-four percent of the NAC-administrated patients who underwent their
chemotherapy without a thrombolytic adverse event also had reduced kidney function,
presenting a similar result as the TEE group. The most frequent pathological value amongst
the NAC-treated TEE patients was P/S-creatinine, with nine patients (31%) showcasing
a higher value than the established reference interval. This is possibly in accordance
with P/S-creatinine being the most frequently used measurement for kidney function
in Sweden. No noteworthy differences were found between the NAC-administrated
subgroups regarding kidney function before the initiation of chemotherapy. Hence, the two
groups of TEE patients and those who did not suffer a TEE could be considered to have the
same baseline renal function before the first NAC cycle.

The main objective of the study was to investigate renal function in NAC-administrated
patients who had suffered a TEE and to assess their ability to potentially respond to LMWH-
prophylaxis. Hence, the participants were divided into subgroups of those who did or
did not develop thrombosis during the time between diagnosis and RC. NAC inherently
contributes to an amplified TEE risk in MIBC patients undergoing RC, and recent find-
ings have suggested that the choice of CVA for chemotherapy can influence the increased
risk [8,18,19]. As LMWH regularly is used in TEE treatment and commonly as prophy-
laxis in other high-risk patient groups, suggestions have been made to also use LMWH in
cases in which MIBC-NAC patients would be considered high-risk for TEE. Accordingly,
Mehrazin et al. suggested recently that established reduced kidney function would render
heparin-based prophylaxis sub-therapeutic by accumulation, which in turn would increase
the risk of clinically significant bleeding. Our results showed that in NAC-administrated
patients who did suffer a TEE, 41% would potentially not have responded to prophylactic
treatment. Thus, the argument can be made to contemplate whether LMWH can be consid-
ered the single solution to the increased TEE risk in this patient group or whether instead a
shift in the main focus should be made to the choice of CVA.

As the hypothetical LMWH treatment would be initiated at the start of chemotherapy
(NAC), the distinction between the TEE and non-TEE patients would not be yet established.
Therefore, there is relevance in also establishing the incidence of reduced renal function
in NAC-administrated patients who have not suffered a TEE. In the NAC-administrated
no-TEE group, 54% were found to have reduced renal function during the entire pre-RC
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period. Hence, this group showed similar results to the TEE-positive subgroup, indicating
that LMWH could be subtherapeutic in the NAC-MIBC group as a whole. The NAC-eligible
non-NAC group presented with a lower prevalence of pathological renal values than the
groups (w/wo TEE) treated with NAC, possibly reflecting the negative effect that MIBC
might inherently possess on kidney function.

However, because of this study’s numerically limited cohort population, a larger
patient selection is needed to further establish the incidence of reduced kidney function
amongst NAC-administrated MIBC patients. Further important associated subjects to
evaluate are how the current clinical use of LMWH contributes to reduced renal function,
as well as extending the time period of analysis both pre-RC as well as post-RC. A strength
of this study is that the analyzed measurements are meticulously extracted from individual
medical records; thus, the presented findings could be regarded as highly reliable.

5. Conclusions

Our findings show that a substantial portion of NAC-administered patients with TEEs
had reduced renal function pre-RC, and therefore, they would potentially not be suited for
renal clearance-dependent LMWH prophylaxis. However, further investigations are needed
to fully comprehend the prevalence of reduced renal function amongst MIBC patients.
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Abstract: COVID-19 has been responsible for widespread morbidity and mortality worldwide.
Invasive mucormycosis has death rates scaling 80%. India, one of the countries hit worst by the
pandemic, is also a hotbed with the highest death rates for mucormycosis. Cancer, a ubiquitously
present menace, also contributes to higher case fatality rates. All three entities studied here are
individual, massive healthcare threats. The danger of one disease predisposing to the other, the poor
performance status of patients with all three diseases, the impact of therapeutics for one disease
on the pathology and therapy of the others all warrant physicians having a better understanding
of the interplay. This is imperative so as to effectively establish control over the individual patient
and population health. It is important to understand the interactions to effectively manage all three
entities together to reduce overall morbidity. In this review article, we search for an inter-relationship
between the COVID-19 pandemic, emerging mucormycosis, and the global giant, cancer.

Keywords: cancer; mucormycosis; COVID-19; COVID-associated mucormycosis; diabetes; steroids;
immunosuppression

1. Introduction

The Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2)-induced Coro-
navirus disease 2019 (COVID-19) pandemic has witnessed more than 545 million illnesses
and 6.3 million fatalities worldwide. It affected all national healthcare systems at different
levels [1,2]. The southeast Asian belt constitutes the world’s second largest COVID-affected
area. Second only to the USA, India boasts numbers larger than 43 million cases and
0.52 million deaths [2].

Bacterial and fungal co-infection alongside COVID-19 had been nil or minimal in
Middle Eastern Respiratory Syndrome Coronavirus (MERS-CoV) and SARS-CoV-1 [1].
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However, Huang et al. detected co-infection rates of 8 to 15% in COVID-19 patients [3].
With regard to fungi, the rate was around 3 to 6% [4]. The above invasive fungal infections
(IFIs) include invasive aspergillosis, mucormycosis, candidiasis, and cryptococcosis [5].

Invasive Mucormycosis (IM), since the advent of the 21st century, has been deemed
an emerging, angio-invasive fungal infection with drastically high mortality, of around
80% [6–8]. Historically speaking, India has been the principal hotbed of mucormycosis,
recording a prevalence of 140 cases per million population. Globally, it is the highest
and is eighty times higher than that of the affluent nations [6]. Hailing from the order
Mucorales, Rhizopus is the most common species in the world. Apart from that, Mucor and
Lichtheimia are the predominant causative agents in Europe, whereas Apophysomyces is the
Asian, primarily Indian, counterpart [6,9]. The clinical spectrum includes five forms, pri-
marily rhinocerebral, pulmonary, cutaneous, gastrointestinal, and disseminated disease [9].
Uncontrolled hyperglycaemia, steroid and immunomodulatory therapy, haematological
malignancy (HMs) and haematopoietic stem cell transplantation (HSCT), solid organ ma-
lignancy (SOM) and transplant (SOT), persistent neutropenia, and iron overload are among
the most notorious risk factors of IM [7,9].

In high-income countries (HIC) such as Europe, the USA, and Australia, HMs are
the most common underlying cause of IM (38–62%) [7,9,10]. Acute myeloid leukaemia
(AML) and acute lymphoblastic leukaemia (ALL), which frequently necessitate HSCT,
are prominent examples [9,10]. These cases are at increased risk of IM, especially in
their neutropenic state. Additionally, in these above patients, antifungal prophylaxis with
azoles and echinocandins predisposes to breakthrough mucormycosis—voriconazole (52%),
fluconazole (25%), caspofungin (9.8%), itraconazole (7.6%), and posaconazole (5%) [7,10].

Meanwhile, in low-and-middle-income countries (LMICs) such as the Indian subconti-
nent, diabetes mellitus (DM) is the most prevalent predisposing factor to IM [6,7,9]. Patel
et al. identified rhino-orbito-cerebral mucormycosis (ROCM), constituting 65.7% of their
IM cohort, to be the most common form [8]. The diabetic population of India is on the rise,
from 60 million in 2011 to around 100 million by 2030 [11]. This risk relationship with IM is
directly proportional. Prakash et al. designed a multi-centre study in India where 56.8% of
IM patients were diabetics and 18% had diabetic ketoacidosis (DKA). Approximately 65%
of them manifested ROCM [6].

COVID-19 patients have a higher prevalence of DM and DKA than that of the general
population [12]. Compared to the other IFIs, mucormycosis in COVID-19 has proven to be
a better-documented disease. A systematic review by John et al. reported the incidence of
COVID-associated Mucormycosis (CAM) to be 87% [13]. Until 13 May 2021, Singh et al.
reported that out of 101 CAM cases, 82 were from India and the remaining 19 were from
the rest of the world [14]. From then until July, around 42,000 cases and 4000 deaths have
occurred as a result of CAM in the Indian population [15].

The prevalence of COVID-19 among patients with cancer was higher in HMs (10.9%)
as compared to SOMs (7.8%). Among SOMs, prostate cancer showed the highest frequency
(10%). Patients receiving cancer treatment within 6 months (6.2%) were less susceptible
to COVID-19 than those exceeding the above time interval (7.8%). COVID-19 patients
with cancer have higher morbidity and mortality rates as compared to their negative
counterparts—hospitalizations (43.8% vs. 31.5%), intensive care unit admissions (19.7% vs.
7.8%), respiratory support (7.9% vs. 1.3%), and deaths (14% vs. 3.1%). Among these COVID-
19-positive cancer patients, mortality was lower in those treated with immunotherapy
(7.1%) as compared to chemotherapy (14%), hormone therapy (16.2%), or even targeted
therapy (14.1%) [16]. Among the 30.6% COVID-19 cancer patients enrolled in the UK
Coronavirus Cancer Monitoring Project (UKCCMP) who died, fatality rates were higher in
HMs as compared to SOMs. Leukaemia had the highest case fatality rate of 2.25. These
HM patients who received recent chemotherapy experienced higher death rates during
COVID-19 hospital admissions (odds ratio (OR) 2.09) [17].

In this review article, we search for an inter-relationship between the COVID-19
pandemic, emerging mucormycosis, and cancer.
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2. CAM: Clinical Features

Rhizopus, as already mentioned, is ubiquitously present in soil, manure and as moulds
on food [18]. Transmission of the infection can occur by airborne fungal spores entering via
the nasal, oral, and conjunctival mucosa or by ingesting contaminated food. It may also be
a commensal on the skin and mucosa, thus precipitating in opportunistic infections among
the immunocompromised [19].

As discussed before, ROCM accounts for about a third of the cases of mucormycosis,
with a steep rise noted in the COVID-19 pandemic [20]. The second most common type is
pulmonary mucormycosis (PM) [13,14,20–22]. ROCM and PM originate in the nose and
paranasal sinuses. The hallmarks of the disease are vascular invasion, thrombosis, and
tissue necrosis. It results in bony destruction in the walls of the sinuses, leading to orbital
and cranial spread [20,23].

Smith and Kirchner’s diagnostic criteria for ROCM from 1958 still remain the gold
standard for clinical diagnosis [14]. In an immunocompromised setting, a combination of
the following features ought to raise suspicion of mucormycosis:

• Facial pain and blood-tinged nasal discharge on the same side;
• Soft periorbital or peri-nasal swelling with skin and mucosal discoloration progressing

to induration;
• Conjunctival suffusion, eyelid ptosis, eyeball proptosis, and complete ophthalmoplegia;
• Necrotic, black turbinates appearing like clotted, crusted blood;
• Cranial nerve palsies.

The other non-specific features include fever, unilateral headache, sinus tenderness,
puffiness of the face, loosening of teeth, and nasal congestion [24].

PM has non-specific symptoms such as fever, cough, chest pain, dyspnoea, and
haemoptysis [24]. The symptoms appear innocuously similar to the underlying viral
infection. Hence, the early signs are written off as COVID-19. Suspicion of PM should arise
in COVID-19 patients when these symptoms persist, or new symptoms develop after the
resolution of the viral disease. Strict monitoring for reappearance or prolonged persistence
of symptoms in diabetics and those receiving steroids and immunosuppressive therapies
should prompt evaluation for mucormycosis [13,14,20].

In the immunocompromised population, the invasive nature of the fungus quickly turns
the disease lethal [13,14,21,25]. A mortality rate of 30–50% is seen in CAM [13,14,20,21].

3. CAM: Road to Diagnosis

The first line of investigation performed is an imaging study [20]. The modalities recom-
mended are magnetic resonance imaging of the paranasal sinuses with cerebral contrast for
ROCM and simple computerized tomography (CT) thorax for pulmonary disease.

For pathologies of the paranasal sinuses, the imaging preferred is a CT scan [26]. IM
may show as a unilateral hypodense opacification of the sinuses. It has a limited role
as the soft tissue changes, and critical features such as perineural spread and cavernous
sinus involvement can be missed. Its use is limited to picking up bony destruction only.
Magnetic resonance imaging (MRI) has higher sensitivity than CT (86% vs. 57–69%) and
similar specificity (83% vs. 81%) for acute invasive fungal sinusitis [26,27]. It produces
hypo- or isointense lesions in all sequences with variable enhancement on contrast. The
invasion of the fungus along the soft tissue and fatty planes is delineated with an increased
clarity by T1-weighted images, aiding in the staging of the disease [28]. Detection of
neurological complications such as cavernous sinus thrombosis, meningitis, necrosis, and
subtle perineural invasion requires the utilization of cerebral contrast material such as
gadolinium [27,29].

In pulmonary disease, with concomitant COVID-19 infection, it is exceedingly difficult
to differentiate due to the similarities in the lesions and the acute respiratory distress
syndrome picture. CT thorax shows ground-glass opacities and infiltration. Some cases
may show features of consolidation and cavitation [30]. Angio-invasion in the lungs may
cause thrombosis of the pulmonary vessels, appearing as wedge-shaped infarcts.

155



J. Pers. Med. 2022, 12, 1119

The suspicion of mucormycosis is based on direct microscopic examination of a wet
mount. Staining with comparative fluorescent fungal stain, calcofluor white, and Giemsa is
also performed on the clinical specimens at the outset [20,31].

The standard practice for confirmation of the diagnosis is a biopsy from the infected
area demonstrating the presence of broad, wide ribbon-like aseptate hyphae branch-
ing at right angles, on a background of necrotic debris on histopathology [19,20,32,33].
Stains commonly used are haematoxylin-eosin, periodic acid-Schiff, or Grocott–Gomori’s
methenamine-silver stain (GMS) [20,31].

On culture, the presence of cotton white or grey-black colonies at 28–30 ◦C and
35–37 ◦C is characteristic. The media commonly employed are Sabouraud Dextrose Agar
and Brain and Heart Infusion Agar. Morphological identification from the fungal culture
can be carried out by microscopic examination or by DNA sequencing on the basis of
barcodes 18s, ITS, and MALDI-TOF [5,34,35]. Isolation from a fungal culture may be
performed for differentiation of genus and species, and for antimicrobial susceptibility
testing [5,32]. The treatment, however, is independent of the genus and species and is of
epidemiological importance [36].

Serological investigations such as galactomannan assays and 1,3-β-D glucan assays
support a diagnosis of fungal infection [20,35]. These tests are, however, typically negative
in a pure mucor infection [20]. The utility of using the negative test to rule out the disease
is questionable, as the tests are positive in mixed fungal infections [34]. While, presently,
there is no serological test available for the rapid diagnosis of mucormycosis, ELISA and
lateral flow immunoassay (LFIA) are in the process of development [37].

The clinical features, though characteristic of a fungal infection, are unfortunately non-
specific, and may be mistaken for aspergillosis. Further, there exists a degree of misidentifi-
cation of the Mucorales for the more ubiquitous Aspergillus spp. on microscopy [20,25,38].
There is thus a challenge in obtaining a confirmation of the diagnosis without immunohis-
tochemistry staining with monoclonal antibodies or DNA-PCR of the tissue section. Both
of these modalities are not only expensive but also not readily available at the point of
contact [20,39].

The utility of complete blood counts is not established, especially in the present cohort
of COVID-19 patients, where the white cell picture is deranged as a result of the primary
infection [30,32,36,40]. For any analysis into the association of the derangement of these
parameters due to the secondary fungal infection, confounding variables of the primary
disease will have to be considered. The data on this are insufficient to comment upon and
require further study.

4. Treatment
4.1. Mucormycosis

As discussed above, the suspicion of IM in the immunocompromised must be treated
as a medical emergency due to its lethality [20]. In the present cohort, individuals infected
with SARS-CoV-2, receiving treatment with steroids and immunomodulatory drugs, fall
into the aforementioned high-risk category. Hyperglycaemia, due to a primary diabetic
status or as a consequence of steroid therapy, increases the risk of infection [8,13,14].

Early diagnosis can lead to early initiation of treatment for positive outcomes and
decreased case fatality rates: 20% fatality in early diagnosis vs. 60% in delayed diagnosis.
Treatment guidelines can be set up in a three-pronged approach involving the utilization
of antifungal drugs, surgical debridement, and an effort in part to increase immunity
levels [41].

Prompt diagnosis directs the initiation of antifungal therapy wherein the first-line
treatment is 5–10 mg/kg of Liposomal Amphotericin B (LAmB). A higher dosage of
10 mg/kg/day is recommended for central nervous system (CNS) involvement. If LAmB
is not available, amphotericin B lipid complex or amphotericin deoxycholate can be used,
with caution because of their known nephrotoxicity, and should be subjected to stringent
therapeutic drug monitoring [20,42,43].
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Other broad-spectrum antifungals such as posaconazole and isavuconazole may be
utilized in the initial induction therapy where the patient cannot tolerate amphotericin B.
Although not studied in randomized trials, their efficacy has been suggested to be similar to
amphotericin [44]. There is, however, a noticeable need for updating the medical guideline
in terms of induction of these agents for the treatment of CAM and their role as prophylactic
agents [45].

Although antifungal prophylaxis for mucormycosis has been used for diseases such as
underlying haematological malignancies, it is not recommended in COVID-19 patients [20,46].

Studies on combination antifungal therapy, where amphotericin B is combined with
posaconazole or other antifungals such as caspofungin, have been carried out, which
have not been shown to enhance survival or be more effective than monotherapy (35%
versus 39%, respectively), and their cost to benefit ratio needs to be further evaluated on a
case-by-case basis [42,44,47–49].

Step-down therapy is initiated with posaconazole delayed-release tablets (300 mg
every 12 h on the first day, then 300 mg once daily) or infusions, which is preferred over
oral suspensions. Oral isavuconazole is also an acceptable alternative, with doses of 200 mg
three times a day on day 1–2 and 200 mg once a day from day 3, which is continued for a
minimum of 6 weeks [20,43,50].

Add-on aggressive surgical intervention paves the way for a favourable response, which
can be seen on imaging and clinical stabilization, in a minimum of 4–6 weeks [20,42,43]. Surgical
debridement is carried out with clean margins, which serves three purposes—controls the
disease, obtains specimens for histopathology, and confirms the microbiological diagnosis [20].
In cases of ROCM, there is extensive surgical debridement of the affected craniofacial tissues
and risk of orbital exenteration, which may be lifesaving and has been found to be helpful even
in cases where the infection has spread intracranially, according to the stage of involvement.
Retrobulbar injection of amphotericin B may be given before surgery, according to the stage of
involvement [42,43]. Lobectomy has also been performed with success in cases of PM where the
infection was localized to a single lobe. The debridement procedures might need to be repeated
as and when required. Endoscopic sinus surgery with limited tissue removal has also been
performed [20].

While immediate surgical debridement has been the convention for lung, Saraiya et al.
found that, after response to antifungal therapy, delayed surgical debridement (10 days)
showed better patient outcomes than conventional aggressive surgical management. All
five patients where the new protocol was followed survived [47].

Other modalities of treatment include hyperbaric oxygen therapy, administration of
cytokines concurrently with antifungals, and deferasirox, but their use is not routinely
recommended in the treatment guidelines [20].

Even after aggressive therapy and immediate initiation of the treatment, the prognosis
is still quite grim with multiple studies showing a 90-day mortality average of 50%, with
multiple patients discontinuing treatment because of financial constraints [8,48,49].

4.2. CAM

Methylprednisolone and dexamethasone, the cornerstones of COVID-19 treatment,
are known to cause immunosuppression [50]. The World Health Organization (WHO)
and the National Institute of Health (NIH) have recommended judicious use of systemic
corticosteroids in COVID-19, which is in cases with evidence of respiratory failure or with
oxygen saturation below 93–94%. These drugs unfortunately are known to be the most
common cause of drug-induced hyperglycaemia [46,51].

A widespread disruption of antibiotic stewardship programs was noted due to ram-
pant and injudicious use of antimicrobial agents (AMAs). Increased exposure of patients to
AMAs, due to fear of superadded bacterial and fungal infection on COVID pneumonia,
poor infection control measures due to rapidly changing protocols and the resulting confu-
sion, led to an upstroke of nosocomial superbug infections in the background of COVID
itself [52].
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Hyperglycaemia is the most common risk factor for developing mucormycosis. In
CAM, there should be immediate induction of antifungal therapy along with COVID-
19 treatment protocols, and control of hyperglycaemia. Diabetic ketoacidosis, if present,
should be emergently managed along with the reversal of immunosuppression in these
patients [13,24,43,46,49,53,54].

Tocilizumab is another immunomodulator that is being used in the treatment of
the disease. Studies and guidelines have recommended against indiscriminatory use of
tocilizumab, which targets the immune pathways. Its use is only recommended for severe
refractory disease where inflammatory markers are increased (e.g., C-reactive protein,
interleukin 6) and in the absence of active fungal or bacterial infections [20,55].

Hence, upon detection of CAM, steroid doses should be reduced and immunomodu-
lating drugs such as tocilizumab should be discontinued for reversal of immunosuppres-
sion [43,46,51].

5. COVID-19, Mucormycosis, and Cancer: The Triple Threat
5.1. COVID and Mucormycosis

As explained above, high-risk factors for mucormycosis include DM and metabolic
acidosis, steroid usage in COVID-19, neutropenia, elevated serum iron levels, immunomod-
ulatory therapies, and concomitant chronic illness. An increased likelihood of fungal
infection has also been noted with haematological malignancies, organ and bone marrow
transplant recipients, steroid therapy, patients on maintenance haemodialysis and iron
chelation, trauma and burn victims [22].

SARS-CoV-2-mediated immune dysregulation of the cytokine storm in the background
of a compromised immune system predisposes to invasive fungal infections [56]. This
hyper-inflammatory state is also noted as a consequence of some malignancies, autoim-
mune diseases, and immunosuppressive medications [57]. High inflammatory markers,
interleukins, interferon-gamma, tumour necrosis factors and hyperferritinaemia produce
a picture similar to secondary haemophagocytic lymphohistiocytosis [3,58]. This hyper-
cytokinaemia of severe COVID-19 produces diffuse alveolar lung damage, microvascular
thrombosis, hyaline membrane formation and fibrosis, leading to an acute respiratory dis-
tress picture [59–61]. This unregulated increase in inflammatory markers and acute phase
reactants downregulates the CD4+ T lymphocyte count, causing lymphopenia, propagating
a decrease in viral clearance [62,63]. Additionally, there is a diffuse systemic vasculitic
endotheliitis and microvascular damage, causing multiorgan dysfunction [64,65].

The vascular endothelial and alveolar damage is due to angiotensinogen converting
enzyme- 2 (ACE-2) receptor-mediated viral entry into these cells. Other tissues with higher
expression of these receptors such as gastrointestinal mucosa and proximal tubular cells of
the kidney show a greater localised inflammatory response [66,67]. Patients with already
compromised systems, i.e., with cardiovascular comorbidities such as hypertension, severe
dyslipidaemia, obesity, DM, and those with chronic kidney disease thus have poorer
outcomes in the event of disease progression to a cytokine storm [68,69]. Cardiac infection-
producing myocarditis and infarctions are similarly hypothesized [70].

Immunosuppressive therapies such as steroids are among the few interventions proven
to blunt this unchecked inflammation and improve survival. The high rate of usage of
steroids in the period of cytokine storm in these patients exponentially increases the risk of
them acquiring the IFIs in the recovery period [13,26].

The association of steroid therapy with mucormycosis has been the most constant in
the recent upstroke of cases. Steroids are one of the only therapies proven to consistently
reduce mortality in COVID-19 patients [13,26]. They are considered an essential therapy
for COVID-19 patients on supplemental oxygen therapy [71]. Their use, however, has
a multitude of complications attached. Worsening hyperglycaemia or new-onset DM
and immunosuppression are among the common mechanisms that predispose to angio-
invasive mucormycosis. Corticosteroids are implicated in immune system destruction by
impairing leukocyte chemotaxis and prevention of phagolysosome fusion [72]. This steroid-
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induced immune dysregulation is an added burden on the virus-induced lymphopenia and
hypercytokinaemia, leaving the patient wide open to a host of super-added co-infections.
This may be compounded by the fact that steroids are given as over-the-counter pills in
India leading to rampant misuse of the drugs [14].

DM remains the maximally associated factor predisposing to mucormycosis, with a
mortality of 46% [48]. SARS-CoV-2 has been seen to worsen the glycaemic profile in patients
with DM through multiple mechanisms, though they are all not completely understood.
Notably, the virus can infect the pancreatic islet cells causing damage to the β-cells, causing
hypoinsulinaemia and worsening hyperglycaemia [22,73,74]. DM, by nature, causes a
degree of endothelial dysfunction due to chronic inflammation, leading to microvascular
complications. Direct viral invasion of the vascular lining, causing endothelial damage, is
mediated by ACE-2 receptors. This results in apoptosis and pyroptosis of the endothelium
predisposing to angio-invasive secondary infections [61].

Among diabetics, the risk multiplies in patients with diabetic ketoacidosis (DKA). The
virus and the hyperimmune stress state themselves predispose to dysglycaemia and DKA,
even in the absence of poorly controlled sugars [22,74]. Hyperglycaemia produces a state
of secondary immune deficiency. The dysglycaemia and acidic pH in ketoacidosis results
in phagocyte dysfunction and defective intracellular killing of the fungi. The low-grade
chronic inflammation causes an impaired immune response—both innate and adaptive
response to infections. This also paves the way for the cytokine storm. The acidotic serum
pH of 6.88–7.3 in DKA is also conducive to florid fungal proliferation [75].

The endothelial dysfunction and cytokine storm are procoagulant states leading to
thrombosis and tissue ischemia [59,61]. The ischemic necrosis prevents leukocyte chemo-
taxis and effective delivery of antifungal agents to the foci of infection. The concomitant
endotheliitis that occurs as a result of oxidative damage causes adherence of the fungal
elements to the vessel walls. These factors combined with the angio-invasive nature of the
fungus are responsible for the haematogenous dissemination of the disease [76].

Iron is required for fungal hyphal growth and development. One of the main host
defence mechanisms against mucormycosis is limiting the availability of free iron to the
fungus by having it bind to forms such as transferrin, ferritin, and lactoferrin. The acidic
pH in DKA displaces the iron from its bound forms in the human body, increasing its
availability to the fungal elements. The presence of increased unbound iron plays a vital
role in predisposing patients with DKA to developing the disease. Some Mucorales secrete
high-affinity iron chelators or siderophores such as rhizoferrin to acquire the iron from
the host cells. Those species without rhizoferrin utilize exogenous xenosiderophores
such as deferoxamine that are administered in DKA patients to treat iron overload, in
order to fulfil their iron requirements. This explains why patients who are on long-term
iron chelation therapy are at elevated risk of mucormycosis. Severe COVID-19 disease
is also a hyperferritinaemic state, due to interleukin-six-mediated ferritin synthesis and
downregulation of iron transport. There is an intracellular accumulation of iron in the
hepatocytes, eventually causing necrosis and release of the accumulated iron. The high
serum iron forms a fertile ground for florid fungal proliferation [77,78].

Tocilizumab, an immunomodulatory monoclonal antibody that targets the deregulated
interleukin-six pathway implicated in the COVID-19 cytokine storm, is associated with an
increased risk of infections. It modulates and suppresses the immune system, leaving the
body vulnerable to other pathogens such as bacteria and fungi [79,80].

Neutrophil and phagocyte activity are the main defences against fungal infection.
Mononuclear and polymorphonuclear cells generate reactive oxygen species and defensin
peptides that inhibit fungal growth. Patients with impaired neutrophil function (primary
immune deficiencies) are thus at higher risk. These are unaffected in COVID-19 infection;
thus, a primary cause–association relationship is unlikely [72].
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5.2. Cancer and Mucormycosis

Invasive fungal infections are a common cause of morbidity in patients with HMs.
Second only to aspergillosis, zygomycosis occurs as a result of a confluence of multiple
risk factors in this population [10,81]. Among the malignancies, acute leukaemia and lym-
phomas are found to be the most commonly associated with mucormycosis [82,83]. Other
risk factors in the subgroup included haematopoietic stem cell transplants, myelodysplas-
tic syndromes, concomitant graft versus host disease and high-dose steroid therapy [84].
The pulmonary and disseminated forms of the disease appear to be more common with
haematologic malignancies [83,84].

Management of patients with HMs involves profound immunosuppression due to
highly cytotoxic drugs, immunomodulatory therapies, and long-term high-dose steroids.
All of these treatments break down the entire immune system to a virtually negligible exis-
tence, leaving the patient vulnerable to a host of opportunistic pathogenic infections [85].

These patients are at substantial risk for granulocytopenia and febrile neutropenia due
to the chemotherapeutic medications. With neutrophils being the primary defence against
the fungal elements, reduced numbers in the circulation lower the body’s defence and
immunity predisposing to infection [86]. These patients show extensive angio-invasion and
hyphal elements, but inflammatory infiltrates are minimal. Conversely, non-neutropenic
HM patients with steroid compromised immune systems have a far less invasive disease,
but more inflammatory infiltration with polymorphonuclear leukocytes [87,88].

Febrile neutropenia patients are on concomitant broad-spectrum antibiotic therapy
to prevent flare-ups of bacterial infections. This in conjunction with the primary cytotoxic
immunosuppressive medications leave this cohort of patients at risk for fungal infections,
especially in the absence of primary antifungal prophylaxis [89].

Steroids form an essential arm in the primary therapeutic regimens of some lym-
phomas and myelomas. They are additionally used as adjuvant therapy for pain manage-
ment [90,91], reducing inflammation and oedema, and for symptomatic relief of refractory
symptoms of obstructions and dyspnoea [92]. The presence of prolonged high-dose steroid
therapy causes a drug-induced hyperglycaemic state and, consequently, DM and DKA,
creating an environment conducive for fungal growth [93].

In patients planned for or having received stem-cell transplantation, the phase of
rebuilding immunity can be a perilous one. The complex immune milieu in these patients
that results from the cocktail of immunosuppressive therapies, antimicrobial prophylaxis,
and graft-versus-host disease (GVHD) multiplies the risk of acquiring invasive fungal
infections [88]. This risk does not appear to be ameliorated even with antifungal prophylaxis
with some azole and echinocandin medications. Breakthrough mucor infections are not
uncommon [94,95]. In the last few years, mortality due to breakthrough mucormycosis
has reduced with the advent of prophylaxis regimens with posaconazole. Treatment of
mucormycosis in the cohort with liposomal amphotericin B and isavuconazole has also led
to improvements in morbidity and mortality statistics [6,44,48].

Patients receiving chemotherapeutic drugs such as folate antagonists, antipurines, and
steroids tend to develop oral ulcerations in the oral cavity and gastrointestinal tract. This
discontinuity in the mucosa can pave the way for disseminated fungal infection, beginning
as mucocutaneous or gastrointestinal disease [96].

5.3. COVID-19 and Cancer

Patients with cancer and concomitant COVID-19 infection have a higher fatality rate
(7.6%) as compared to those without cancer (3.8%), with risk doubling [72,97]. There is no
clear evidence of any associative relation linking the virus to any modulatory oncogenic
pathobiology. However, there are a few theories postulating reasons for this doubling in
mortality and high rate of complications [98,99].

Cancer treatments significantly increased risk of COVID-19 infection in the form of
radiation therapy, chemotherapy, stem cell transplantation, and chimeric-antigen-receptor
T-cell (CAR-T) therapy. All of these therapies cause varying degrees of immunosuppression
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in the body [100]. These treatments may sometimes cause a suppression of prodrome
symptoms such as fever, leading to a delay in diagnosis [101].

Cellular senescence, via its oncogenic mutations, is a proven risk factor for many can-
cers [102]. Increasing age is a determinant of various other comorbidities, such as DM and
hypertension that worsen the outlook of COVID-19 patients [73,102–104]. Inflammaging
in a setting of cancer leads to a progressive weakening of the body’s defence mechanisms
and healing [102,105]. This immune decline predisposes them to COVID-19 and also paves
the way for poorer outcomes [104]. Recent immunophenotyping studies also show the
virus promotes age-induced immune and genetic dysregulation, and this accounts for the
vulnerability of the geriatric population [106]. This is supported by the fact that paediatric
oncology patients show a lower infection rate as compared to their adult contacts and
caregivers (2.5% as compared to 14.7%) [107,108].

The SARS-CoV-2 virus enters host cells by using its spike protein (S), which binds to
the ACE-2 receptors on human cells [109,110]. These receptors are highly populated on type
2 alveolar cells, leading to pulmonary inflammation. They are also present on other tissues,
such as the endothelium of the blood vessels, smooth muscles of the gastrointestinal tract,
heart, kidneys, and liver [111,112]. Interestingly, the expression of the ACE-2 receptors
varies in patients with cancer, i.e., some cancers show an upregulation of the receptor on
their cell surfaces. This suggests that oncology patients are more likely to be infected with
the virus and also have a poorer prognosis [113,114].

Both cancer and COVID-19 share a few metabolic risk factors. Type 2 DM, obesity, and
metabolic syndrome are amongst the widely known hazards implicated, notably, in liver,
pancreatic and endometrial cancers [115,116]. The immunologic response in cancer depends
on the T helper cells and cytotoxic T cells. This mechanism is impaired by DM [117].

Lymphopenia is noted in a subset of patients with advanced cancers such as pan-
creatic, breast, lymphomas, and melanomas [118,119]. The lymphocytes also control the
progression and therapeutic responses in cancer [120]. Additionally, the immune response
of the body, adaptive and innate systems alters the natural history of the malignancy. A
cytokine storm is a systemic inflammatory response syndrome that can be triggered in
cancer patients by a plethora of factors, such as CAR-T cell therapy, monoclonal anti-
bodies, infections, and some chemotherapeutic drugs [57,121,122]. The virus itself also
causes an immune dysregulation, as part of its core pathogenesis, resulting in hypercy-
tokinaemia [3,58]. This double-edged immune response may influence the pathogenesis
of both diseases. The therapeutic approaches used in oncology patients to combat this
syndrome can be considered as options in COVID-19-induced cytokine storm [123,124].

Coagulopathy is another common link between cancer and COVID-19 infection.
Thrombosis and bleeding-related complications cause significant morbidity and mortality
in severe COVID-19 infection [125,126]. They are also significantly accountable for cancer-
related deaths, due to the direct thrombolytic properties of tumour cells, hypercoagulable
state resulting from immune dysregulation, and release of pro-coagulant mediators such as
cysteine proteases [127]. A combination of both entities can compound these procoagulant
effects [98,99,128,129].

6. Conclusions

Despite there being a higher risk of morbidity, complications, and mortality, there is
still a paucity of data emphasising the need for stricter guidelines, prophylactic therapies,
and management strategies in cancer patients with COVID and systemic fungal infections
such as mucormycosis. Studies into the interactions of the virus with cancer cells and the
virus with chemotherapeutic drugs are also required to better understand the pathogenesis
of infection and the interplay of the human body with cancer and virus cells. The presence
of invasive fungal infection in this setting only complicates the treatment due to it being a
superadded infection in a doubly immunocompromised host.

For physicians to effectively control and manage the triple threat posed due to a
poor general condition from the malignancy, a viral infection and an invasive systemic

161



J. Pers. Med. 2022, 12, 1119

fungal infection, a thorough study into the interplay of physical factors, chemical and
microbiological factors is the need of the hour. Moreover, not only do COVID-19 and
mucormycosis pose a larger risk in cancer patients, the COVID-19 and mucormycosis
status of a patient with an underlying malignancy may also have bearing on the cancer
chemotherapy/immunotherapy or antibody therapy. Figure 1 illustrates the interwoven
relationship between COVID-19, mucormycosis and cancer.
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Abstract: Background: The coexistence of chronic obstructive pulmonary disease (COPD) and
obstructive sleep apnea (OSA) has been defined as overlap syndrome (OVS). Recently, a link between
OSA, COPD and Vitamin D (Vit D) serum concentration was reported, however, evidence regarding
Vit D status in patients with OVS is scarce. The aim of the present study was to evaluate Vit
D serum levels and to explore the association of those levels with anthropometric, pulmonary
function and sleep parameters in patients with OVS. Methods: Vit D serum levels were measured in
patients diagnosed with OVS, as confirmed by overnight polysomnography and pulmonary function
testing. Results: A total of 90 patients (79 males and 11 females) were included in the analysis. The
patients were divided into three groups matched for age, gender, and BMI: the control group that
included 30 patients (27 males and 3 females), the OSA group that included 30 patients (26 males
and 4 females), and the OVS group that included 30 patients (26 males and 4 females). Patients with
OVS exhibited decreased serum 25(OH)D levels compared with OSA patients and controls (14.5 vs.
18.6 vs. 21.6 ng/mL, p < 0.001). In the OVS group, multiple linear regression analysis identified AHI
and FEV1, as predictors of serum 25(OH)D levels (p = 0.041 and p = 0.038, respectively). Conclusions:
Lower Vit D levels have been observed in patients with OVS compared with OSA patients and
non-apneic controls, indicating an increased risk of hypovitaminosis D in this population which
might be associated with disease severity.

Keywords: chronic obstructive pulmonary disease; obstructive sleep apnea; overlap syndrome;
vitamin D

1. Introduction

Chronic obstructive pulmonary disease (COPD) and obstructive sleep apnea (OSA)
are both highly prevalent pulmonary diseases [1,2]. COPD affects approximately 11.7%
of the global adult population, and OSA is estimated to affect 10–17% men and 3–9%
women [1,2]. The coexistence of the two conditions has been defined as “overlap syndrome
(OVS)”, a distinct clinical syndrome, which may be different to the simple aggregate of
OSA and COPD [3]. Epidemiological studies indicate an OVS prevalence of approximately
1% among adult males [4]. Both COPD and OSA share common risk factors such as tobacco
smoking, and are associated with systemic inflammation and oxidative stress [4]. Addi-
tionally, patients with OVS are known to exhibit a more profound hypoxia during sleep
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compared with patients with COPD or OSA alone, further contributing to inflammatory
activation and the potential development and progression of cardiovascular disease and
other comorbidities [5,6]. OSA and COPD have also been associated with an increased
risk of endocrinal and metabolic conditions, namely insulin resistance, depression of the
somatotropic axis, hypogonadism, imbalance of the adrenal axis, bone loss and hypothy-
roidism [7–9].

Recently, a link between OSA, COPD and Vitamin D serum concentration was reported
in the literature [10–12]. Vitamin D (Vit D) is a fat-soluble vitamin that can be found in some
foods and is synthesized in the skin after exposure to sunlight [13]. The classical function
of Vit D is the regulation of bone metabolism; however, accumulating evidence suggests
that it also possesses anti-inflammatory and immune-modulating properties [13]. Serum
25-hydroxyvitamin D (25(OH)D) concentration is recommended as the best indicator of
Vit D status [13]. Vit D insufficiency has exponentially increased over the years, with its
prevalence estimated between 13% and 40.4% in European countries, depending on the def-
inition of Vit D insufficiency used [14]. Decreased serum 25(OH)D has been associated with
a variety of pulmonary diseases, including respiratory infections, asthma and cancer [13].
Recently, OSA has been associated with hypovitaminosis D, and adequate use of CPAP
is likely to augment Vit D levels [10,15]. Similarly, decreased serum 25(OH)D levels have
been described in COPD patients, while a protective role against exacerbations has been
attributed to Vit D supplementation [11,16]. However, evidence regarding Vit D status in
patients with OVS is scarce. Therefore, the aim of the present study is to evaluate Vit D
serum levels and to explore the association of those levels with anthropometric, pulmonary
function and sleep parameters in patients with OVS.

2. Methods
2.1. Study Population

The present study protocol was approved by the Alexandroupolis University General
Hospital Ethics Committee and all performances were carried out in accordance with the
Helsinki Declaration of Human Rights [17]. Participants who enrolled between January of
2019 and December of 2020 from the sleep laboratory of our institution were referred for
evaluation of suspected sleep-disordered breathing. Informed consent was provided prior
to each participant’s enrollment.

Patients diagnosed with both OSA and COPD, as confirmed by overnight polysomnog-
raphy and pulmonary function testing were included in the study. Exclusion criteria were
as follows: refusal to participate, previously diagnosed OSA under continuous positive
airway pressure (CPAP) therapy or evidence of exclusively central apneas documented in
polysomnography, Vit D supplementation, conditions known to affect calcium, phosphorus
and Vit D metabolism and absorption, serious heart diseases, chronic kidney or hepatic
disease, cancer, inflammatory diseases, severe cognitive or psychiatric disorders, or any
respiratory disorder other than COPD.

2.2. Study Variables

Information on previous medical history, current medication use (with an emphasis
on Vit D supplementation) and tobacco smoking were obtained from all participants.
Anthropometrical data including age, sex, neck, waist and hip circumference were also
recorded, and a waist-to-hip ratio (WHR) was calculated. Body mass index (BMI) was
calculated using the following formula: BMI = Weight (in kilograms)/Height (in meters)2.
Subjective sleepiness was assessed using the Greek version of the Epworth Sleepiness Scale
(ESS), which assesses the tendency to fall asleep during eight typical daytime situations [18].
A score >10 was considered indicative of excessive daytime sleepiness [18].

2.3. Polysomnography

All participants underwent an overnight, in-laboratory supervised polysomnography
from 22:00 to 06:00 and the data were recorded on a computer system (Alice® 4, Philips
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Respironics, Murrysville, PA, USA). In each patient, electroencephalogram, electroocu-
logram, electromyogram (submental and bilateral tibial), and electrocardiogram were
recorded. Airflow was detected using combined oronasal thermal sensors. Additionally,
continuous pulse oximetry was performed, and impedance belts were used to assess the
thoracic and abdomen respiratory effort. Respiratory events (apneas and hypopneas)
and electroencephalogram recordings were manually scored according to international
guidelines [19]. Apnea was defined as a cessation of airflow or ≥90% of airflow reduction
for at least 10 s [19]. Obstructive apneas were defined based on the presence of thoracic
efforts. Hypopnea was defined as ≥50% decrement in airflow for at least 10 s in combi-
nation with oxyhemoglobin desaturation of at least 4% [19]. The apnea-hypopnea index
(AHI) was calculated as the average number of apneas and hypopneas per hour of recorded
sleep time [19]. A diagnosis of OSA was made when the AHI in the recorded study was
>5 events/h of sleep accompanied by related symptoms (sleepiness, snoring, witnessed
apneas) [20]. Subjects with AHI <5/h of sleep were considered as controls.

2.4. Pulmonary Function Testing

Pulmonary function testing (Screenmate, Erich Jaeger GmbH & Co., Hochberg, Germany)
and arterial blood gasses analysis were performed the day before PSG. Forced expiratory
volume in the first second (FEV1) and forced vital capacity (FVC) were measured and the
FEV1/FVC ratio was calculated. The diagnosis of COPD was based on the presence of
persistent airflow limitation, as defined by a post-bronchodilator FEV1/FVC ratio of less
than 70%, associated with symptoms such as dyspnea, cough and/or sputum production
and a compatible history of exposure to risk factors [21].

2.5. Blood Samples and Analysis

All participants provided a fasting blood sample upon awakening the morning after
polysomnography. Blood was then centrifuged (3000 rpm for 10 min) and the serum obtained
was conserved frozen at −80 ◦C for future analysis. Serum 25(OH)D was measured using a
commercial radioimmunoassay kit (DiaSorin, Stillwater, MN, USA). Biochemical examinations
regarding renal, hepatic function, as well as lipidemic profile were also performed.

2.6. Statistical Analysis

All analyses were performed using the IBM Statistical Package for Social Sciences
version 17.0 (SPSS Inc., Chicago, IL, USA, 2008). Study participants were divided into three
groups matched for age, gender and BMI, as controls, OSA and OVS. All variables were
presented as median (25th–75th percentile) for continuous variables and proportions for
categorical variables. Comparison of baseline characteristics among groups was performed
by a chi-square test for categorical variables, or a one-way ANOVA for continuous variables.
Post -hoc analysis was performed using the Tukey’s post-hoc test when homogeneity of
variances was assumed, and the Games-Howell’s post-hoc test when the assumption of
homogeneity of variances was violated. Multiple linear regression analysis was used to
test the association of serum 25(OH)D levels with sleep, anthropometric and respiratory
function parameters.

3. Results

A total of 90 patients (79 males and 11 females) were included in the analysis. In
general, participants were middle-aged (median age 57 years) and obese (median BMI
36.2 kg/m2) with a median value of serum 25(OH)D concentration of 18.1 (13.4–24.4)
ng/mL. The sample was divided into three groups matched for age, gender and BMI:
the control group that included 30 subjects (27 males and 3 females), the OSA group
that included 30 patients (26 males and 4 females) and the OVS group that included
30 patients (26 males and 4 females). Neck and waist circumference differed between the
groups (p = 0.005 and p = 0.023, respectively), and patients with OVS were more likely to
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be current or ex-smokers. The baseline characteristics of the three groups are shown in
Table 1.

Table 1. Comparison of anthropometric characteristics between control, obstructive sleep apnea
(OSA) and overlap syndrome (OVS) groups.

Control Group (n = 30) Patients with OSA (n = 30) Patients with OVS (n = 30) p

Gender (males/females) 27/3 26/4 26/4 0.902
Age (years) 56 (48.8–64.3) 56 (52.8–65) 60 (54.8–67.3) 0.386

Neck circumference (cm) 41 (38–45.5) 46 (43.3–48.8) * 45 (44–50) * 0.005
Waist circumference (cm) 119 (104–131.5) 122 (119–129) 130 (119–135.5) * 0.023
Hip circumference (cm) 119 (107.5–125.5) 117 (112.3–122.8) 119 (110–123.5) 0.554

WHR 1.01 (0.94–1.05) 1.03 (1–1.08) 1.08 (1.04–1.11) * 0.040
BMI (kg/m2) 33.6 (29.9–40.2) 36.9 (34.5–41.6) 36.5 (32–42) 0.105

Tobacco smoking
Non-smokers 36.7% 30% 0% **, # 0.001
Ex-smokers 36.7% 13.3% * 40% # 0.049

Current smokers 26.7% 56.7% * 60% * 0.017

Abbreviations: BMI, body mass index; WHR, waist to hip ratio; *: p < 0.05 compared with control group;
**: p < 0.001 compared with control group; #: p < 0.05 compared with OSA group.

Regarding sleep parameters, AHI was similar between OSA and OVS patients (40.2 vs.
37.1 events/h of sleep, p > 0.05). Patients with OVS exhibited the worst oxygenation during
sleep compared with OSA patients, as assessed by the average oxygen saturation during
sleep (90.8% vs. 92%, p < 0.05) and the percentage of time with oxygen saturation during
sleep < 90% (27.3% vs. 19.7%, p < 0.05). No difference was noted between the groups in
terms of daytime sleepiness, as expressed by the Epworth sleepiness scale score (p = 0.106).
Comparisons of sleep parameters between the groups are presented in Table 2.

Table 2. Comparison of sleep characteristics between control, obstructive sleep apnea syndrome
(OSA) and overlap syndrome (OVS) groups.

Control Group (n = 30) Patients with OSA (n = 30) Patients with OVS (n = 30) p

TST (min) 326.3 (280.8–358.5) 310.1 (260.8–346.3) 320.5 (278.3–360.8) 0.843
N1 (%) 10 (5.6–17.2) 11.4 (6.6–23.4) 11 (4.8–18.2) 0.191
N2 (%) 62.2 (56.9–71) 66.7 (56.2–77.3) 66.4 (60.7–71.4) 0.676
N3 (%) 11.7 (4.4–20.5) 7 (2.1–15.8) 9.9 (6.6–19.1) 0.391

REM (%) 13.5 (4.9–15.1) 6.2 (1.2–13.7) * 4.1 (0.3–12.3) * 0.011
Sleep efficiency (%) 84.6 (75–91.9) 86.4 (74.2–91.9) 83.2 (72.4–92.2) 0.871

Arousal index 14.4 (9.1–18.2 36.5 (21.5–47.4) ** 26.1 (10.3–44.9) * <0.001
AHI (events/h) 2.9 (1.5–4) 40.2 (22.1–70) ** 37.1 (18–62.6) ** <0.001
Aver SaO2 (%) 94.3 (93.8–95.3) 92(89–93) ** 90.8 (84.9–92.1) **,# <0.001
Min SaO2 (%) 88 (84–89) 74.5 (71.8–83.8) ** 74.5 (63.5–81.3) **,# <0.001
T < 90% (%) 0.1 (0–0.4) 19.7 (3.8–39.4) * 27.3 (7.7–83.1) **,# <0.001

ESS score 8 (4.8–12.3) 11.5 (7.8–15.3) 9 (6–13.8) 0.106

Abbreviations: AHI, apnea hypopnea index; Aver SaO2, average oxyhemoglobin saturation; ESS, Epworth
sleepiness scale; Min SaO2, minimum oxyhemoglobin saturation; N1, sleep stage 1; N2, sleep stage 2; N3, sleep
stage 3; REM, rapid eye movement; TST, total sleep time; T < 90%, time with oxyhemoglobin saturation <90%;
*: p < 0.05 compared with control group; **: p < 0.001 compared with control group; #: p < 0.05 compared with
OSA group.

In the OVS group, the median COPD assessment test (CAT) score was 9 (5–14.3).
According to the GOLD classification, the OVS group included 7 patients with mild,
16 patients with moderate, 6 patients with severe and 1 patient with very severe airflow
limitation [21]. Patients with OVS had a lower FEV1 compared with the OSA patients
and control patients (64.7 vs. 89.9 vs. 105.5%, respectively, p < 0.001) and presented
increased PaCO2 during wake in respect to both the OSA and control patients (46.5 vs. 41
vs. 40.5 mmHg, respectively, p < 0.001). Patients with OVS also exhibited decreased serum
25(OH)D levels compared with the OSA patients and control patients (14.5 vs. 18.6 vs.
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21.6 ng/mL, p < 0.001) (Figure 1). Comparisons of measurements and laboratory analyses
between the groups are presented in Table 3.
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Table 3. Comparison of measurements and laboratory analyses between control, obstructive sleep
apnea syndrome (OSA) and overlap syndrome (OVS) groups.

Control Group (n = 30) Patients with OSA (n = 30) Patients with OVS (n = 30) p

FEV1 (% predicted) 105.5 (91.3–113.8) 89.9 (74.6–100.3) 64.7 (48.8–76) **, ## <0.001
FVC (% predicted) 102.5 (87.5–111.4) 85.6 (71–97.3) * 77.9 (62.4–89.1) ** <0.001

FEV1/FVC (%) 83 (80.4–87.8) 84.6 (79.1–90.3) 67.1 (62.5–69.2) **, ## <0.001
pO2 (mmHg) 79 (73.5–84.3) 75 (66.8–79.5) * 67 (60.8–76) ** <0.001

pCO2 (mmHg) 40.5 (37–43) 41 (37–44.5) 46.5 (42–52) **, # <0.001
Glucose (mg/dL) 95 (81–112.5) 112.5 (96,5–151.3) 112.5 (95.3–129.3) 0.080

Creatinine (mg/dL) 0.8 (0.75–1) 0.9 (0.8–1.1) 0.9 (0.8–1.1) 0.707
SGOT (U/L) 20 (17.5–22.3) 22 (17.3–27) 20 (17–24) 0.296
SGPT (U/L) 19.5 (16.8–28) 24 (18–30.5) 21.5 (16.8–26.3) 0.624

Cholesterol(mg/dL) 207 (182–258) 210.5 (162.5–242.8) 185.5 (149–214.5) 0.154
Triglycerides (mg/dL) 158 (117.5–214.3) 158 (120.5–190) 156.5 (117–244.8) 0.166

LDL-C (mg/dL) 128.2 (101.9–159.4) 124.2 (95.4–156.1) 96.1 (77.3–126.2) * 0.030
HDL-C (mg/dL) 46 (41.5–56) 44.5 (35.8–52.5) 50 (43–56.3) 0.411

25(OH)D (ng/mL) 21.6 (17.8–33.6) 18.6 (13.2–25.2) * 14.5 (12.3–17.9) **, # <0.001

Abbreviations: FEV1, forced expiratory volume in first second; FVC, forced vital capacity; HDL-C, high density
lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; pCO2, carbon dioxide partial pressure; pO2,
oxygen partial pressure; SGOT, serum glutamate-oxaloacetate transaminase; SGPT, serum glutamate-pyruvate
transaminase; 25(OH)D, 25-hydroxyvitamin D; *: p < 0.05 compared with control group; **: p < 0.001 compared
with control group; #: p < 0.05 compared with OSA group; ##: p < 0.001 compared with OSA group.

In order to explore the factors predicting serum 25(OH)D levels, a regression model
was created with 25(OH)D serum levels used as a dependent variable. Anthropometric
(age, gender, BMI), pulmonary function parameters (FEV1, FVC and CAT score), and sleep
parameters (AHI, average and minimum saturation during sleep, time spent with SaO2
< 90%, arousal index and ESS score) were used as independent variables. Multiple linear
regression identified that serum 25(OH)D levels could be predicted by AHI (β = −0.758,
p = 0.041, 95% CI: −0.282–−0.006) and FEV1 (β = 0.698, p = 0.038, 95% CI: 0.014–0.410).
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4. Discussion

The OVS is characterized by the co-existence of COPD and OSA, both conditions
that seem to have an adverse effect on calcium homeostasis. In this study, we found
that 25(OH)D serum levels were decreased in patients with OVS, compared with both
OSA patients and non-apneic controls. Additionally, AHI and FEV1 were independently
associated with 25(OH)D serum levels in OVS patients.

The definition of Vit D status in OSA patients remained controversial for a long time,
with some studies reporting decreased Vit D levels in those patients while others concluded
otherwise [22–25]. A meta-analysis conducted by Neighbors et al., [26] including 14 studies
with 1513 controls and 3424 OSA patients, reported decreased Vit D serum levels in the
latter, with Vit D insufficiency being incrementally exacerbated with increasing severity
of OSA (mean differences were −2.7% for mild OSA, −10.1% for moderate OSA and
−17.4% for severe OSA). Similarly, results from a more recent meta-analysis conducted by
Li et al. [10] showed decreased Vit D levels only in patients with moderate (p = 0.002) and
severe (p < 0.0001) OSA compared with non-apneic controls. OSA treatment with CPAP
seems to possess a beneficial effect on Vit D serum levels. Liguori et al. found increased
levels of 25(OH)D after 7 nights of CPAP therapy in male OSA patients, and after 1 year
of treatment mainly in obese OSA patients [27,28]. Similar conclusions were reached in
a randomized sham-controlled trial, where 24 weeks of CPAP treatment improved Vit D
serum levels (p = 0.045) in patients with severe OSA [29]. In the present study, Vit D serum
levels were strongly associated with AHI. These results are in line with those from previous
studies. In a study that included 139 OSA patients and 30 controls, OSA patients had lower
25(OH)D levels compared with controls (17.8 ± 7.8 vs. 23.9 ± 12.4 ng/mL respectively,
p = 0.019) and there was a significant inverse association between AHI and 25(OH)D levels
(r = −0.187, p = 0.045) [22]. Similarly, in another study that included 75 OSA patients
and 31 controls, serum 25(OH)D levels decreased with OSA severity (p = 0.003) and were
negatively associated with AHI (r = −0.40, p = 0.0001) [30]. Overall, current evidence
suggests that hypovitaminosis D is frequent among OSA patients. Multiple factors such as
BMI, gender and disease severity may play a regulatory role in this relationship.

Previous studies have shown that, compared with controls, patients with COPD fre-
quently presented with decreased Vit D levels, with a prevalence that ranged between 33%
and 77% according to disease severity [31–33]. In a recent study that included 1609 COPD
patients, Vit D deficiency was present in 21% and was associated with a 4.11% decrease
in predicted FEV1 at enrollment (95% CI: −6.90% to −1.34% predicted FEV1, p = 0.004),
a 1.27% predicted greater rate of FEV1 decline after 1 year (95% CI: −2.32% to −0.22%
predicted/year, p = 0.02), and increased odds of any COPD exacerbation in the prior year
(OR: 1.32, 95% CI: 1.00–1.74, p = 0.049) [11]. Studies evaluating the effect of Vit D supple-
mentation in lung function produced contradictory results. In a meta-analysis that included
8 studies and 687 COPD patients, Vit D treatment resulted in no significant improvements
in FEV1 (p = 0.144), FVC (p = 0.299), and FEV1/FVC (p = 0.995) in COPD patients [34].
On the other hand, another meta-analysis that included 25 studies involving 2670 COPD
patients concluded that Vit D supplementation was significantly associated with FEV1
(p < 0.01), FEV1/FVC (p < 0.01), exacerbations (p < 0.01), sputum volume (p < 0.01), 6-min
walk distance (p = 0.02) and CAT score (p < 0.01) [35].

Vit D insufficiency in OVS is multifactorial and represents the result of the interaction
of individual conditions present in COPD and OSA. In particular, altered cutaneous syn-
thesis due to aging, toxic smoke effects and reduced sun exposure because of disability to
perform outdoor activities, sequestration in the adipose tissue, increased Vit D catabolism
caused by glucocorticoid therapy (together with impaired liver and renal activation and
reduced gastrointestinal absorption) are all factors known to reduce Vit D serum levels in
COPD patients [36]. Reduced outdoor activities due to exertional dyspnea may also nega-
tively affect Vit D cutaneous synthesis. In addition, low 25(OH)D levels in COPD correlate
with genetic variants of the Vit D-binding gene [32]. Conversely, OSA may represent a risk
factor for Vit D insufficiency. Lack of outdoor activity due to obesity and excessive daytime

174



J. Pers. Med. 2022, 12, 1693

sleepiness might result in reduced Vit D synthesis because of insufficient sun exposure [37].
Moreover, Vit D is stored in fat tissue, thus reducing the release of Vit D into the circulation
and decreasing its bioavailability [37]. Finally, Vit D receptor gene variations affect both
25(OH)D serum levels and disease susceptibility in OSA [38].

A previous study has shown that OVS patients had a similar Vit D status compared
to the controls, OSA, or COPD patients and Vit D deficiency as associated with overall
mortality among groups [39]. Diagnosis of Vit D insufficiency and correction of Vit D status
has several clinical implications in patients with both OSA and COPD. Notably, hypovi-
taminosis D is highly prevalent in COPD patients and has been associated with worse
lung function, increased symptoms and rate of exacerbations, and worse prognosis [11,35].
Moreover, decreased Vit D serum levels were related to COPD severity, and acute exacer-
bations may be prevented with adequate Vit D supplementation [16,40]. Finally, there is
evidence to suggest that a normal Vit D status could improve prognosis in patients with
COPD exacerbations caused by respiratory tract infections [41]. Serum 25(OH)D levels were
decreased in OSA patients compared with controls, and have been associated with disease
severity [10]. On the other hand, with increasing OSA severity serum 25(OH)D levels
further decreased, this suggests that serum 25(OH)D might be a risk factor for OSA [10].
Finally, markers of inflammation and HOMA-IR were significantly decreased after Vit D
supplementation in a small group of patients with mild OSA [42].

The relationship between an adequate Vit D status and cardiovascular risk is con-
troversial, with data suggesting a negative association between Vit D levels and the risk
of cardiovascular disease. Whereas, other studies failed to demonstrate an association
between Vit D serum levels and a reduced risk for adverse cardiovascular events [43,44]. In
a study conducted in Southern Italy that included 451 participants, the Vit D level did not
correlate with cardiovascular risk, as assessed using the Framingham cardiovascular risk
charts [45]. On the contrary, the parathyroid hormone was in direct correlation (p < 0.001)
with cardiovascular risk, and increased parathyroid hormone levels identified a population
with a higher risk for cardiovascular events (p < 0.001) [45]. Results from this study suggest
increased parathyroid hormone levels might be a better predictor of cardiovascular risk in
patients with hypovitaminosis D.

Nonetheless, the present study has limitations. First, the study was cross-sectional in
design, and consequently, it is not possible to infer any causal relationships. Second, the
sample of OVS patients included was rather small and was not representative of the female
population. This is largely due to the low prevalence of OVS in the general population
and to the disparity in gender-specific estimates of COPD and OSA prevalence [4,46,47].
Thus, larger scale studies are necessary to better assess Vit D status in OVS patients.
Third, 25(OH)D was not deseasonalized and the parathyroid hormone was not measured.
However, all participants were Caucasian, living in a single region of northern Greece, a
relatively small geographical area, with no variations in latitude and with similar conditions
regarding cloudiness and air pollution. Moreover, participants had no variations regarding
skin pigmentation and in their way of dressing, had similar dietary habits, similar sun
exposure and sun-bathing behavior. Furthermore, OVS patients were middle-aged, so
caution is warranted in order to extrapolate this data to elderly OVS patients. Finally,
only one patient with very a severe air-flow limitation was included in the OVS group.
However, it has been shown that Vit D levels decrease with increasing air-flow limitation
severity [11]. An analysis of sub-populations based on disease severity in the OSA group
was not performed due to the limited sample size.

5. Conclusions

In conclusion, lower Vit D levels have been observed in patients with OVS compared
with OSA patients and non-apneic controls, indicating an increased risk of hypovitaminosis
D in this population. This is expected since both the components of OVS, COPD and
OSA are also associated with decreased Vit D levels. Given the protective role of Vit D
against FEV1 decline and COPD exacerbations, as well as the association of low Vit D levels
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with cardiovascular and metabolic diseases, screening of OVS patients for Vit D might be
beneficial in the management of this population of patients.
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Abstract: Heart rate variability (HRV) is the standard method for assessing autonomic nervous system
(ANS) activity and is considered a surrogate marker for sympathetic overactivity in obstructive sleep
apnea (OSA). Although HRV features are usually obtained from the short-term segment method, it is
impossible to evaluate rapid dynamic changes in ANS activity. Herein, we propose the ultra-short-
term analysis to detect the balance of ANS activity in patients with OSA. In 1021 OSA patients, 10 min
HRV target datasets were extracted from polysomnographic data and analyzed by shifting the 2 min
(ultra-short-term) and 5 min (short-term) segments. We detected frequency-domain parameters,
including total power (Ln TP), very low frequency (Ln VLF), low frequency (Ln LF), and high
frequency (Ln HF). We found that overall HRV feature alterations indicated sympathetic overactivity
dependent on OSA severity, and that this was more pronounced in the ultra-short-term methodology.
The apnea-hypopnea index, oxygen desaturation index, and Epworth sleepiness scale correlated with
increased sympathetic activity and decreased parasympathetic activity, regardless of the methodology.
The Bland-Altman plot analyses also showed a higher agreement of HRV features between the two
methodologies. This study suggests that ultra-short-term HRV analysis may be a useful method for
detecting alterations in ANS function in OSA patients.

Keywords: heart rate variability; autonomic nervous system; sleep; obstructive sleep apnea

1. Introduction

Obstructive sleep apnea (OSA) is the most common sleep-related breathing disorder
and is characterized by total or partial upper airway collapse. Patients with OSA usually
experience frequent hypoxic events and sleep fragmentation, resulting in repeated exposure
to hypoxemia and hypercapnia. Additionally, this phenomenon could induce sympathetic
overactivity in patients [1–3]. These alterations in autonomic nervous system (ANS) activity
also contribute to the development of cardiovascular diseases in patients with OSA [4–6].
Heart rate variability (HRV) is a noninvasive method for the assessment of changes in ANS
activity and represents the balance between the parasympathetic nervous system (PNS)
and sympathetic nervous system (SNS) [7]. Most studies regarding HRV have shown a
higher low-frequency power (LF) and a higher ratio of LF to high-frequency power (HF) in
patients with OSA than in healthy subjects [8–10]. These findings support the idea that the
balance shift in ANS activity moves toward sympathetic overactivity in these patients. In
fact, evidence suggests that HRV can assess the shift in ANS activity and could be a useful
marker of OSA severity [11–14].

To date, linear and non-linear methods of HRV analysis have been used. There
are several algorithms of the non-linear method, such as Hurst exponent and Higuchi
fractal dimension. However, HRV analysis is usually performed as a function of the
time or temporal frequencies from linear analysis methods: peaks below 0.04 Hz (very
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low frequency, VLF), between 0.04 and 0.15 Hz (low frequency, LF), and between 0.15
and 0.4 (high frequency, HF). Previously, the majority of these studies used a short-term
window, which investigates the degree of fluctuations in the time and frequency domains,
to evaluate the HRV analysis. Short-term segment HRV is typically calculated over 5 min,
and the magnitude of the frequency components obtained by spectral analysis is useful
for assessing ANS activity [15]. However, HRV analysis based on short-term segments has
inevitable limitations in clinical applications because its spectral estimates cannot reflect
rapid ANS fluctuations. For this reason, several recent studies have suggested that ultra-
short-term segments (shorter than 5 min) may be effective alternatives to short-term HRV
analysis for mental stress detection [16–18]. Herein, we investigated the frequency spectral
analysis of HRV features using the ultra-short-term methodology and evaluated whether
the methodology could be more effective as a diagnostic marker for the alteration of ANS
activity in patients with OSA. To the best of our knowledge, no studies have investigated
ultra-short HRV as a valid surrogate in patients with OSA.

2. Materials and Methods

We consecutively enrolled patients diagnosed with OSA at the Sleep Center of Hallym
Medical University Chuncheon Sacred Hospital and the informed consent was obtained
from all subjects involved in the study. We excluded patients who had previously been
diagnosed with a psychological disorder, a history of any medical condition that could
influence sympathovagal activity, and serious comorbidities (e.g., cancer, severe depression
or insomnia, severe cardiac or respiratory failure, and severe renal or hepatic insufficiency).
We performed overnight full polysomnography (PSG) and obtained the Epworth Sleepiness
Scale (ESS) scores for all enrolled patients to assess daytime sleepiness. In this study, sleep
stage and respiratory events were scored according to the American Academy of Sleep
Medicine [19]. The following sleep parameters were assessed: total sleep time (TST), sleep
efficiency (TST/time in bed × 100), sleep latency, oxygen desaturation index (ODI), and
apnea-hypopnea index (AHI). ODI was defined as the number of episodes of oxygen
desaturation per hour of sleep, with oxygen desaturation defined as a decrease in blood
oxygen saturation (SpO2) to lower than 3% below baseline. The AHI was defined as the
sum of the number of apneas and hypopneas per hour of sleep. In this study, we defined
apnea as when the peak signal excursions, measured using an oronasal thermal sensor,
dropped by ≥90% of baseline before the event, lasting for more than 10 s. Conversely,
hypopnea was scored when the peak signal excursions using nasal pressure dropped by
≥30% of baseline before the event for at least 10 s, followed by a ≥ 3% decrease in oxygen
desaturation or accompanied by arousal. Based on AHI, we classified the severity of OSA
as follows: normal (AHI < 5), mild OSA (5 ≤ AHI < 15), moderate OSA (15 ≤ AHI < 30),
and severe OSA (AHI ≥ 30).

HRV is characterized by the variability in beat-to-beat intervals of the heart and is
typically measured using RR intervals extracted from an ECG signal. Thus, in this study,
we extracted the electrocardiography data from PSG recordings visually inspected for
accuracy and quality. Specifically, we eliminated ectopic beats and artifacts and selected
only normal-to-normal beats for the HRV analysis. Generally, time-domain HRV parame-
ters showed variability in beat-to-beat intervals, which influenced both sympathetic and
parasympathetic activities [20]. Thus, these parameters are not typically used to discrimi-
nate the balance of ANS activity (sympathetic and parasympathetic functions). For this
reason, we obtained the frequency-domain HRV parameters. We used four spectral power
analyses by shifting predetermined segments (ultra-short-term, 2 min and short-term,
5 min) forward by 2 s during the entire 10 min HRV target dataset, which were collected
from each patient: total power (Ln TP), very low frequency (Ln VLF), low frequency (Ln
LF), and high frequency (Ln HF) in frequency-domain measures.
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Numerical variables are expressed as mean ± standard deviation, and Student’s t-test
was used to compare HRV parameters after the normality test. ANOVA with post hoc
analysis was performed to compare the specific values according to the OSA severity group.
Pearson’s coefficient test was used to identify the relationships between HRV and sleep
parameters according to OSA severity. To compare the agreement of the HRV parameters
between the ultra-short-term and short-term segments, we used Bland-Altman plots. All
statistical analyses were conducted using R version 3.5.0 (R Foundation for Statistical
Computing, Vienna, Austria). Statistical significance was set at p < 0.05.

3. Results

In total, 1021 patients with OSA were enrolled in this study. The patients were
divided into three groups: mild OSA (n = 238), moderate OSA (n = 331), and severe
OSA (n = 452). The demographics and PSG parameters are presented in Table 1. Age
and ESS were significantly higher in patients with severe OSA than in the other groups
(p < 0.001), whereas there were no significant group differences in TST, sleep latency, and
sleep efficiency.

Table 1. Baseline characteristics and polysomnographic parameters.

Mild Moderate Severe

Number 238 (23.3%) 331 (32.4%) 452 (44.3%)
Age 53.87 ± 7.55 56.14 ± 7.91 57.06 ± 8.53
Sex

Male 206 (86.6%) 237 (71.6%) 403 (89.2%)
Female 32 (13.4%) 94 (28.4%) 49 (10.8%)

Body mass index
(kg/m2) 24.2 ± 3.8 26.4 ± 4.8 27.2 ± 3.1

Hypertension 168 216 285
ESS 5.06 ± 1.34 5.56 ± 2.24 11.11 ± 4.04

Total sleep Time (min) 363.93 ± 56.94 367.12 ± 56.43 375.67 ± 55.23
Sleep latency (min) 44.70 ± 9.64 45.94 ± 8.19 45.76 ± 7.72
Sleep efficiency (%) 79.74 ± 6.63 79.59 ± 6.42 79.30 ± 6.53

AHI 9.34 ± 2.37 20.50 ± 3.86 60.69 ± 17.38
ODI 7.87 ± 2.23 9.43 ± 3.96 33.62 ± 17.21

Epworth sleepiness scale, ESS; apnea-hypopnea index, (AHI); oxygen desaturation index, (ODI).

A 10 min HRV target segment was divided into consecutive individual ultra-short-
term and short-term segments every 2 s, and all frequency-domain HRV parameters were
averaged according to OSA severity (Tables 2–4). In mild and moderate OSA, Ln TP and Ln
HF were significantly higher in the ultra-short term than in the short term (Tables 2 and 3),
whereas the values of Ln TP, Ln VLF, and Ln LF based on the ultra-short term were
significantly higher in those based on the short term (Table 4). However, there was no
significant difference in the value of Ln LF/Ln HF between the ultra-short-term and short-
term segments, regardless of OSA severity. We also confirmed that patients with OSA had
overall alterations in HRV measures, indicating sympathetic overactivity, and this tendency
was more pronounced in those with severe OSA. Additionally, these findings were more
clearly detected in the ultra-short-term analysis than in the short-term analysis.
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Table 2. Heart rate variability parameters between ultra-short and short term in mild obstructive
sleep apnea.

Ultra-Short Term Short Term p Value

Ln TP 7.47 ± 0.34 7.29 ± 0.47 <0.001
Ln VLF 6.97 ± 0.57 6.93 ± 0.61 0.504
Ln LF 7.24 ± 0.91 7.20 ± 1.21 0.733
Ln HF 7.10 ± 0.29 6.97 ± 0.61 0.002

Ln LF/Ln HF 1.02 ± 0.15 1.04 ± 0.20 0.221
Total power, Ln TP; very low frequency, Ln VLF; low frequency, Ln LF; high frequency, Ln HF.

Table 3. Heart rate variability parameters between ultra-short and short term in moderate obstructive
sleep apnea.

Ultra-Short Term Short Term p Value

Ln TP 7.43 ± 0.35 7.30 ± 0.46 <0.001
Ln VLF 7.19 ± 0.58 7.13 ± 0.53 0.152
Ln LF 7.56 ± 1.08 7.41 ± 1.00 0.071
Ln HF 5.18 ± 1.24 4.71 ± 1.45 <0.001

Ln LF/Ln HF 1.60 ± 0.64 1.78 ± 0.75 0.001
Total power, Ln TP; very low frequency, Ln VLF; low frequency, Ln LF; high frequency, Ln HF.

Table 4. Heart rate variability parameters between ultra-short and short term in severe obstructive
sleep apnea.

Ultra-Short Term Short Term p Value

Ln TP 7.45 ± 0.34 7.22 ± 0.50 <0.001
Ln VLF 7.19 ± 0.52 7.02 ± 0.58 <0.001
Ln LF 8.36 ± 0.97 7.95 ± 0.57 <0.001
Ln HF 1.80 ± 0.92 1.82 ± 1.06 0.849

Ln LF/Ln HF 6.93 ± 7.17 6.33 ± 4.14 0.125
Total power, Ln TP; very low frequency, Ln VLF; low frequency, Ln LF; high frequency, Ln HF.

The correlation between sleep parameters and HRV parameters is shown in Figures 1–3. We
found that, in both HRV analyses (ultra-short or short-term segments), AHI was positively
correlated with Ln LF and Ln LF/Ln HF, whereas there was a negative correlation between
AHI and Ln HF. This trend was also detected in the ODI and ESS, although the Pearson’s
correlation coefficients slightly decreased from AHI to the ODI and ESS. This means
that AHI, ODI, and ESS were well correlated with increased sympathetic activity and
decreased parasympathetic activity, a tendency that was more prominent in the ultra-short-
term analysis.

Moreover, we used Bland-Altman plots to analyze the consistency of the HRV pa-
rameters. The Bland-Altman plots for HRV analyses based on ultra-short and short-term
segments are shown in Figure 4. We found that the major HRV parameters, such as Ln LF,
Ln HF, and Ln LF/Ln HF, were mostly located within the upper and lower 2.0 SD lines.
This means that the agreement of HRV parameters between the ultra-short and short-term
segments was substantial.
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Figure 1. Correlation between AHI (A) Ln LF, (B) Ln HF, (C) Ln LF/Ln HF. Apnea‐hypopnea index, 

AHI; total power, Ln TP; very low frequency, Ln VLF; low frequency, Ln LF; high frequency, Ln 
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4. Discussion

HRV is widely used as a marker related to the ANS and is classically divided into
two categories based on the length of the data recording. One is short-term HRV, typ-
ically calculated over 5 min, and the magnitude of its frequency components obtained
by spectral analysis is used for the assessment of ANS function [21–24]. Another is long-
term HRV computed over a nominal 24 h and its time-frequency domain is used mainly
for mortality risk prediction [25–28]. However, the demand for rapid detection of ANS
alterations has increased in several medical areas with the development of wearable de-
vices [29,30]. Thus, ultra-short-term HRV analysis has been actively applied in various
medical fields [16,17,31–33]. In the present study, to overcome the shortcomings of short-
term methodology in HRV analysis, we investigated the effectiveness of ultra-short-term
methodology in the detection of ANS alterations in patients with OSA. We found that,
in both ultra-short- and short-term methodologies, all HRV parameters showed a similar
tendency, which indicated sympathetic overactivity along with increased OSA severity.
Additionally, we detected a significant correlation between HRV parameters and AHI, ODI,
and ESS scores. The HRV feature also showed a higher agreement between the ultra-short-
and short-term methodologies.

The frequency analysis of HRV typically uses three parameters: Ln VLF, Ln LF, and
Ln HF. Additionally, Ln TP can be measured by the sum of the total spectral power, and
it is thought to represent the global autonomic function. The Ln LF/HF ratio, as a major
marker for sympathovagal balance, can also be calculated during HRV analysis. Among
HRV studies of OSA, there is widespread evidence demonstrating that the alteration
of ANS balance toward sympathetic predominance is well reflected in the Ln LF/HF
ratio, Ln LF [8,10,34–36]. In addition, a shift in ANS function towards parasympathetic
predominance was observed with increases in Ln HF [34–36]. Thus, the shift toward
sympathetic predominance demonstrated by HRV analysis of patients with OSA could
suggest a higher cardiovascular risk during waking status.
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It is well known that HRV features obtained from short-term segments show smoother
spectral profiles than those obtained from ultra-short-term segments. Thus, short-term
methodology may be easy to evaluate in an entirely autonomic state during sleep. However,
short-term HRV analysis has inherent limitations in real-world settings. First, short-term
HRV-based studies are highly susceptible to noise. Second their failure to detect dynamic
ANS activity, especially the rapid changes in Ln LF and Ln HF. However, ultra-short-term
HRV analysis could assess the immediate changes in RR intervals on electrocardiograms be-
fore and after the period of respiratory events. For these reasons, to investigate sophisticated
sleep studies, short-term HRV analysis is not recommended. Although ultra-short-term
HRV analyses have not yet been adopted as a standard tool in OSA, a recent study showed
that higher ultra-short-term HRV was strongly related to longer respiratory event dura-
tions [32]. In this study, we detected substantial agreement in HRV parameters between
ultra-short and short-term methodologies. Interestingly, this alteration in HRV value was
more prominent with the ultra-short-term method, regardless of OSA severity. Consistent
with our findings, ultra-short-term HRV parameters were generally higher with longer
respiratory events, regardless of the respiratory event type [37]. Therefore, our findings
may be used as a diagnostic marker for the alteration of ANS activity in patients with OSA.

However, our study had several limitations. First, only time-domain HRV parameters
were assessed for ANS function, because frequency-domain HRV parameters require a
longer RR interval segment for the analysis. Second, this study did not include data on HRV
parameters in control subjects. However, to include the control group, we should match the
age, sex, BMI, and comorbidities; thus, it is very difficult in the real-world study. Third, in
this study, we obtained HRV features from only the linear method, not using the non-linear
method. Thus, our further study should include the comparison of HRV features between
the linear and the non-linear methodologies. Fourth, several comorbidities could influence
the inflammatory status of OSA patients and these conditions could be confounding factors
in the HRV analysis [38,39]. Finally, our data need to be used to further evaluate the effect
of OSA treatment on HRV features.

5. Conclusions

In conclusion, ultra-short-term HRV features are valid surrogates of short-term HRV
features for investigating ANS function in OSA patients. Therefore, this study provides
valuable insights into the balance of ANS activity in OSA patients.
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Abstract: An optimal antimicrobial regimen for the treatment of patients with carbapenem-resistant
Klebsiella pneumoniae (CRKP) bloodstream infection (BSI) is currently unavailable. This study aimed
to identify the appropriate antibiotics and the risk factors of all-cause mortality for CRKP BSI patients.
This retrospective cohort study included the hospitalized patients with CRKP BSI. Primary outcome
was 30-day all-cause mortality. Cox regression analysis was used to evaluate the risk factors of
30-day mortality. A total of 89 patients were included with a 30-day mortality of 52.1%. A total of
52 (58.4%) patients were treated with appropriate antimicrobial regimens and 58 (65.2%) isolates
carried blaKPC-2 genes. Microbiologic eradication within 7 days (adjusted hazard ratio [HR] = 0.09,
p < 0.001), platelet count (per 1 × 104/mm3, adjusted HR = 0.95, p = 0.002), and Pitt bacteremia
scores (adjusted HR = 1.40, p < 0.001) were independently associated with 30-day all-cause mortality.
No effective antimicrobial regimens were identified. In conclusion, risk factors of 30-day mortality
in patients with CRKP BSI included microbiologic eradication > 7 days, lower platelet count, and
a higher Pitt bacteremia score. These findings render a new insight into the clinical landscape of
CRKP BSI.

Keywords: bacteremia; carbapenemase; carbapenem-resistant Enterobacteriaceae; Klebsiella pneumoniae;
mortality; risk factors

1. Introduction

The rapidly increasing prevalence of antibiotic resistance in Enterobacteriaceae is cur-
rently a major threat to public health worldwide [1]. Recently, the European Survey of
Carbapenemase-Producing Enterobacteriaceae (EuSCAPE) Working Group investigated
2703 clinical isolates of carbapeneme-resistant Enterobacteriaceae (CRE) submitted from
455 sentinel hospitals in 36 countries and reported that 15% of these were Escherichia coli and
85% were Klebsiella pneumoniae. Among these Klebsiella isolates, 37% were carbapenemase-
producers [2]. Four gene families encoding carbapenemase-production have been identi-
fied: Klebsiella pneumoniae carbapenemase (KPC), New Delhi metallo-β-lactamase, oxacilli-
nase 48-like, and Verona integron-encoded metallo-β-lactamase [2]. Carbapenem-resistant
Klebsiella pneumoniae (CRKP) has attracted particular attention since it was first identified
as one of the multidrug resistant bacteria strains [3]. Previous studies reported that the
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KPC-producing Klebsiella pneumoniae was independently associated with higher mortal-
ity [4,5]. Mortality rate of CRKP bloodstream infection (BSI) is reported to range from 42%
to 84% [6]. Mechanistically, the acquisition of genes encoding carbapenemase-production is
the predominant mechanism of carbapenem-resistance through inactivation or degradation
of carbapenems [7].

Although the innovation of new drugs combating resistant bacteria may create a
glimmer of hope, the evolution of drug-resistant genes soon overwhelms progression.
For instance, drug resistance-combating ceftazidime-avibactam was first approved under
the Generating Antibiotic Incentives Now (GAIN) Act, whereas its clinical use was soon
followed by reports of resistance caused by CRKP [8–11]. Due to the rapid progression and
high mortality rate, the role of CRKP can be better understood by an early examination.
Nonetheless, the clinical value of CRKP and its related risk factors are yet to be clarified.

Many studies found that CRKP BSI patients treated with combined antibiotics had
better survival outcomes than those treated with monotherapy [12,13]. However, poten-
tially effective regimens are varied across studies and those that are available are very
limited [14–17]. Since there is no consensus on optimal antimicrobial regimens for CRKP
infection, it is crucial to understand the possible risk factors for unfavourable outcomes and
potentially optimal antibiotics when treating CRKP BSI patients. In this retrospective cohort
study, we attempted to identify the appropriate antimicrobial regimens and to investigate
the risk factors of all-cause mortality for CRKP bloodstream infection (BSI) patients.

2. Materials and Methods
2.1. Study Design and Patients

This retrospective cohort study was ethically approved by the Institutional Review
Board of Show Chwan Memorial Hospital, which is a regional hospital offering an esti-
mated 750 beds in Taiwan (approval number: SCMH_IRB No. 1061202). Hospitalized
patients diagnosed with CRKP BSI (number of patients) between June 2014 and August
2017 in Show Chwan Memorial Hospital in Taiwan were included in the study. CRKP BSI
was defined by at least one blood-culture positive for a CRKP strain. The patients with
polymicrobial BSI and those aged < 20 years were excluded.

2.2. Data Collection

All patient data were collected through a retrospective review of medical records.
Variables included demographics, medical history, Charlson Comorbidity Index [18], ad-
mission history, initial presentations (quick sepsis related organ failure assessment [qSOFA]
score [19], systemic inflammatory response syndrome [SIRS] criteria [20], Pitt bacteremia
score [21], vital signs, and laboratory data), length of hospitalization, antibiotic regimens,
microbiologic results, and drug susceptibilities. Sepsis was defined by qSOFA ≥ 2 [22] and
shock was as mean arterial pressure ≤ 65 mmHg [23]. Only antimicrobial agents used for
more than 48 h would be included for analysis. Antimicrobial regimens were classified as
empiric or definitive. Empiric regimen included the prescription of antibiotics before the
blood culture result was available. Definitive regimen referred to prescription of antibiotics
based on drug susceptibility results. An appropriate regimen was defined as including
one or more in vitro active drugs against the CRKP isolates. Primary outcome was 30-day
all-cause mortality, measured from the day on which the first blood culture revealing CRKP
was taken. Microbiologic eradication was defined as negative blood cultures for CRKP
during follow-up.

2.3. Microbiology and Antimicrobial Susceptibilities

The CRKP isolates were collected from the first positive blood culture of each patient.
Bacterial identification and antimicrobial susceptibility tests were performed using Phoenix
Automated Microbiology System (Becton, Dickinson and Company, USA) and the inter-
pretative criteria of the Clinical and Laboratory Standards Institute (CLSI) guidelines was
applied. CRKP was defined as an isolate with a minimum inhibitory concentration (MIC)
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of ≥2 µg/mL for ertapenem, ≥4 µg/mL for meropenem, or ≥4 µg/mL for imipenem. Due
to no available CLSI breakpoints for Enterobacteriaceae, MIC breakpoints by the European
Committee on Antimicrobial Susceptibility Testing were used for the interpretation of
colistin susceptibility (susceptible: ≤2 mg/L, resistant: >2 mg/L) [24] and tigecycline sus-
ceptibility was determined by MIC breakpoints by the USA Food and Drug Administration
(susceptible: MIC ≤ 2 µg/mL, intermediate: 4 µg/mL, resistant: MIC ≥ 8 µg/mL) [25].
Detection for blaKPC gene and blaOXA-48 gene were performed by polymerase chain reaction
with specific primers, as previously described [26]. Pulse-field gel electrophoresis (PFGE)
was used to detect the relatedness of the CRKP strains. The profiles of XbaI macro-restricted
fragments of each strain were determined by a standardized PulseNet PFGE protocol [27].
The BioNumerics version 6.6 (Applied Maths, Belgium) was used to analyze the PFGE
profiles. The relatedness was based on PFGE profiles using the dice coefficients and the
unweighted pair group method with arithmetic mean algorithm. The optimization value
and position tolerance were set at 1.5% and 0.75%, respectively.

2.4. Statistical Analysis

Continuous variables were presented as median with interquartile range (IQR) and
categorical variables were presented as a percentage. The comparison between the survival
group and mortality group was performed using the Mann–Whitney U test and Fisher’s ex-
act test for continuous and categorical variables, respectively. Mortality rate was estimated
using the Kaplan–Meier method and compared using the log-rank test. A univariate and
multivariate Cox proportional hazard model was used to evaluate the risk factors of 30-day
mortality. The variables with p < 0.1 in the univariate model were manually selected into
the multivariate model in a backward stepwise manner. The results of the Cox proportional
hazard model were presented as hazard ratio (HR) with 95% confidence interval (CI). A
p-value of <0.05 was considered statistically significant. IBM SPSS Statistics for Windows,
version 24.0 (IBM Corp., Armonk, NY, USA) was used for the statistical analyses.

3. Results
3.1. Patient Characteristics and Antimicrobial Treatment

As shown in Table 1, a total of 89 patients (59.6% male, median age 75.6 years) with
CRKP BSI were included: 43 (48.3%) patients in the 30-day survival group and 46 (51.7%)
in the 30-day mortality group. The 7-day, 14-day, and 30-day all-cause mortality of all
patients were 32.6%, 43.9%, and 51.7%, respectively. Within 48 h of admission, 23 out of
89 (25.8%) had a positive sign of blood culture testing for CRKP, indicating that it was
community acquired. The 66 out of 89 (74.1%) patients who presented a positive sign
of blood culture testing for CRKP after 48 h of admission were regarded as nosocomial
infections. Survival group patients had a significantly lower Charlson comorbidity index,
Pitt bacteremia score, and albumin levels. The proportion of sepsis and septic shock was
lower in the survival group, while platelet counts were higher. Pre-existing cardiovascular
disease and hospitalizations during the prior year was more uncommon among survivors
(Table 1).

The results of antimicrobial susceptibility revealed that 52 (58.4%) were treated with
the appropriate antimicrobial regimens, including 9 (10.1%) as empiric therapy and addi-
tionally 50 (56.2%) as definite regimens. Colistin (31.5%) and carbapenem (41.6%) were
the most commonly prescribed antibiotics. Patients in the survival group had a significant
proportion of microbiological eradication within 7 days, as compared to the mortality group
(72.1% vs. 13.0%, p < 0.001) (Table 2). However, the proportion of appropriate regimen,
length of hospitalization, and the pattern of antibiotics utilization did not significantly
differ between the two groups (Table 2).
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Table 1. Demographics and baseline characteristics in patients with carbapenem-resistant Klebsiella pneumoniae bloodstream
infection according to 30-day mortality.

Variables All
(n = 89)

Survival Group
(n = 43) (48.3%)

Mortality Group
(n = 46) (51.7%) p Value

Demographics
Male; n (%) 53 (59.6%) 26 (60.5%) 27 (58.7%) 1.000
Age; y/o (IQR) 75.6 (63.8–83.7) 74.5 (62.3–83.4) 80.5 (65.8–85.2) 0.153
BMI; kg/m2 (IQR) 21.3 (18.3–25.9) 20.8 (18.2–24.8) 21.4 (19.2–30.0) 0.223

Comorbidities
Charlson comorbidity index; score (IQR) 8 (6–10) 7 (6–9) 8 (7–11) 0.008
Diabetes mellitus; n (%) 53 (59.6%) 24 (55.8%) 29 (63.0%) 0.523
Cardiovascular disease; n (%) 57 (64.0%) 34 (79.1%) 23 (50.0%) 0.008
Chronic obstructive pulmonary disease; n (%) 21 (23.6%) 9 (21.4%) 12 (26.1%) 0.628
Chronic liver disease; n (%) 15 (16.9%) 4 (9.5%) 11 (23.9%) 0.092
Chronic kidney disease; n (%) 15 (16.9%) 9 (21.4%) 6 (13.0%) 0.397
Malignancy; n (%) 18 (20.2%) 7 (16.7%) 11 (23.9%) 0.439
Steroid use ≥ 3 months; n (%) 15 (16.9%) 4 (9.5%) 11 (23.9%) 0.092
Immunocompromised condition; n (%) 8 (9.0%) 3 (7.1%) 5 (10.9%) 0.716

Events in the prior year
Hospitalization; events (%) 65 (73.0%) 36 (85.7%) 29 (64.4%) 0.028
Admitted to intensive care units; events (%) 30 (33.7%) 16 (38.1%) 14 (30.4%) 0.504
Nursing home residence; events (%) 31 (34.8%) 14 (32.6%) 17 (37.0%) 0.824
CRKP colonization; events (%) 14 (15.7%) 7 (16.7%) 7 (15.2%) 1.000
Surgery; events (%) 24 (27.0%) 12 (27.9%) 12 (26.1%) 1.000

Initial presentation
Pitt bacteremia score; score (IQR) 4 (2–6) 3 (1–4) 6 (4–8) < 0.001
SIRS; score (IQR) 3 (2–4) 3 (2–3) 3 (2–4) 0.273
SIRS ≥ 2; n (%) 76 (85.4%) 35 (81.4%) 41 (89.1%) 0.375
qSOFA; score (IQR) 2 (1–3) 1 (1–2) 2 (2–3) < 0.001
Sepsis; n (%) 54 (60.7%) 18 (41.9%) 36 (78.3%) 0.001
Septic shock; n (%) 27 (30.3%) 7 (16.3%) 20 (43.5%) 0.006
Body temperature ≥38 ◦C; n (%) 54 (60.7%) 27 (62.8%) 27 (58.7%) 0.828
White blood cell count (103/mm3); count

(IQR)
13.2 (8.7–17.8) 13.7 (10.1–17.8) 10.7 (6.4–18.0) 0.249

Hemoglobin (g/dL); value (IQR) 9.8 (9.0–10.6) 9.8 (9.1–11) 9.7 (8.6–10.5) 0.352
Platelet count (104/mm3); count (IQR) 12.4 (5.2–23.8) 17.5 (10.8–26.3) 8.15 (3.8–18.2) 0.002
Creatinine (mg/dL); value (IQR) 1.3 (0.8–2.8) 1 (0.7–2.8) 1.4 (0.9–2.8) 0.088
Albumin (g/dL); value (IQR) 2.6 (2.2–2.9) 2.9 (2.5–3.0) 2.4 (2.1–2.7) < 0.001
C-reactive protein (mg/dL); value (IQR) 11.6 (4.9–19.4) 10.8 (3.6–19.3) 12.7 (8.0–19.6) 0.256

Microbiology
Presence of KPC gene; n (%) 58 (65.2%) 22 (51.2%) 36 (78.3%) 0.008

Clonal relatedness of CRKP strain 0.006
Cluster I; n (%) 11 (12.4%) 8 (18.6%) 3 (6.5%)
Cluster II; n (%) 62 (69.7%) 23 (53.5%) 39 (84.8%)
Others; n (%) 16 (18.0%) 12 (27.9%) 4 (8.7%)

Abbreviations: BMI, body mass index; CRKP, carbapenem-resistant Klebsiella pneumoniae; IQR, interquartile range; KPC, Klebsiella pneumoniae
carbapenemase; qSOFA, quick sepsis related organ failure assessment; SIRS, systemic inflammatory response syndrome.

3.2. Microbiology Revealed Redcued Proportion of KPC Genes and KPC Cluster II in the
Survival Group

Among the 89 CRKP strains, 58 (65.2%) isolates carried KPC genes, and all were
blaKPC-2 genes. According to the results of PFGE, two distinct clusters could be identified
from the CRKP strains (Figure 1): 11 (12.4%) strains in the cluster I, 62 (69.7%) in cluster
II, and others (18.0%). All the strains carrying KPC genes were in cluster II. None of the
cluster I and II strains had blaOXA-48 genes. Notably, we noted that the survival group had
a reduced proportion of KPC genes (51.2% vs. 78.3%, p = 0.008) and the cluster II strains
(53.5% vs. 84.8%, p = 0.006) as compared to the mortality group (Table 1).
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Table 2. Treatment in patients with carbapenem-resistant Klebsiella pneumoniae bloodstream infection according to
30-day mortality.

Variables All
(n = 89)

Survival Group
(n = 43)

Mortality Group
(n = 46) p Value

Appropriate antimicrobial regimen; n (%) 52 (58.4%) 28 (65.1%) 24 (52.2%) 0.283
Colistin included; n (%) 28 (31.5%) 10 (23.3%) 18 (39.1%) 0.006
Amikacin included; n (%) 13 (14.6%) 9 (20.9%) 4 (8.7%) 0.336
Carbapenem included; n (%) 37 (41.6%) 17 (39.5%) 20 (43.5%) 0.124
Tigecycline included; n (%) 3 (3.4%) 0 (0%) 3 (6.5%) 0.092
Monotherapy; n (%) 12 (13.5%) 11 (25.6%) 1 (2.2%) 0.003

Appropriate empiric regimen; n (%) 9 (10.1%) 3 (7.0%) 6 (13.0%) 0.487
Appropriate definitive regimen; n (%) 50 (56.2%) 28 (65.1%) 22 (47.8%) 0.135
Microbiologic eradication within 7 days; n (%) 37 (41.6%) 31 (72.1%) 6 (13.0%) <0.001
Length of hospitalization; days (IQR) 21.5 (13.0–34.0) 21.5 (14.0–40.0) 21.5 (13.0–33.0) 0.483

Abbreviations: CRKP, carbapenem-resistant Klebsiella pneumoniae; IQR, interquartile range; KPC, Klebsiella pneumoniae carbapenemase.

3.3. Comparison of Antimicrobial Susceptibility

All of the 89 isolates were resistant to at least one of the three carbapenems. For the
89 isolates, colistin exerted the highest susceptibility rate (96.6%), followed by amikacin
(88.8%), tigecycline (82.0%), meropenem (22.5%), levofloxacin (11.2%), ertapenem (7.9%),
and imipenem (5.6%) (Figure 2A). The pattern of drug susceptibility in the survival group
differed from that of the mortality group (Figure 2A). The pattern difference was observed
between CRKP strains with and without KPC genes (Figure 2B). The survival group
had a significantly higher susceptibility rate of imipenem (11.6% vs. 0%, p = 0.023) and
meropenem (34.9% vs. 10.9%, p = 0.01) than the mortality group (Figure 2A). Except for
colistin, tigecycline, and amikacin, the susceptibility rate of all drugs were significantly
lower in the CRKP strains with KPC genes than in the strains without KPC genes.

3.4. Risk Factors of 30-Day All-Cause Mortality

For patients with CRKP BSI, multivariate analysis revealed that microbiologic erad-
ication within 7 days (adjusted HR = 0.09, p < 0.001), platelet count (per 1 × 104/mm3,
adjusted HR = 0.95, p = 0.002), and Pitt bacteremia score (adjusted HR = 1.40, p < 0.001) were
independently associated with 30-day all-cause mortality. The univariate Kaplan-Meier
method revealed that CRKP patients with KPC genes had significantly higher 30-day mor-
tality than those without KPC genes (62.6% vs. 32.4%, p = 0.022) (Figure 3). However, the
predictive role of the presence of KPC genes was not confirmed by the multivariate model.
None of the antimicrobial regimens was significantly associated with 30-day mortality
(Table 3).

Table 3. Multivariate analysis for risk factors of 30-day mortality in patients with carbapenem-resistant Klebsiella pneumoniae
bloodstream infection.

Variables Adjusted Hazard Ratio 95% Confidence Interval p

Microbiologic eradication within 7 days
(yes vs. no) 0.09 0.03–0.26 <0.001

Platelet count (per 1 × 104/mm3) 0.95 0.92–0.98 0.002
Pitt bacteremia score (per 1 unit) 1.40 1.21–1.61 <0.001
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4. Discussion

CRKP BSI is a clinical challenge as no effective antimicrobial regimens are currently
available. This study observed a 30-day all-cause mortality of 52.1% in patients with CRKP
BSI. The lack of microbiologic eradication within 7 days, a lower platelet count, and a
higher Pitt bacteremia score were independently associated with higher 30-day mortality.
Notably, the predictive role of KPC genes and appropriate antibiotic regimens were not
identified in this study.

All the KPC genes detected in this study were blaKPC-2, which was consistent with
the previous nationwide surveillance in Taiwan that blaKPC-2 accounted for the majority of
KPC genes [28]. However, in the present study, the prevalence of blaKPC-2 gene among CRKP
strains was 65.2%, much higher than the previous prevalence of 36.2% in 2011–2015 [29]. The
results suggested the KPC-2-producing CRKP strains disseminate rapidly at an alarming
rate in Taiwan. In addition, this study reveals that non-KPC-producing strains present high
susceptibility to imipenem, meropenem, ertapenem, ceftriaxone, cefepime, levofloxacin,
and piperacillin/tazobactam, as compared to that of KPC-producing strains. Although the
results might suggest the role of KPC in the treatment of CRKP BSI, multivariate analysis
did not find an association of KPC with mortality. Wang et al. reported similar results that
KPC-gene positive and negative strains had different MICs of antibiotics, but mortality did
not differ between these two CRKP strains [30]. Some studies suggested CRKP infection
as an important risk factor of hospital mortality [4,5]; however, the role of KPC deserves
further investigations for patients with CRKP BSI.

This study revealed that a higher Pitt bacteremia score was independently associated
with 30-day mortality in patients with CRKP BSI. The result was comparable with the study
of Shen et al. and Xiao et al. [31,32] Gomez-Simmonds et al. and Lee et al. also reported
that the patients with Pitt bacteremia score > 4 had significantly higher mortality [15,17]
Additionally, our study revealed an association of lower platelet count with higher mortal-
ity, which might also reflect the severity of illness [33]. Some studies used different tools
to evaluate the severity of illness at the presence of CRKP BSI, for example, APACHE II
score; a higher APACHE II score was reported to be independently associated with 30-day
mortality [13,34]. All these results supported the predictive value of the severity of illness
for 30-day morality in patients with CRKP BSI.

Both our results and that of Nguyen et al. revealed that the patients with microbiologic
eradication within 7 days had a significantly better survival rate [35]. Falcone et al. further
evaluated the effect of time to appropriate antibiotic therapy on 30-day mortality and
showed that time to appropriate antibiotic therapy was an independent predictor of 30-day
mortality in patients with CRKP BSI. Falcone et al. suggested that appropriate antibiotic
therapy was preferably initiated within the first 24 h after collection of the blood culture [36].
From our study and the previous research, the importance of timely control of the disease
is evident.

Many studies have attempted to identify the best combination of antibiotics for the
treatment of CRKP BSI, but the results are mixed and there is no consistent conclusion [14–17].
Our results revealed that the most susceptible drug was colistin, followed by tigecycline
and amikacin [13,15,31,35,37]. Medeiros et al. observed that the combination of colistin
and amikacin could provide survival benefits for the patients with CRKP BSI [38]. How-
ever, both colistin [39] and amikacin [40] are nephrotoxic agents. Most patients with
CRKP BSI are older, have multiple comorbid diseases, and frequently present with septic
shock [13,35,41]. The use of colistin or amikacin, or in combination, can further aggravate
nephrotoxicity [39,40]. This combination is reasonable on the basis of only antimicrobial
susceptibility without consideration of patients’ condition and drug adverse effects. Clini-
cians are usually reluctant to use the combination because of the high risk of renal injury,
which may lead to dialysis and increase subsequent morbidity and mortality. Although
tigecycline causes minimal organ toxicity, the use of tigecycline for Gram-negative bac-
teremia remains controversial. The serum concentrations provided by standard doses
of tigecycline are below the MICs of most Gram-negative pathogens [42]. Therefore,
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the most common combinations are colistin/tigecycline, aminoglycoside/tigecycline, col-
istin/carbapenem, aminoglycoside/carbapenem, and a combination of three drugs (e.g.,
colistin/tigecycline/carbapenem) [12,13]. However, it lacks consensus on the best com-
bination for the treatment of CRKP BSI. Ceftazidime-avibactam is a new combination of
third generation cephalosporin and non-β-lactam β-lactamase inhibitor, and has promis-
ing in vitro activity against many Gram-negative pathogens, including KPC-producing
Enterobacteriaceae [43]. It is hoped that the new drugs will not be misused or overused to
avoid the development of antibacterial resistance [44].

The major caveat of this study is the observational design, in which potential reporting
bias and selection could not be avoided. Secondly, all patients were diagnosed and treated
in a single institute, which limited the external validity of the results. Thirdly, this study
focused on the patients with CRKP BSI instead of other types of infection, such as urinary
tract infection, pneumonia, or intra-abdominal infection. Fourthly, the definition of appro-
priate regimens in this study was the inclusion of one or more efficient antibiotics, instead
of two or more, and the time to appropriate regimens was not evaluated. This might
explain the results that the use of appropriate regimen was not significantly associated
with 30-day mortality.

5. Conclusions

This retrospective cohort study observed that the risk factors of 30-day all-cause
mortality in patients with CRKP BSI included microbiologic eradication > 7 days, a lower
platelet count, and a higher Pitt bacteremia score. These findings render new insights into
the clinical landscape of CRKP BSI.
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Abstract: Thiopurine methyltransferase (TPMT) is the rate-limiting enzyme in Azathioprine (AZA)
metabolization. Although studies have discussed the association between the TPMT polymorphisms
and myelosuppression, the data about the relationship between TPMT genotypes and hepatoxicity in
Asian patients remain limited. This study investigated the correlation between TPMT polymorphisms
and AZA-related hepatotoxicity. This study enrolled the patients who had prior exposure to AZA
from the Taichung Veterans General Hospital (TCVGH)-Taiwan Precision Medicine Initiative (TPMI)
cohort. Genetic variants were determined using a single nucleotide polymorphism (SNP) array.
Participants were accordingly categorized into normal metabolizer (NM) and non-normal metabolizer
(non-NM) groups. From the TCVGH-TPMI cohort, we included 50 TPMT non-NM patients, including
1 poor metabolizer (PM), 49 intermediate metabolizers (IMs), and 1000 NM patients. The non-NM
genotype was associated with hepatotoxicity compared with the NM genotype (hazard ratio (HR):
3.85, 95% confidence interval (CI): 1.83–8.10). In the non-NM group, the 3-year cumulative incidence
of hepatotoxicity was higher than that in the NM group at 8.5% in the first year and 18.6% in the
second and third years (p < 0.001). A TPMT non-NM genotype was associated with the occurrence
of hepatotoxicity following AZA therapy. Preemptive testing helps individualize AZA therapy by
minimizing the risk of hepatotoxicity.

Keywords: TPMT genotype; TPMT poor metabolizers; TPMT intermediate metabolizers; AZA;
hepatotoxicity; cumulative incidence of hepatotoxicity; pharmacogenomics; autoimmune disease;
preemptive genotyping; TPMI

1. Introduction

Azathioprine (AZA) is a valuable steroid-sparing immunosuppressant that is broadly
used for systemic lupus erythematosus (SLE) [1–3], severe rheumatoid arthritis (RA),
inflammatory bowel disease (IBD) [4–7], autoimmune hepatitis (AIH) [8], dermatomyosi-
tis (DM)/polymyositis, pemphigus [9], and post-transplant rejection. Azathioprine is
a prodrug. Initially, AZA is metabolized to 6-mercaptopurine (6-MP) by glutathione
S-transferase (GST). Three competitive enzymatic pathways metabolize 6-MP. First, xan-
thine oxidase (XO) catalyzes 6-MP to thiouric acid, an inactive metabolite. Second, thiop-
urine S-methyltransferase (TPMT), methylates 6-MP into 6-methylmercaptopurine (6-MMP).
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Third, hypoxanthine guanine phosphoribosyltransferase (HPRT) converts 6-MP into
6-thioinosine monophosphate (6-TIMP). Inosine monophosphate dehydrogenase (IMPDH)
dehydrogenizes 6-TIMP into 6-thioxanthosine monophosphate (6-TXMP). Subsequently,
guanosine monophosphate synthetase (GMPS) metabolizes 6-TXMP to 6-thioguanine nu-
cleotides (6TGNs). 6TGNs, the primary active metabolites, integrate into DNA and RNA
molecules to generate cytotoxic and therapeutic effects [10,11]. Patients with intermediate
TPMT activity show 50% more 6-TGNs than those with normal or high TPMT activity. Low
or absent TPMT activity can lead to further accumulation of 6-TGNs. Deficient enzyme
activity may increase AZA-related side effects. AZA-related side effects include myelo-
suppression, which occurs in 3–17% of the patients [12,13], hepatotoxicity in up to 10%
of patients [14], gastrointestinal adverse reactions (nausea, vomiting, and diarrhea), and
hair loss.

Genetic polymorphisms of the TMPT gene have been studied extensively [15]. In
the Caucasian population, approximately 4–11% of individuals have intermediate TPMT
activity, while approximately 1 in 300 (0.3%) have very low or absent TPMT activity [16,17].
In the Asian population, the frequency of TPMT gene mutations is approximately 1.5–3%.
TPMT polymorphisms were significantly associated with AZA-induced bone marrow
toxicity [18–20]. Two meta-analyses by Liu et al. [19,20] reported the incidence of the
TPMT polymorphisms was not associated with AZA-induced hepatotoxicity in patients
with autoimmune diseases and IBD. However, the populations in these studies discussing
AZA-induced hepatotoxicity were mainly Caucasian. The enrolled Asian population was
limited. We may need a larger Asian population to evaluate the association between the
incidence of AZA-induced hepatotoxicity and TPMT polymorphisms.

This retrospective case-control study aimed to evaluate whether there is a relationship
between TPMT polymorphisms and the incidence of AZA-related hepatotoxicity.

2. Material and Methods
2.1. Study Design

This retrospective case-control study was performed in a single medical center in
Taiwan with the approval of the Ethics Committee of Taichung Veterans General Hospital
(SF19153A). Each participant offered written informed consent before study participation.
This study was conducted according to the Declaration of Helsinki.

2.2. Study Population

The study participants were from the Taiwan Precision Medicine Initiative (TPMI),
which collected information and specimens from Taiwanese volunteers from 15 hospitals
throughout the nation. The tertiary referral medical center, Taichung Veterans General Hos-
pital (TCVGH), contributed to the majority of the TPMI cohort. A total of 43,035 patients
who were >20 years old were enrolled in the TPMI study from June 2019 to August 2021.
A total of 2128 patients with present or previous exposure to AZA were selected. Pa-
tients who had not yet started therapy at the time of laboratory analysis were excluded.
We excluded patients without a white blood cell (WBC) count, those without alanine
transaminase (ALT) data, and those with a cancer diagnosis before taking AZA.

2.3. Data Collection

The date of AZA prescription was defined as index day. Clinical data after the
index day, including age, gender, azathioprine dosage, first biochemistry profile, use of
other immunosuppressive agents, comorbidities, and AZA prescription department were
collected from the electric health record.

Comorbidities diagnosed once during hospitalization or at least twice in the outpatient
department and six months before and after AZA prescription were included. These included
hepatitis B (International classification of diseases (ICD) 10/9: B16, B18.0–B18.1, B19.10–
B19.11/070.2–070.3), SLE (M32/710), Sjogren’s syndrome (M35/710.2), DM(M33.0–33.1, M33.9,
M36.0/710.3), polymyositis (M33.2/710.4), pemphigus (L10.0–10.9/694.4), RA (M05.7–M05.9,
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M06.0, M06.2–M06.3, M06.8–M06.9, M08/714), systemic sclerosis (SSc) (M34/710.1), mixed
connective tissue disease (M35.1/710.8), vasculitis (M30.0, M31.0, M31.3-M31.7/446.0, 446.2,
446.4–446.5, 446.7), pemphigoid (L12.1–12.9, K05.11/694.5–694.6), Behcet’s disease (M35.2/136.1),
and IBD (K50, K51, K52.9/555.0–555.9, 556.0–556.9, 558.9).

Following the AZA therapy index day, the first onset time of leukopenia and hepato-
toxicity was analyzed. Leukopenia was defined as a WBC count ≤ 4000/uL. Hepatotoxicity
was defined as an ALT level ≥ 150 U/L. The AZA prescription division was also ana-
lyzed and included the divisions of immunology and rheumatology (IMRH), nephrology
(NEPH), neurology (NEUR), dermatology (DERM), chest medicine (CM), cardiology (CV),
gastroenterology and hepatology (GI), hematology (HEMA), metabolism, endocrinology
and nutrition (META), gastrointestinal surgery (GS), Thoracic Surgery (CS), colorectal
surgery (CRS), otolaryngology (ENT), ophthalmology (OPH), and pediatrics (PENP).

2.4. TMPT Genotyping

Genotyping was performed using the Taiwan Biobank (TWB, established in 2012) ver-
sion 2 array [21], a single nucleotide polymorphism (SNP) array designed for the Taiwanese
population by choosing optimized SNPs for imputation from the whole-genome sequenc-
ing (WGS) of the Taiwan Biobank participants. The TWBv2 array straightly genotypes more
than 100,000 functional variants. The SNPs rs1142345 representing TPMT alleles *3A or *3C
were analyzed. Alleles *3A and *3C were the common inactivating alleles in East Asia,
accounting for 98% of all no-function alleles [22]. Genotyping tests including these variants
are likely to be informative for the TPMT phenotype. A patient carrying one allele with the
rs1142345 variant was reported as *1/*3 and was defined as intermediate metabolizer (IM).
The patient carrying two alleles with the rs1142345 variant was reported as *3/*3 and was
defined as a poor metabolizer (PM). According to genotyping, the patients were classified
into TPMT normal metabolizers (NMs) and non-normal metabolizers (non-NMs), which
included IMs and PMs.

2.5. Statistical Analysis

Data are presented as either numbers (percentages) or as the mean ± standard de-
viation (SD) or as the median (interquartile range). Comparisons were performed using
the Mann–Whitney U test. Categorical data are presented as numbers and percentages
and were compared using the chi-square test. Cox regression analysis was used to analyze
which factors are related to hepatotoxicity with adjustment for covariates (TPMT genotype,
age, gender, AZA dosage, other medication (methotrexate (MTX)), and comorbidity of
hepatitis B). Kaplan–Meier curves were used to determine differences in cumulative inci-
dence of hepatotoxicity between the TPMT non-NM and NM groups. A p-value ≤ 0.05 was
considered statistically significant. All data were analyzed using the Statistical Package for
the Social Sciences (SPSS, IBM Corp., Armonk, NY, USA) version 22.0.

3. Results
3.1. Study Patient Flow

Of the 43,035 patients enrolled in the TPMI, 2128 patients with AZA exposure were
selected (Figure 1). A total of 628 patients without a WBC count, without ALT data, or with
a cancer diagnosis before taking AZA were excluded. The TPMT non-NM and NM groups
were matched by age and gender. There were 50 TPMT non-NM patients, including 49 IMs
and 1 PM, and 1000 TPMT NM patients among the AZA users.
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Figure 1. Patient enrollment flowchart. % 1. Exclude patients without WBC count and ALT data;
2. Exclude patients with a diagnosis of cancer before taking AZA. & Match by age and sex at 1:20.
TPMI, Taiwan Precision Medicine Initiative; TPMT, thiopurine S-methyltransferase; NM, normal
metabolizer; IM, intermediate metabolizer; PM, poor metabolizer; WBC, white blood cell; ALT,
alanine transaminase; AZA, azathioprine.

3.2. Demographics of the Selected Patients

The patient characteristics are summarized in Table 1. Patients were classified into
TPMT non-normal metabolizer (non-NM) (n = 50) and normal metabolizer (NM) (n = 1000)
groups. Age, gender, AZA dosage, post-AZA treatment first mean WBC count and ALT,
and AZA prescription division were similar among the TPMT non-NM and NM groups. In
terms of comorbidities, more patients had hepatitis B in the TPMT non-NM group than in
the NM group.

Table 1. Clinical and demographic characteristics of patients in the TPMP non-NM and NM groups.

Variable TPMT Non-NM (n = 50) TPMT NM (n = 1000) p-Value

Age 51.5 ± 11.7 51.4 ± 11.6 0.95
Gender
Female 43 (86.0) 858 (85.8)

0.97Male 7 (14.0) 142 (14.2)
AZA dose (mg) 36.4 ± 17.9 39.6 ± 23.47 0.35
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Table 1. Cont.

Variable TPMT Non-NM (n = 50) TPMT NM (n = 1000) p-Value

Biochemistry
WBC count (U/L) 3920 (3600–5400) 3900 (3500–5660) 0.73

ALT (U/L) 13.5 (11–27) 13 (10–21) 0.16

Medication
MTX 6 (12.0) 125 (12.5) 0.92

Cyclophosphamide 5 (10.0) 137 (13.7) 0.46

Comorbidity
Hepatitis B 6 (12.0) 36 (3.6) 0.01

SLE 30 (60.0) 647 (64.7) 0.50
SS 24 (48.0) 456 (45.6) 0.74

DM and polymyositis 7 (14.0) 129 (12.9) 0.82
Pemphigus 3 (6.0) 25 (2.5) 0.14

Other autoimmune
diseases ˆ 12 (24.0) 244 (24.4) 0.95

Division
IMRH 42 (84) 864 (86.4)

0.52
NEPH 5 (10) 59 (5.9)
NEUR 2 (4) 24 (2.4)
DERM 0 (0) 27 (2.7)

Others & 1 (2) 26 (2.6)
Data are expressed as n (%) or the mean ± SD or the median (interquartile range). ˆ Other autoimmune diseases:
RA, MCTD, vasculitis, SSc, Behcet’s disease, IBD. & Other divisions: CM, CV, GI, HEMA, META, GS, CS, CRS,
ENT, OPH, PNEP. TPMT, thiopurine S-methyltransferase; NM, normal metabolizer; AZA, azathioprine; WBC,
white blood cell; ALT, alanine transaminase; MTX, methotrexate; SLE, systemic lupus erythematosus; SS, Sjogren’s
syndrome; DM, dermatomyositis; RA, rheumatoid arthritis; MCTD, mixed connective tissue disease; SSc, systemic
sclerosis; IBD, inflammatory bowel disease; IMRH, immunology and rheumatology; NEPH, nephrology; NEUR,
neurology; DERM, dermatology; CM, chest medicine; CV, cardiology; GI, gastroenterology and hepatology;
HEMA, hematology; META, metabolism, endocrinology, and nutrition; GS, gastrointestinal surgery; CS, thoracic
surgery; CRS, colorectal surgery; ENT, otolaryngology; OPH, ophthalmology; PENP, pediatrics.

3.3. TPMT Phenotypes and Risks of Hepatotoxicity and Leukopenia

The average dosage of AZA was not different between the TPMT non-NM and NM
groups. However, more than half of the patients took less than 25 mg daily. A hepatotoxicity
event was defined by an ALT level of more than 150 U/L, which showed no difference
between the TPMT non-NM and NM groups. However, the onset time of hepatotoxicity
was shorter in the TPMT non-NM group compared with the TPMT NM group (Table 2).
Cox proportional hazards regression analysis was applied to evaluate the independent
risk factors for hepatotoxicity following AZA treatment. Among 1050 AZA users, male
gender (hazard ratio (HR): 1.77, 95% confidence interval (CI): 1.07–2.91), non-NM genotype
(HR: 3.85, 95% CI: 1.83–8.10), and MTX use (HR: 1.62, 95% CI: 1.03–2.57) were associated
with hepatotoxicity compared with the NM genotype. Age, AZA dosage, and hepatitis
B carrier status were not associated with hepatotoxicity (Table 3). The cumulative incidence
of hepatoxicity was significantly higher in the first three years in the TPMP non-NM group
than in the NM group (p < 0.001). In the TPMP non-NM group, the 1-year cumulative
incidence rate was 8.5%, the 2-year cumulative incidence rate was 18.6%, and the 3-year
cumulative incidence rate was 18.6% (Figure 2).

Table 2. Outcome post-AZA treatment.

Variable TPMT non-NM
(n = 50)

TPMT NM
(n = 1000) p-Value

AZA dose (mg)
≤25 27 (54.0) 563 (56.3)

0.2125–50 21 (42.0) 333 (33.3)
>50 2 (4.0) 104 (10.4)
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Table 2. Cont.

Variable TPMT non-NM
(n = 50)

TPMT NM
(n = 1000) p-Value

Outcome postAZA exposure
Leukopenia ˆ cases 28 (59.5) 611 (63.3) 0.60
Hepatitis & cases 10 (20.0) 150 (15.0) 0.33

Lowest WBC (U/L) 4375 (3210–5420) 4200 (3150–5390) 0.52
Highest ALT (U/L) 38 (22–84) 39 (26–73) 0.68

Onset of leukopenia ˆ (days) 1359.3 ± 1709.7 1597.3 ± 1606.6 0.44
Onset of hepatitis & (days) 676.3 ± 837.9 2395.8 ± 1911.0 <0.0001

Data are expressed as n (%) or the mean ± SD or the median (interquartile range). ˆ WBC count ≤ 4000 (U/L).
& ALT level ≥ 150 (U/L). TPMT, thiopurine S-methyltransferase; NM, normal metabolizer; AZA, azathioprine;
WBC, white blood cell; ALT, alanine transaminase.

Table 3. Cox regression analysis of risk factors for hepatotoxicity following AZA treatment.

Hepatotoxicity ˆ p-Value
HR 95% CI

Age 0.99 0.98–1.01 0.60
Gender (reference

female) 1.77 1.07–2.91 0.03

TPMT non-NM
genotype 3.85 1.83–8.10 0.0004

AZA dose (mg) 1.00 1.00–1.01 0.31
MTX 1.62 1.03–2.57 0.04

Hepatitis B carrier 1.18 0.40–3.48 0.76
ˆ Development of an ALT level ≥ 150 U/L after AZA treatment. ALT, alanine transaminase; TPMT, thiop-
urine S-methyltransferase; NM, normal metabolizer; AZA, azathioprine; MTX, methotrexate; HR: hazard ratio;
CI: confidence interval.
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4. Discussion

This was a hospital-wide retrospective case-control study. The patients were selected
from the TPMI cohort in which the TPMT gene status was tested. We enrolled all AZA
users. Among 1050 AZA users, the non-NM genotype, male gender, and MTX usage were
independent risk factors for hepatotoxicity. The cumulative incidence of hepatoxicity was
significantly higher in the first three years in the TPMT non-NM group than in the NM
group. Our result shows that pre-emptive TPMT genotyping before starting AZA therapy
may minimize the risk of hepatotoxicity.

Two meta-analyses by Liu et al. [19,20] reported that the incidence of TPMT polymor-
phisms was not associated with AZA-induced hepatotoxicity in patients with autoimmune
diseases and IBD. Unlike the previous studies, our study revealed an association between
TPMT polymorphisms and thiopurine-induced hepatotoxicity. First, our study design was
different from those of the previous studies. We classified patients by TPMT genotyping
before evaluating hepatotoxicity events. However, the earlier studies classified patients
with hepatotoxicity events before assessing the TPMT genotype. Our study showed no
difference in the first hepatotoxicity events between the TPMT non-NM and the NM groups.
However, as the onset time of hepatotoxicity was considered and eliminating the interac-
tion effect of variables by Cox regression analysis, the TPMT non-NM group was more
prominent. Our study design was closer to the prospective concept. Second, our study
population was different. Our patients had various autoimmune diseases, but the previous
studies mainly analyzed patients with IBD. The subjects in the earlier studies discussing
AZA-induced hepatotoxicity were primarily Caucasians. The Asian population was limited,
but our study population was all Asians and was larger. As genetic testing is becoming
less expensive and more accessible, pre-emptive TPMT testing is suggested in Asians to
prevent post-AZA hepatotoxicity.

Previous studies revealed a significant association between TPMT polymorphisms
and bone marrow toxicity. However, in our study, this was not noted. The previous studies
primarily discussed Caucasians with IBD. The median dose of AZA in the previous studies
was more than 1–2 mg/kg/day [23–28]. In contrast, our study enrolled patients with
various autoimmune diseases, particularly SLE and SS. Our average AZA dosage was
36.4 mg in the TPMT non-NM group and 39.6 mg in the TPMT NM group. Approximately
90% of patients took less than 50 mg per day. We followed the AZA treatment strategy of
starting with a lower dose and increasing the dose at a slow pace. Such a strategy seemed
to keep the patients safe from myelosuppression even in those with the TPMT non-NM
genotype. However, our study results show that taking AZA for a longer duration still has
risks of hepatotoxicity.

In addition to the TPMT genotype, methotrexate usage and male gender were indepen-
dent risk factors for hepatotoxicity. Clinical studies have widely reported the hepatotoxicity
of MTX [29]. According to the FAERS database, females were less likely to develop liver
injury than males [30]. A cross-sectional community study in Taiwan revealed that hepatitis
with an elevated ALT was more common in men than in women [31]. According to our
research, male patients with the TPMP non-NM genotype using MTX would have the
highest risk of hepatotoxicity. These patients may take benefit from pre-emptive genotyp-
ing. This finding provides insights into the potential utilization of pharmacogenomics in
individualized medical care.

There are several limitations to this study. First, the study design was retrospective.
Missing data were inevitable. After three years of observation, the cumulative incidence of
hepatotoxicity related to the TMPT non-NM genotype was noted. However, it is impossible
to define a causal relationship between AZA and hepatotoxicity. The result was still
significant. Second, we may have underestimated the number of cases of hepatotoxicity.
There are three types of AZA-related hepatotoxicity: hepatocellular, cholestatic, and mixed.
However, we only enrolled patients with hepatocellular-type hepatotoxicity. According to
research by Siramolpiwat et al., the AZA-related hepatotoxicity type was predominantly
a mixed type [32]. Evaluating only the ALT level may not miss patients with mixed-type
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hepatotoxicity. Thus, our hepatotoxicity event number was still reliable. Third, we only
discussed the TMPT genotype. In addition to the TPMT genotype, our study did not
discuss many other genetic polymorphisms, such as nucleoside diphosphate-liked moiety
X motif 15 (NUDT15). NUDT15 was reported to be associated with more frequent adverse
events than TPMT polymorphisms in the Asian population [33]. Further studies are needed
to verify our results.

5. Conclusions

This hospital-wide retrospective case-control study supported the hypothesis that
the TPMT non-NM genotype is associated with hepatotoxicity following AZA therapy.
Pre-emptive testing for TPMT polymorphisms could help to individualize AZA therapy by
minimizing the risk of hepatotoxicity, especially in male patients taking MTX.
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Abstract: (1) Background: The intestinal microbiome has emerged as a central factor in human
physiology and its alteration has been associated with disease. Therefore, great hopes are placed in
microbiota-modulating strategies. Among various approaches, prebiotics, substrates with selective
metabolization conferring a health benefit to the host, are promising candidates. Herein, we studied the
prebiotic properties of a purified extract from European black elderberries, with a high and standardized
content of polyphenols and anthocyanins. (2) Methods: The ELDERGUT trial represents a 9-week
longitudinal intervention study divided into 3 distinct phases, namely a baseline, an intervention and a
washout period, three weeks each. The intervention consisted of capsules containing 300 mg elderberry
extract taken twice a day. Patient-reported outcomes and biosamples were collected weekly. Microbiome
composition was assessed using 16S amplicon metagenomics. (3) Results: The supplementation was
well tolerated. Microbiome trajectories were highly individualized with a profound shift in diversity
indices immediately upon initiation and after termination of the compound. This was accompanied by
corresponding changes in species abundance over time. Of particular interest, the relative abundance
of Akkermansia spp. continued to increase in a subset of participants even beyond the supplementation
period. Associations with participant metadata were detected.

Keywords: black elderberry; polyphenols; prebiotic; microbiota

1. Introduction

Although to date no distinct pattern of a healthy microbiota has emerged, certain
alterations of microbiota composition and function are described as markers of disease-
associated states. Collectively, these changes are summarized as dysbiosis, although a clear
definition of the term is lacking and it has grown to be regarded increasingly unhelpful
by experts in the field [1]. Nevertheless, loss of microbial diversity, a reduction in the
number of beneficial microbes and an expansion of pathobionts are regarded as hallmarks
of dysbiosis [2,3].

Because dysbiotic states of the microbiota are observed in and have been associated
with numerous disease conditions [4], the field of microbiota modulation is receiving
utmost attention. One potential means to influence this important determinant of health
and disease are dietary interventions. The influence of long-term nutritional patterns on the
microbiota has been studied and described extensively [5,6]. However, evidence suggests
that drastic and sustained modifications of the diet are necessary to achieve long-term
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effects [7]. In a more focused approach, prebiotic supplementation could address this gap.
The International Association for Probiotics and Prebiotics (ISAPP) defines prebiotics as
nutritional compounds or substances which undergo selective metabolization by specific
members of the intestinal microbiota, ultimately conferring a health benefit on the host [8].
While traditionally, non-digestible carbohydrates such as inulin, fructooligosaccharides and
galactooligosaccharides have been considered prebiotics, the ISAPP has pointed out that
some plant polyphenols might also fulfill these criteria and therefore might be considered
prebiotics [8]. However, this is currently not reflected in the legal and regulatory status of
these compounds within the European Union.

Polyphenols are a heterogenous class of secondary plant metabolites present in fruit
and vegetables. Phenolic compounds possess one or more aromatic rings with two or more
hydroxyl groups. They can be present in free forms or conjugated with sugars, acid and
other biomolecules [9–11].

Plant polyphenols are not readily taken up in the small intestine and reach the colon
in considerable amounts, where they can serve as substrate for the colonic bacterial mi-
crobiota [9]. As potential health effects of polyphenols seem to depend on the resulting
metabolites from degradation by the colonic microbiota [12], the individual microbiome
configuration seems to be a key determinant of potential effects of polyphenol-rich black
elderberry extracts. The bioavailability of polyphenols is variable and depends on the nutri-
tional setting in which the substance is presented and an extensive secondary metabolism,
largely by the intestinal microbiome [13–19]. Thus, microbiome composition might influ-
ence polyphenol effects in given individuals through diverse modification [20,21]. Bacterial
secondary metabolization of dietary polyphenols improves bioavailability and hydrophilic-
ity of these compounds and enables detection in the urine [20]. One systematic review
identified data hinting at potential antibacterial and anti-inflammatory effects, although
underlying mechanisms remained elusive and the overall level of evidence was classified
as weak [22]. Anthocyanins of black elderberry extract are taken up and incorporated into
endothelial cell membranes and cytosol, hinting at potential antioxidative benefits [23]. On
the other hand, microbiota-modifying properties of polyphenols have been reported and
include an expansion of Bifidobacteria [24] and Lactobacilli [12,25] and alterations of the
Bacteroides–Firmicutes ratio, possibly reflecting an adaption to a higher glycan load [26].
Besides direct prebiotic effects on the microbiota, an environmental mechanism has also
been proposed for polyphenol-associated microbiota modulation. Certain polyphenols
have been shown to exert anti-microbial activity in vitro [27]. Therefore, broad antimi-
crobial activity of certain polyphenol compounds could serve to open up niches in the
gastrointestinal tract and allow for expansion of other taxa. To include this dualistic effect,
the term “duplibiotics” has been coined [28,29].

Food-derived anthocyanins exhibit a low bioavailability in their native form [15]
but are partly metabolized and taken up in the intestine and can be recovered from the
urine [13–19,30,31].

Effectively, the polyphenol–microbiota axis exerts influence on host physiology. Cer-
tain polyphenol metabolites of microbial origin serve to strengthen barrier function and
boost secretion of antimicrobial peptides [32] and effects on secondary bile acid metabolism
have been described [33]. In a mouse model, food rich in polyphenols attenuated detrimen-
tal metabolic and inflammatory responses [34]. Short-chain fatty acids are also produced
from polyphenols by the intestinal microbiota [35] and may serve as regulators of colonic
mucosal homeostasis [36].

European black elderberries (Sambucus nigra) and their extracts have been used tradi-
tionally in parts of Europe for centuries as a remedy for common colds and influenza-like
symptoms. Recently, an alleviating effect of an extract of black elderberries on symptoms
and duration of influenza infections has been shown [37–39]. As research has mostly
focused on the effects of black elderberry on upper respiratory tract infections, little is
known on its microbiota-directed effects. Black elderberries are rich in polyphenols [27] and
also contain various immunomodulating polysaccharides such as pectin [40,41]. The main
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group of polyphenols in black elderberry fruits are anthocyanins (cyanidin 3- sambubioside-
5-glucoside, cyanidin 3,5-diglucoside, cyanidin 3-sambubioside, cyanidin 3-glucoside).
Additional polyphenols present in black elderberry are chlorogenic acids, rutin, and iso-
quercitrin [42].

This study aimed to provide a comprehensive in depth characterization of the microbiota-
modulating effects of a 3-week intervention with black elderberry extract, standardized to
anthocyanin and polyphenol levels.

2. Materials and Methods
2.1. Trial Design and Study Cohort

The ELDERGUT trial was a 9-week longitudinal intervention study with 3 distinct
study phases of 3-week duration each. A baseline phase serving to obtain robust initial
measurements was followed by a 3-week intervention period during which a daily dose of
600 mg of highly purified black elderberry extract (300 mg twice daily) was consumed by
the participants. Participants logged digestive symptoms, bowel movements and possible
adverse effects in a study diary provided by the investigational team. Participants could be
either male or female and had to be 18 to 50 years old. These individuals had to report a
history of vaginal delivery and being breast-fed for at least 3 months after birth. Exclusion
criteria were recent antibiotic treatment within 3 months of the beginning of the study,
a history of gastrointestinal disease or other acute or chronic medical conditions with
the potential to affect the intestinal microbiome, a history of major abdominal surgery
(appendectomy excluded), baseline consumption of dietary supplements or probiotics, a
strictly vegan diet, relevant pathologic abnormalities in baseline clinical biochemistry tests
and a known allergy to black elderberry.

The ELDERGUT trial (Figure 1A,B) included n = 30 healthy individuals (15 females,
15 males) that volunteered to participate in this study. All study subjects completed the
9-week study period and provided biological samples and clinical information at weekly
study visits as indicated in Figure 1A. No study drop-outs occurred. All patients underwent
a thorough clinical and biochemical evaluation at the baseline. Fecal calprotectin—a marker
of intestinal inflammation—was within the normal range in all study subjects. Notably, two
study participants happened to have a positive screening test for IgA antibodies against
tissue transglutaminase and the diagnosis of celiac disease was confirmed histologically
in both participants. These were excluded from the analysis as celiac disease was a pre-
defined exclusion criterion. During conduction of the trial, 2 male participants contracted
SARS-CoV2 during week 5 of the study period. The disease course was mild and the
infection did not result in exclusion from the study or patients not providing samples.

The mean age of the trial population was 23.7 years (±3.05 years, range 19–31 years) and
the mean body mass index was 22.3 kg/m2 (±2.49, range 17.7–27.3). Baseline questionnaire-
based nutritional assessment revealed a well-balanced nutritional pattern with differences
between female and male participants. Male participants reported less intake of dietary fiber
(p < 0.01, chi-square test), and a considerable but not significantly larger proportion of daily
intake of animal fat (Figure 1C).

2.2. Intervention

Capsules containing 300 mg European black elderberry extract (ElderCraft®) were
provided by IPRONA AG/SPA (Lana, Italy). ElderCraft® is a full spectrum water extract
standardized to 14% anthocyanins (primarily cyanidin 3-sambubioside-5-glucoside, cyani-
din 3,5-diglucoside, cyanidin 3-sambubioside, cyanidin 3-glucosid) and 18% polyphenols
(primarily chlorogenic acids, rutin, isoquercitrin).
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collected once a week, blood samples were drawn once per study phase (i.e., in weeks 1, 6 and 9). 
Questionnaires on well-being and gastrointestinal symptoms were completed by the participants 
during weekly visits. (B) Overview of the inclusion and screening strategy. (C) Data from 
questionnaires at baseline, indicating nutritional patterns within the cohort as well as gender-
associated differences in food intake. 
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Figure 1. ELDERGUT trial design and baseline nutrition data: (A) Timeline of interventions and
sampling during the 9-week study period, depicting the baseline, the intervention and the washout
phase of the study. During the study, biological samples including urine, faeces, and saliva were
collected once a week, blood samples were drawn once per study phase (i.e., in weeks 1, 6 and 9).
Questionnaires on well-being and gastrointestinal symptoms were completed by the participants dur-
ing weekly visits. (B) Overview of the inclusion and screening strategy. (C) Data from questionnaires
at baseline, indicating nutritional patterns within the cohort as well as gender-associated differences
in food intake.

2.3. Biosample Acquisition and Biobanking

During the trial period, weekly biospecimen sampling (feces, urine, saliva) was per-
formed. Additionally, blood samples were drawn once per study phase (at weeks 1, 6 and 9).
Fecal samples were collected simultaneously into tubes pre-filled with nucleic acid stabilizing
solution (INVITEK, Berlin, Germany) and standard fecal collection tubes (Sarstedt, Nüm-
brecht, Germany). Stabilized fecal samples were stored at −20 ◦C, unstabilized samples were
stored in aliquots at −80 ◦C. Urine samples were centrifuged and the supernatant stored at
−80 ◦C. Saliva samples were directly stored at −80 ◦C. Blood samples were collected into
EDTA- and Serum-Tubes (Sarstedt, Nümbrecht, Germany), centrifuged and the supernatants
were stored at −80 ◦C.
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2.4. Fecal DNA Extraction

Fecal DNA was extracted from stabilized samples, according to the instructions pro-
vided by the manufacturer using a spin-column based kit (Qiagen Fast DNA Stool Kit,
Qiagen, Germany). Briefly, homogenized suspensions were heated to 95 ◦C for 10 min,
centrifuged and treated with Proteinase K. Then, samples were incubated with the buffer
provided in the kit and pure ethanol. After vortexing, the preparations were transferred
onto spin columns and centrifuged, followed by multiple washing steps on the column
using the washing buffer from the isolation kit. Finally, DNA was eluated in 100 µL of a
TE-based buffer. Nucleic acid concentration was measured using a Nanodrop 1000 spec-
trophotometer (Eppendorf, Hamburg, Germany).

2.5. Metagenomic Analysis

Fecal DNA isolates were analyzed using 16S amplicon based metagenomics in coop-
eration with a commercial provider. DNA concentration and purity was monitored on
1% agarose gels and DNA was amplified using a PCR with primers targeting the V3-V4
variable regions of the bacterial 16S rRNA gene (primer pair 314F-806R) All PCR reactions
were carried out with Phusion® High-Fidelity PCR Master Mix (New England Biolabs).
PCR products were mixed at equal ratios and purified using Qiagen Gel extraction kit
(Qiagen, Germany). Libraries were prepared using the NEBNext Ultra DNA Library Prep
Kit for Illumina and quantification was done using Qubit and qPCR. Sequencing was
performed on the Illumina Miseq platform with PE250 chemistry.

Paired end reads were assigned to samples using specific barcodes added in the PCR
amplification step. Barcode sequences were removed and reads were merged using FLASH
(v.1.2.7; Baltimore, MD, USA) [43]. Resulting raw tags were quality filtered using QIIME
(v.1.7, Boulder, CO, USA [44]). Chimera detection and removal was performed using
UCHIME (Boulder, CO, USA) against its Gold reference database [45,46]. OTU clustering
was performed using UPARSE version 7 [47] using effective tags at a clustering level of
97%. Representative sequences were annotated for every OTU using mothur [48] and the
SILVA database [49]. Further downstream analysis including alpha- and beta-diversity and
analysis of differential abundance is detailed in the statistics section.

2.6. Statistics

Data from study diaries were summarized using descriptive statistics and significance
was tested using ANOVA with the post hoc Tukey test and the Kruskal–Wallis/Wilcoxon
test for continuous numeric variables depending on the underlying distribution. The
frequency of symptoms and data from the nutrition questionnaire was assessed using
chi-square statistics. Amplicon-based metagenomic data were imported into R v. 4.1.2
(R Core Team, Vienna, Austria) [50] and RStudio using phyloseq [51] and then analyzed
according to published workflows. Permutational analysis of variance (PERMANOVA) was
performed using Vegan (v.2.5-7, Helsinki, Finland) [52]. Trends in differential abundance
of bacterial species over the duration of the study period were explored using a linear
mixed model implemented in Maaslin2 [53]. For these approaches, appropriate variance
and occurrence filters were implemented (supplementary material and analysis scripts are
provided). The tidyverse [54], rstatix [55] and ggpubr [56] packages were used for data
cleaning and statistical procedures.

3. Results
3.1. Patient-Reported Outcomes during the Trial Period

Participants completed symptom-based questionnaires on a weekly basis, assessing
typical gastrointestinal symptoms as well as measures of general health and well-being.
Additionally, information on the number of bowel movements and their consistency (Bristol
Stool Scale, BSS value) was recorded.

Overall perception of health and quality of life of the study participants was consis-
tently within the upper third of the 7-point visual analogue scale used for assessment.
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No dynamic was observed along baseline, intervention and washout phase of the trial.
Likewise, no differences between female and male participants were observed within these
parameters (Figure 2A).
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Study subjects were asked for the presence of gastrointestinal symptoms including
increase or decrease in appetite, the occurrence of flatulence and diarrhea, nausea, consti-
pation and abdominal discomfort. Of these, only flatulence was a regular complaint, but
no clear association with the intervention emerged. Abdominal pain was slightly more
severe and more frequent in female participants, although in most instances this complaint
coincided with specific events of the menstrual cycle. Overall, no symptom-based signal
associated with the intervention was observed (Figure 2B).

The number of bowel openings was recorded and calculated as mean number of bowel
movements per week. No changes were observed on a week-to-week basis, particularly
not within the intervention period (Table 1, Figure 2C).

Table 1. Mean number of bowel movements and mean BSS values. No values for week 3 are available.

Mean Number of Bowel Movements/Week Mean BSS Value/Week

Week Mean std. Deviation Mean std. Deviation

1 9.1 3.2 3.8 0.6
2 9.1 4 3.7 0.6
4 9.1 3.4 3.7 0.6
5 9.4 3 3.7 0.6
6 9.1 3.3 3.7 0.6
7 8.9 3.5 3.8 0.7
8 8.7 2.9 3.8 0.7
9 9 3.3 3.7 0.6

The Bristol Stool Scale (BSS) is a widely-used and validated tool [57,58] to assess the
consistency of a bowel movement. Higher values on the BSS indicate more liquid stool,
low values represent very hard consistency. Similar to bowel movements, the mean weekly
BSS value (mean of the BSS value of all bowel movements of a single study participant
during every week of the trial) was calculated and happened to remain in the middle part
of the scale and unchanged during the whole trial period (Table 1, Figure 2D).

3.2. Alterations in 16S Amplicon-Based Metagenomic Profiles at the Beginning and after the End of
the Prebiotic Intervention

A 16S amplicon based metagenomic approach was applied to investigate temporal
alterations in microbiota composition associated with an intervention with ElderCraft®.
Weekly fecal samples from 28 participants were analyzed (252 samples overall) and the re-
sulting profiles were compared on a weekly basis to the baseline configuration, i.e., median
abundances from weeks 1 to 3.

3.3. Changes in Intra-Sample Diversity

In the first week of the intervention period an immediate and strong increase in
measures of α-diversity (i.e., intra-sample diversity) was observed (Figure 3A). The number
of observed species increased from 623.4 ± 58.0 (mean and standard deviation) during
baseline to 925.3 ± 348.2 at the end of week 4. Similarly, the Shannon index increased from
4.1 ± 0.27 to 4.45 ± 0.49 (p < 0.001 for both comparisons; pairwise Wilcoxon test). The
most prevalent OTUs were mapped to the genus Bacteroides (phylum Bacteroidetes) and
Faecalibacterium (phylum Firmicutes). Additionally, other genera from the phylum Firmicutes
were highly abundant both at baseline and throughout the study period (i.e., Agathobacter,
Ruminococcus, Roseburia). This was also observed for the genenera Bifidobacterium (phylum
Actinobacteria) and Akkermansia (phylum Verrucomicrobia).

In the later weeks of the intervention period, namely weeks 5 and 6, measures of
α-diversity decreased but remained significantly higher in terms of the number of observed
species (818.5 ± 356.6, 629.8 ± 43.0). The Shannon index was significantly different to
baseline only were not significantly different from baseline apart from week 4 (Figure 3A).
After stopping the prebiotic intervention in week 7, again an increase in the number of
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observed species was evident (897.9 ± 228.9, p < 0.001, pairwise Wilcoxon test). There was
no significant difference of Shannon indices.
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3.4. Compositional Differences over Time

Differences of overall microbial composition between the different study weeks were
investigated using the unweighted unifrac index of α-diversity as a measure of difference
between groups of samples (Figure 3B,C). Both paired data and principle coordinate
analysis (PCoA) revealed changes during, most pronounced in weeks 4 and 5, and in
the first week after the prebiotic intervention. These differences met the prespecified
significance level. Additionally, a significant effect of sex on microbiome composition was
evident (p < 0.01 for both timepoint and sex, R-squared 0.07 for timepoint and 0.02 for sex,
permutational analysis of variance).

3.5. Alterations on a Species Level Driving Overall Changes in Bacterial Ecology

Next, we employed linear modelling—taking the longitudinal nature of our data
into account—to identify differences in the abundance at the species level responsible for
driving the observed microbial ecologic dynamics.

Overall, on the genus level 36 genera and on the species level 71 differently abundant
microbial taxa were detected when compared to the baseline abundances (q value < 0.05,
Maaslin2 linear random mixed-effects model, Table S1). The taxa identified could be
attributed to all major microbial phyla of the human fecal microbiota. Confirming findings
from diversity analyses (Figure 3), most species exhibited significantly different abundance
in week 4 and week 7 compared to baseline abundances, i.e., at the beginning of the
intervention and washout periods, respectively. Most of the detected species showed
transient increases such as Butyricicoccus spp., Fusobacterium mortiferum, certain species
of Ruminococci or decreases including different Roseburia species and Bifidobacterium
adolescentis in response to the supply or withdrawal of black elderberry extract. However,
some taxa including Akkermannsia were found to have a sustainable expansion throughout
the washout period. The most relevant genera and species identified are outlines in
Figure 4A,B and a summary statistic for relative abundances as well as information on
significance levels derived from Maaslin2 are shown in Table 1.

3.6. Factors Determining Response to the Intervention

Considerable interest is directed towards inter-individual differences related to dif-
ferential effects of prebiotic interventions. We therefore associated baseline demographic,
behavioral and nutritional covariates with increases in Akkermannsia spp. of at least 3-fold
during the trial period (i.e., 10 out of 28 participants). Daily intake of foods rich in plant fat
was associated with a relevant increase in the abundance of Akkermansia spp. in response
to the intervention (p = 0.03, Fisher’s exact test). However, no associations of baseline α-
or β-diversity with such an increase were detected. Likewise, we detected no baseline
microbial signature predicting a relevant increase in Akkermansia abundance.

An increase in the number of observed species or in Shannon index values at week 4
and week 7 of the study compared to baseline was considered a second marker of individual
response to the prebiotic. For the number of observed species, this was defined as an increase
by at least 50% while for Shannon indices the 3rd quartile value (1.1687 for week 4 and
1.0568) was applied. Thus, based on observed species count, 17 and 8 participants were
classified as α-diversity-responders at week 4 and week 7, corresponding to 60.7% and
28.6% of participants. Regarding Shannon index cutoffs, seven individuals were classified
as α-diversity-responders at both timepoints (25%). Univariate correlation with baseline
nutritional patterns revealed a significant association of α-diversity-response at week 4 with
reduced consumption of dairy products such as cheese, eggs and milk (for Shannon index
values) and rice (based on observed species counts). Increases in α-diversity at week 7 were
associated with less baseline consumption of whole grains (Shannon) and pasta (observed
species count). However, there was no association of β-diversity response at weeks 4 and/or
7 with baseline microbiome composition (i.e., Bray–Curtis dissimilarity indices comparing
β-diversity responders at baseline) and specific bacterial taxa on the genus and species level
(linear mixed effect model Maaslin2; data not shown).
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4. Discussion

Prebiotic interventions are an attractive and promising platform towards modification
of the intestinal microbiome. Their comparatively broad effect on different, albeit rather
specific bacterial strains, holds the potential to provide symptom relief yet a potentially
mechanistic approach in microbiome-mediated diseases [8,59]. To better understand the
interactions of a polyphenol-containing prebiotic based on black a elderberry extract, the
ELDERGUT trial has been designed and performed. The design of this 9-week longitudinal
trial with a sequence of baseline, intervention and washout periods allowed for assessment
of intra-individual dynamics and mitigates the considerable baseline variation that is a
common characteristic of studies of the intestinal microbiome [60,61].

Dietary polyphenols have multifaceted and often diverging effects on members of
the intestinal microbiota. Extensive metabolization by the microbial enzymatic machinery
results in active secondary metabolites [12,15,35]. The aim of the ELDERGUT trial was
to investigate the prebiotic properties of a phenol-rich elderberry extract. This highly
purified preparation enables a polyphenol content of 18% a dose corresponding to a daily
consumption of 30 g raw fruit.

In our population the intake of this concentration of black elderberry extract did not
result in any adverse effects. No changes in overall perception of health and quality of
life as an array of digestion-associated symptoms was observed. This confirms the good
tolerability of the substance which is a prerequisite for further investigation as a prebiotic.
Notably, no effects on fecal consistency and the number of bowel openings were observed.
These are a typical symptoms induced by many other prebiotics through osmotic and
bulk-forming effects [8,62,63].
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Although no effects on patient-reported outcomes were detected, the introduction and
withdrawal of the study medication at week 4 and week 7 of the trial resulted in changes
of measures of microbial α- and β-diversity. As a measure of within-sample variability,
indices of α-diversity (observed species count, Shannon index) spiked in these moments
of perturbation. Between sample variability, i.e., β-diversity, was quantified using Bray–
Curtis dissimilarity. Primary coordinate analysis and PERMANOVA statistical analysis
revealed significant, although comparably small, associations with sex and week of the
trial, the latter corresponding to the status of supplementation. Overall, 92 bacterial taxa
were identified at the species level to be differentially abundant in fecal samples when
comparing the weeks during the intervention and/or washout period with the median
abundance at baseline. As sudden changes in diversity measures indicate perturbation of
microbial community structures this points toward a relevant microbiome-shaping capacity
of this prebiotic intervention. Interestingly however, these changes in diversity were only
observed immediately after the start and end of the intervention period, respectively. This
finding could reflect a quick stabilizing response within the microbial communities. In the
context of well-known properties of the intestinal microbiome [7], this observation is likely
to reflect the resilience and stability of a healthy microbiome configuration in this very
uniform study population of student volunteers. This also underscores that the stability of
microbiome compositions might result in obstacles to all variations of microbiome-targeted
therapies, underlining the relevance of individual baseline composition and microbiome
properties for prebiotic effects.

As the study population in the ELDERGUT trial included only healthy young vol-
unteers, applicability of these findings in the general population and especially in certain
disease groups such as patients suffering from inflammatory bowel disease or irritable
bowel syndrome might be limited. Overall quality of life and subjective perception of
health were already high at baseline in this cohort. Therefore, there is a possibility of a
beneficial effect of black elderberry extract on these measures that could not be detected
in this trial. Furthermore, minor adverse events which could be potentially connected
to the intervention are difficult to validate in the absence of a true placebo control group
and without adequate statistical power to address this issue. Another possible limitation
is, that the study intervention consisted of a natural, although highly purified mixture of
different polyphenols and cannot be considered a chemically well-defined pure substance.
Therefore, attribution of effects to single compounds is not possible.

Statistical methods to assess differential abundance in microbiome studies are notori-
ously non-robust, with different methods resulting in often differing and even contradicting
conclusions. These discrepancies can depend on choices made during processing of the
data and intrinsic properties of the dataset. Furthermore, some methods which have
been used in the field have been reported to suffer from poor specificity and a broadly
accepted ‘state of the art’ workflow is lacking [64,65]. Nevertheless, recent studies have
made the effort to systematically compare the different methods that are currently in
use [64]. On the basis of these published findings, we chose a method that has been scoring
consistently in these artificial settings and also conceptionally addresses the nature of this
specific dataset [53]. Thus, we are confident, that the taxa that are identified in the present
work represent true hits with biologic significance. In line with earlier reports [66], we
detected a significant increase in the abundance of Akkermansia spp. associated with the
study intervention. This bacterial taxon is known for its beneficial effects on inflammation
and metabolism [67,68]. It can influence and strengthen the intestinal barrier despite its
mucolytic properties. Notably, Akkermansia has already been reported to bloom under
certain polyphenol-rich diets, although no polyphenol degrading enzymatic capabilities
of this genus could be delineated. It is assumed, that this effect could be due to indirect
interactions between dietary polyphenols and Akkermansia [25,28,35], mediated by other
members of the microbiota. Whether this specific effect can be considered truly prebiotic
by the most recent ISAPP definitions is controversial [28]. The bacterial genus Suterella
from the phylum Proteobacteria was significantly increased immediately in the first week
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of supplementation, although it returned to values non-significantly different from the
baseline during the intervention period. This taxon has been beneficially associated with
glucose metabolism and metabolic changes after Roux-Y-gastric bypass [69]. As members
of this genus possess epithelium-adhering and mild pro-inflammatory properties without
causing barrier disruption, it has been postulated, that this bacterial group might exert
immunomodulatory effects [70]. On the other hand, in studies on fecal microbiota trans-
plantation for Ulcerative Colitis, prevalence of this genus in the fecal transplant has been
associated with a lack of remission after the procedure [71]. This detrimental effect on
intestinal inflammation was linked to its ability to degrade host IgA [72].

Within the genus Bacteroides (Phylum Bacteroidetes) a more nuanced effect was de-
tected with granular differential effects at the species level. Bacteroides cellulosolyticus
increased early during the intervention. This carbohydrate-degrading species [73] has been
associated with plant based nutrition [74], better outcomes of anti PD-L1 immuno-oncologic
therapy [75] and disease course in COVID-19 [76]. Furthermore, Bacteroides thetaiotaomi-
cron [77] has been implicated in the context of inflammatory bowel diseases [78,79] immune
system maturation and obesity [80] and is well adapted to its existence as a gut commen-
sal [81]. The genus Bacteroides seems to emerge as a key target genus of polyphenol supple-
mentation in the setting of this study, probably reflecting the extensive enzymatic repertoire
encoded by this bacterial taxon.

Observing the high inter-individual variability of changes in abundance during the
intervention, we hypothesized that there might be underlying differences between partici-
pants at baseline that could be used to predict probability of taxonomic changes during
supplementation. We identified an increase in Akkermansia spp. as most relevant to host
health and tested for associations of baseline demographic (i.e., sex) and nutritional vari-
ables with a 3x increase in Akkermansia by week 4. This analysis revealed a significant
association of an increase in Akkermansia with daily consumption of plant fats. Of note,
baseline microbiome diversity indices and taxonomic composition were not significantly
associated with this increase in Akkermansia abundance. Likewise, we detected associations
of changes in α-diversity upon supplementation of black elderberry extract with baseline
nutritional features but not with a distinct microbial signature at the baseline. Never-
theless, further analyses could provide better mechanistical insights in the interaction of
dietary polyphenol intake, microbial abundance, enzymatic functions within the intestinal
microbiota and resulting effects on the host.

5. Conclusions

The ELDERGUT trial provided convincing evidence for the prebiotic properties of
a polyphenol-rich black elderberry extract in healthy individuals. While intake of this
extract was associated with specific and individualized taxonomic changes within the fecal
microbiota, no convincing associations with baseline factors emerged in this analysis.
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Abstract: Musculoskeletal ultrasound involves the study of many superficial targets, especially in
the hands, wrists, and feet. Many of these areas are within the first 3 cm of the skin surface and are
ideal targets for ultra-high-frequency ultrasound. The high spatial resolution and the superb image
quality achievable allow foreseeing a wider use of this novel technique, which has the potential to
bring innovation to diagnostic imaging.

Keywords: ultrasound; ultra-high frequency; musculoskeletal; imaging

1. Introduction

Ultra-high frequency ultrasound (UHFUS) is a method with the advantage of examin-
ing very small structures and providing high-resolution images with a dynamic, real-time,
and comparative, where possible, evaluation [1]. UHFUS was established in clinical imag-
ing in the 2000s, with its predominant application in dermatology and angiology [2–4]. In
1979, Alexander and Miller first introduced US as a noninvasive technique to measure nor-
mal skin thickness, and, in the 1980s and 1990s, high-resolution ultrasonography (HRUS)
was used for the noninvasive assessment of skin nodules and cutaneous diseases [5,6]. The
notion of UHFUS is often misunderstood due to a lack of consensus regarding the cutoff of
frequencies for the classification of “very high frequencies” and “ultra-high frequencies”.
The conventional ultrasonography (CUS) technique refers to the use of probes with fre-
quencies ranging from 10 to 15 MHz. Bhatta et al. [7–10] considered high-frequency US
(HFUS) to involve frequencies >10 MHz, while Polanska et al. [7–10] selected 20 MHz as
the cutoff for HFUS. Finally, Shung et al. [7–10] defined HFUS for probes with frequencies
>30 MHz. UHFUS, with frequencies as high as 50–70 MHz and capable of resolutions
as fine as 30 microns, could permit new diagnostic applications in superficial small parts’
examination. A variety of superficial targets within the first 1 cm of the skin surface could
be imaged, including for dermatological evaluation, such as the assessment of skin layers,
hair follicles, nail units, and vascular, musculoskeletal, intraoral, and small-parts applica-
tions [11–14]. Hayaski et al. carried out a description of their experience in the identification
and localization of lymphatic vessels in patients with secondary lymphedema. UHFUS
provided images with extremely high resolution, demonstrating new characteristics of
the lymphatic vessels [15,16]. The introduction of UHFUS in the study of oral lesions is
one of the biggest innovations in US imaging of the head and neck region. The available
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frequencies of 48 and 70 MHz can effectively image the superficial layers of the mucosa
as well as lesions of the oral cavity [17–21]. In comparison to CUS, UHFUS has a superior
spatial resolution, even with the limitation of a low penetration depth, which is within
1–3 cm. In fact, 48 MHz probes have a penetration depth of 23.5 mm, while 70 MHz probes
allow the imaging of the first 10.0 mm below the scanning surface.

The study of vascularization can be accomplished with the combination of color
Doppler, which allows the observation of the distribution and size of vessels, and the
power Doppler, which is usually more sensitive for detecting slow flow.

More than others, the method depends on the operator, as the probes are extremely
sensitive to the examiner’s hand movements. The literature on UHFUS is still evolving, but
this technology seems to be the answer to several diagnostic limitations related to the need
for high-resolution investigation for both normal anatomy and disease processes. In this
paper, we present the role and potential clinical applications of UHFUS in musculoskeletal
imaging based on our experience with a commercially available ultrasound system (Vevo
MD; FUJIFILM VisualSonics, Amsterdam, The Netherlands): an ultra-high-frequency
clinical ultrasound system equipped with a 48 to 70 MHz linear-array transducer. The
system yields an image resolution up to 30 µm, which is equivalent to half a grain of sand,
within the first 3 cm from the body surface.

Musculoskeletal evaluation with UHFUS includes, in both adult and pediatric patients,
physiological and pathological disorders of superficial joints, tendons, and nerves, as
well as presurgical planning and post-treatment follow-up and a guide for non-surgical
interventional procedures [22,23].

2. Tendons

UHFUS encompasses wide applications, especially in the evaluation of hand anatomy
and pathological disorders of the upper arm, including the study of pulleys, fascia, retinac-
ula, and other superficial structures of the soft tissues (Figures 1–3). Particularly concerning
the flexor tendon pulleys, the added value of UHFUS becomes crucial due to the sub-
tle thickness of these structures, with a potential role in the identification of traumatic
injuries [24–26]. UHFUS can identify pulley ruptures, especially with the dynamic assess-
ment of the tendon-to-bone distance in flexion against resistance. In the evaluation prior to
hand surgery, the analysis of hand anatomy can become essential for preoperative planning,
postoperative management, and follow-up [27]. Tenosynovitis is defined as hypoechoic
or anechoic thickened tissue with or without fluid within the tendon sheath with possible
signs of Doppler signals, which are seen in two perpendicular planes [14]. Both tendon
disease and tenosynovitis are important features of rheumatoid arthritis (RA), and US
represents an ideal tool for their investigation. Tenosynovitis is seen as a combination of
synovial thickening within the tendon sheath and tendon sheath effusion [28–36].
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Figure 1. Sagittal view of A1 pulley (white arrows) presenting as a fusiform structure with a hypo-
echoic signal contoured by a thin hyperechoic line. The superficial flexor tendon is visible (square 
parenthesis). 

 
Figure 2. Extensor tendon of a finger. UHFUS gives a detailed and magnified representation of small 
structures such as the extensor tendon of the finger, even allowing the visualization of partial 
lesions. In (a), the sagittal view of the terminal extensor tendon (white arrows) at the level of the 
distal interphalangeal joint (white asterisk). In (b), the median band of the extensor tendon inserting 
at the level of the middle phalanx (P2). In (c), the thin sagittal band of the extensor tendon at the 
level of the metacarpal head. 

 
Figure 3. Flexor tendon of a finger. Using UHFUS at the flexor tendons, the same spatial resolution 
can be achieved as in the imaging of the extensor tendons. In (a), the sagittal view of the deep flexor 
tendon component inserting on the basis of the distal phalanx (P3). In (b), the superficial component 
of the flexor tendon (white arrows) lying near the deep component (white square parenthesis). 

Figure 1. Sagittal view of A1 pulley (white arrows) presenting as a fusiform structure with a
hypo-echoic signal contoured by a thin hyperechoic line. The superficial flexor tendon is visible
(square parenthesis).
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Figure 2. Extensor tendon of a finger. UHFUS gives a detailed and magnified representation of
small structures such as the extensor tendon of the finger, even allowing the visualization of partial
lesions. In (a), the sagittal view of the terminal extensor tendon (white arrows) at the level of the
distal interphalangeal joint (white asterisk). In (b), the median band of the extensor tendon inserting
at the level of the middle phalanx (P2). In (c), the thin sagittal band of the extensor tendon at the level
of the metacarpal head.
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Figure 3. Flexor tendon of a finger. Using UHFUS at the flexor tendons, the same spatial resolution
can be achieved as in the imaging of the extensor tendons. In (a), the sagittal view of the deep flexor
tendon component inserting on the basis of the distal phalanx (P3). In (b), the superficial component
of the flexor tendon (white arrows) lying near the deep component (white square parenthesis).

3. Small Joints

US is used routinely in rheumatologic and traumatic disorders to evaluate the joints of
the wrist, hand, ankle, and foot. The use of UHFUS in the small joints of the hand and foot
can demonstrate alterations such as synovial hyperplasia, the presence of calcifications,
osteophytes, and an increased vascular signal and can be used to assess the thickness,
homogeneity, and sharpness of the articular cartilage of peripheral joints, which is of great
help in clinical practice [28–31]. In this field, above all, pediatric patients could benefit
from such small transducers with great resolution, and this technology is designed for the
smallest of patients with the greatest details and resolution possible (Figures 4 and 5).
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Over the last 10 years, US research in rheumatology has been standardized for early 
diagnosis and therapy monitoring [32–35]. 

The term synovitis is used to indicate the presence of synovial hypertrophy with a 
power Doppler signal and joint effusion, either proliferative or exudative. Its 
quantification via grayscale US usually uses a semiquantitative scale with three levels of 
intensity, indicating mild, moderate, or marked synovial changes [28–36]. According to 
the OMERACT indications, synovial fluid is defined as abnormal hypoechoic or anechoic 

Figure 4. Juvenile idiopathic arthritis (JIA). UHFUS gives clear details of pathological findings in
pediatric patients with JIA. In (a), articular effusion (E) at the level of the metacarpal–phalangeal joint
(MET-PP). In (b), osseous erosions at the level of the metacarpal head (white arrows).

J. Pers. Med. 2022, 12, x FOR PEER REVIEW 4 of 12 
 

 

3. Small Joints 
US is used routinely in rheumatologic and traumatic disorders to evaluate the joints 

of the wrist, hand, ankle, and foot. The use of UHFUS in the small joints of the hand and 
foot can demonstrate alterations such as synovial hyperplasia, the presence of 
calcifications, osteophytes, and an increased vascular signal and can be used to assess the 
thickness, homogeneity, and sharpness of the articular cartilage of peripheral joints, which 
is of great help in clinical practice [28–31]. In this field, above all, pediatric patients could 
benefit from such small transducers with great resolution, and this technology is designed 
for the smallest of patients with the greatest details and resolution possible (Figures 4 and 
5). 

 
Figure 4. Juvenile idiopathic arthritis (JIA). UHFUS gives clear details of pathological findings in 
pediatric patients with JIA. In (a), articular effusion (E) at the level of the metacarpal–phalangeal 
joint (MET-PP). In (b), osseous erosions at the level of the metacarpal head (white arrows). 

 
Figure 5. Juvenile idiopathic arthritis. UHFUS gives clear details of pathological findings in 
pediatric patients with JIA. In (a), articular effusion (E) at the level of wrist and enthesophyte (white 
arrow). Thickened capsule (arrowheads) in (a) presenting with an increased Doppler signal (white 
square) in (b). 

Over the last 10 years, US research in rheumatology has been standardized for early 
diagnosis and therapy monitoring [32–35]. 

The term synovitis is used to indicate the presence of synovial hypertrophy with a 
power Doppler signal and joint effusion, either proliferative or exudative. Its 
quantification via grayscale US usually uses a semiquantitative scale with three levels of 
intensity, indicating mild, moderate, or marked synovial changes [28–36]. According to 
the OMERACT indications, synovial fluid is defined as abnormal hypoechoic or anechoic 

Figure 5. Juvenile idiopathic arthritis. UHFUS gives clear details of pathological findings in pediatric
patients with JIA. In (a), articular effusion (E) at the level of wrist and enthesophyte (white arrow).
Thickened capsule (arrowheads) in (a) presenting with an increased Doppler signal (white square) in (b).

Over the last 10 years, US research in rheumatology has been standardized for early
diagnosis and therapy monitoring [32–35].

The term synovitis is used to indicate the presence of synovial hypertrophy with a
power Doppler signal and joint effusion, either proliferative or exudative. Its quantification
via grayscale US usually uses a semiquantitative scale with three levels of intensity, indi-
cating mild, moderate, or marked synovial changes [28–36]. According to the OMERACT
indications, synovial fluid is defined as abnormal hypoechoic or anechoic intra-articular
material that is displaceable and compressible and that does not exhibit a Doppler signal.

Erosions appear on US as focal discontinuities in the bone cortex. US assessment can
provide detailed imaging of the hyaline cartilage, identifying small cartilage abnormalities
in patients affected by RA, especially when dynamic US is performed in flexion of the finger
joints and extension. Effusion is defined in US as abnormal hypoechoic or anechoic intra-
articular material that is displaceable and compressible, but it does not exhibit a Doppler
signal [37]. In the evaluation of crystalline arthropathies such as gouty arthropathy, US
allows the evaluation of intra- and para-articular tophaceous deposits as well as the typical
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double-contour collateral ligaments. In calcium pyrophosphate deposition disease, US
allows the evaluation of crystal deposits as well as hyperechoic dots or an irregular line
within the cartilage layer [37–40]. UHFUS with 50 MHz probes is able to accurately identify
cartilage thinning, cartilage echogenicity, and subchondral bone.

Collateral Digital Ligaments

UHFUS offers a detailed and magnified representation of collateral ligaments of the
hand (Figure 6).
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Figure 6. Collateral ligaments of interphalangeal joints: comparison between 50 MHz probes in
(a) and 15 MHz CUS (arrowheads) in (b). In (a), UHFUS gives a more detailed and magnified
representation of both deep (white arrows) and superficial (white arrowheads) components of
the ligament.

This could become useful in demonstrating even partial injuries of these structures. In
particular, injury to the ulnar collateral ligament (UCL) complex of the thumb is a common
traumatic lesion that requires prompt imaging evaluation for adequate treatment. UHFUS
could have a key role in the illustration of both static and dynamic findings related to UCL
injuries with even more details than MRI imaging (Figures 7 and 8).
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more detailed evaluation of nerve anatomy in small cutaneous nerve branches, giving a 
spatial resolution down to 30 microns [6,8,10,41–43] (Figure 9). 

Figure 7. Full-thickness UCL tear. In (a), normal appearance of adductor pollicis aponeurosis (white
arrows) and below the ulnar collateral ligament (asterisk) of the first metacarpophalangeal joint. In (b),
the non-visualization of the ulnar collateral ligament and the presence of a mass-like area (arrowhead)
proximal to the joint have high accuracy in depicting a displaced full-thickness ligament tear.
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Figure 8. Same patient as in Figure 7. 1.5 T MRI shows a mass-like area (arrowhead) proximal to
the joint representing the injured and displaced ligament in (a). In (b), the contralateral metacarpal
phalangeal joint of the thumb. M: metacarpal head.

4. Nerves

Compared to 5–20 MHz probes, UHFUS equipped with 80 MHz probes allows a more
detailed evaluation of nerve anatomy in small cutaneous nerve branches, giving a spatial
resolution down to 30 microns [6,8,10,41–43] (Figure 9).
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UHFUS allows the precise evaluation of the normal anatomical appearance as well as the
echo-structural alteration of the honeycomb appearance represented by hypoechoic fascicles
on a hyperechoic background. Entrapment neuropathies are generally characterized by nerve
thickening, the loss of the fascicular pattern, and decreased echogenicity, mainly due to edema
(in the acute phase) and fibrosis (in the chronic phase). It is also possible to see the thinning of
the nerve at the site of compression. Conversely, in other disorders, such as Charcot–Marie–
Tooth and some nerve neoplasms, we can see the enlargement of selected fascicles, an imaging
feature recognizable using UHFUS [44–46]. UHFUS allows the determination of the location,
size, and type of lesion, nerve swelling, and inflammation or the identification of compressive
structures such as calcifications and scar tissue [47,48]. Nerves that are often involved in
traumatic and iatrogenic injuries are the superficial cutaneous branches of the median, ulnar,
and radial nerves in the hand and wrist and the digital nerves. UHFUS allows the visualization
of the small cutaneous branches of peripheral nerves. The advantages of using US in the
evaluation of the anatomy and disorders of the median nerve even after surgery are known in
the literature: in cases of post-traumatic neoformations, such as a neuroma, both intra- and
extra-operative applications are used for the preservation of the nerve after surgical excision.
UHFUS could be useful in the study of pediatric patients and in neuromuscular disorders
such as chronic inflammatory demyelinating diseases, thanks to the evaluation of the number
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of morphologies and the size of the nerve fascicles [49–51]. Benign lesions of the peripheral
nerves, such as a lipofibromatous hamartoma and the infiltration of the nerve fascicles, appear
as non-homogeneous nerve enlargements, especially in proximal median nerve segments and
the brachial plexus [43,52], with variable echogenicity patterns depending on the stage of the
disease. UFUS has been used for non-surgical guidance in percutaneous procedures for partial
and total wrist denervation. In the treatment of chronic wrist pain due to post-traumatic
injuries, degenerative disorders, or arthritis, denervation is the treatment for chronic wrist
pain, without impairing motor function, and avoids the need for postoperative immobilization
to decrease the risk of stiffness. Under US guidance, the dorsal extensor tendon compartment
is visualized, and, using a transverse anatomic projection along the short axis of the tendons,
radiofrequency ablation of the posterior and anterior interosseous nerves is performed. The
posterior interosseous nerve appears as a thin, hypoechoic, and non-compressible ovoid
structure from 1 to 3 mm in diameter (Figure 10) [53–55].
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5. Soft-Tissue Masses

UHFUS could represent an advantageous technique for the identification of small and
soft-tissue neoformations such as glomus tumors (Figures 11 and 12).
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Figure 11. Glomus tumor. The location corresponds to the pulp of finger IV (a). The patient had
the classical triad of symptoms: paroxysmal pain, pinpoint pain, and cold hypersensitivity, lasting
for two years. In (b), UHFUS shows a well-delimited nodule in contact with the adjacent phalangeal
bone (arrowhead), but no cortical deformity is present. No significant hyperemia on color Doppler was
noticed. On CUS (c), the nodule was delineated only thanks to the help of the preliminary UHFUS exam.
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color Doppler was present (c). 
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and ensuring adequate resection, and the UHFUS tool is promising in this field [56]. 
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Figure 12. Glomus tumor in the subungual space. No clear alterations were visible during clinical
examination at the site of pain (circle in (a)). In (b), UHFUS effectively demonstrates the presence of a
hypo-isoechogenic nodule (calibers) in contact with the adjacent phalangeal bone (arrowhead) under
the nail plate (arrows). Note the small deformation of the nail plate. Mild vascularization on color
Doppler was present (c).

Glomus tumors are rare, benign, vascular neoplasms arising from the glomus body,
which is a contractile neuromyoarterial structure found in the reticular dermis. This struc-
ture controls blood pressure and temperature by regulating blood flow in the cutaneous
vasculature. Hyperplasia in any of these parts can lead to tumor formation, which is
extremely painful. Glomus tumors account for 1–5% of soft-tissue tumors of the hand,
and 75% of them are subungual in location. Other less commonly involved sites in the
hand are the nail matrix, nail bed, and pulp of the finger. The delay in diagnosing these
tumors for many years is a significant problem. It is not uncommon that patients are
easily misdiagnosed with conditions such as neuropathic complaints, arthritis, or neuralgia
and undergo unsuitable treatment. For these reasons, when the clinical examination is
equivocal, noninvasive imaging techniques may be needed to aid in the diagnosis and
delineate the anatomy preoperatively. Complete surgical excision of the tumor is the only
effective treatment. Incomplete excision is considered the main cause of recurrence. US
follow-up and/or intraoperative US may be useful for reducing recurrence and ensuring
adequate resection, and the UHFUS tool is promising in this field [56].

6. Conclusions

Musculoskeletal evaluation with UHFUS includes, in both adult and pediatric patients,
physiological and pathological disorders of superficial joints, tendons, and nerve structures,
as well as presurgical planning and post-treatment follow-up and a guide for non-surgical
interventional procedures. The high spatial resolution and the superb image quality
achievable allow foreseeing the wider use of this novel technique, which has the potential
to bring innovation to diagnostic imaging.
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Abstract: Despite being usually delivered in oncological patients, radiotherapy can be used as a
successful treatment for several non-malignant disorders. Even though this use of radiotherapy has
been scarcely investigated since the 1950s, more recent interest has actually shed the light on this
approach. Thus, the aim of this narrative review is to analyze the applications of non-oncological
radiotherapy in different disorders. Key references were derived from a PubMed query. Hand
searching and clinicaltrials.gov were also used. This review contains a narrative report and a critical
discussion of non-oncological radiotherapy approaches. In conclusion, non-oncological radiotherapy
is a safe and efficacious approach to treat several disorders that needs to be further investigated and
used in clinical practice.

Keywords: radiotherapy; non-malignant disorders; non-oncological radiotherapy

1. Introduction

Radiation therapy (RT) represents one of the cornerstones of cancer management,
together with surgery and systemic therapy. It is reported that almost half of all cancer
patients will receive RT during their treatment [1].

In the last decades, RT has undergone several advances driven by the increase in knowl-
edge of radiobiology, use of advanced imaging, and treatment delivery approaches [2–5].

Actually, RT can be delivered with great accuracy, to reach an increasing dose to the
targets and at the same time sparing the surrounding organs at risk [2,3].

Non-oncological radiotherapy can be used to treat several disorders and accounts for
20% of all treated patients in Germany [6–8].

In many other countries, including Italy, the use of RT for non-oncological diseases is
not very common among the RT centers and often unknown among the other specialists.

The knowledge and the promotion of non-oncological RT, thus, could counterbalance
the expected loss of patients or RT fractions foregone in the next future due to the use
of hypofractionation.

Herein, we will discuss the different non oncological diseases that can be treated by
RT. Following a literature search, we will provide a narrative overview of these topics.
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2. Search Strategy

A literature search was conducted to retrieve potential eligible studies using PubMed
and the clinicaltrials.gov electronic database.

The literature search was performed in September 2022 (from 1980 to August 2022)
using the keywords “Radiotherapy AND non oncological OR non malignant OR benign“.

Additionally, we manually searched the reference lists of studies and review papers to
identify other relevant studies. No limits were applied to publication type. The results are
grouped according to the non-oncological disorders and discussed qualitatively.

3. Results
3.1. Heart

Cardiac arrhythmias affected 8.8 million people in Europe and is an independent
risk factor for stroke, [9], heart disease [10] and chronic kidney disease [11]. Recently,
RT has been investigated as a potential treatment for recurrent ventricular tachycardia
(VT) and atrial fibrillation (AF). The technological improvement of RT techniques might
arguably open up to new treatments in this setting. We report the main data in the literature
regarding RT treatment of VT and AF. A summary of collected evidence is reported in
Table 1.

3.1.1. Ventricular Tachycardia

Stereotactic radiotherapy (SBRT) is under investigation as a treatment option for
patients with VT who do not respond to antiarrhythmic drugs and/or catheter ablation.
The evidence is scarce, but most studies suggest the dose of 25 Gy in a single session.

Cuculich et al. combined techniques of electrocardiographic imaging to map ar-
rhythmogenic scar regions in patients with refractory VT and non-invasive delivery of
precise ablation with SBRT to perform noninvasive cardiac radioablation. SBRT dose
was a single fraction of 25 Gy. Treatment efficacy was measured using the number of VT
episodes recorded by ICDs [12]. Of the nine evaluated patients, only five underwent SBRT,
with no acute high-grade toxicity or complications. Sixty percent of the patients showed
mild fatigue and all the patients showed a reduction of VT [12]. Similarly, in the Polish
SMART-VT Trial, Kurzelowski et al. used Stereotactic Arrhythmia Radioablation (STAR) for
two patients with refractory VT, using the same dose (25 Gy in single fx). After 6 months,
ICD showed no VT episodes in one patient and a good response in the other patient [13].

Wight et al., similarly, treated with the same dose 14 patients with refractory VT.
In this trial, the clinical target volume was delineated according to the individual pa-
tient’s characteristics, based on electroanatomic mapping. Two patients died after SBRT,
whereas one received a heart transplant, and another patient did not respond. Of the other
10 patients, VT was reduced in 59%, ATP was reduced in 39%, and shocks were reduced in
60% [14].

In the UK multicenter experience, seven patients were treated with the same dose
and technique similarly to the previous experience. After 6 months, for the five patients
analysed VT burden was reduced by 85%, with no high-grade acute toxicity and three
deaths due to heart failure. [15].

The STRA-MI-VT was a phase Ib/II trial that evaluated the feasibility of Cyberknife
tracking in treatment planning [16].
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Bonaparte et al. [17] also performed a dosimetric analysis for Linac-based STAR for
VT, using different treatment planning approaches. The authors concluded that among the
different techniques and energies, the 10 MeV Flattening Filter Free (FFF) approach was the
faster but not suitable in patient with cardiac implantable electronic devices [17].

A systematic review including 13 studies and 57 patients confirmed efficacy and
safety of STAR for refractory VT/ventricular fibrillation (VF). Thirty-one patients (54%)
had ischemic cardiomyopathy and fifty patients (88%) had prior catheter ablation (CA)
for VT/VF. A single dose of 25 Gy was delivered to a mean PTV of 64.4 cc (range 3.5–238)
with a mean safety margin of 3.3 mm (0–5). Electrical storm was shown in 7% after SABR.
VT burden was reduced in all patients, but recurrence affected most of the patients (75%),
with several adverse events (81%) and no treatment-related deaths. The authors concluded
that STAR preliminary experience appears safe and efficacious despite the recurrence rate
and deserve to be further investigated [18]. Despite this, there are still few conflicting
data on the follow-up of patients and on the influence of respiratory movement on the
cardiac dose. In fact, cardiac motion presents an important challenge because the VT
isthmus is subject to both respiratory and cardiac motion. So, Akdag et al. provided first
experimental evidence for real-time cardiorespiratory motion-mitigated MRI-guided STAR
on the 1.5 T Unity MR-linac. A real-time cardiorespiratory motion-mitigated radiotherapy
workflow was developed on the Unity MR-linac. A 15-beam intensity-modulated radiation
therapy treatment plan (1 × 25 Gy) was created in Monaco v.5.40.01 (Elekta AB, Stockolm,
Sweden) for the Quasar MRI4Dphantom (ModusQA, Modus Medical Devices, London,
Ontario, Canada). Simulations showed that cardiac motion decreased the target’s D98%
dose between 0.1 and 1.3 Gy, with gating providing effective mitigation. So, real-time MRI-
guided cardiorespiratory motion management greatly reduces motion-induced dosimetric
uncertainty and warrants further research and development for potential future use in
STAR aimed at simultaneously compensating cardiac and respiratory motions [19].

Kautzner et al. have published case series with the first postmortem immunohisto-
chemical analysis of morphologic changes in the myocardium early and late after SBRT.
The authors have found apoptosis followed by fibrosis that could explain the timing of the
SBRT efficacy on VT [20].

In conclusion, STAR had reasonable VT suppression in patients where conventional
treatment had failed.

3.1.2. Atrial Fibrillation

AF affects about 40 million people in the world and increased the risk of stroke and
heart failure. Current clinical management include antiarrhythmic therapy and eventually
catheter ablation in drug refractory patients. Despite that, a subset of elderly patients are
not responsive to systemic therapies and have an high risk of complications following
catheter ablation, thus a non-invasive approach as STAR should be investigated.

A systematic review collected available evidence (both preclinical and clinical setting)
on the feasibility and efficacy of STAR, including photon RT (XRT) and particle beam
therapy (PBT), in the treatment of AF. Twenty-one works (17 for XRT, 3 for PBT, 1 both)
published between 2010 and 2021 were included. The main favorable finding consisted in
the detection of electrical scar in 4/4 patients undergoing specific evaluation, whereas the
minimum dose for efficacy was 25 Gy. No acute complications were observed below this
dose and a great heterogeneity was observed among the included studies [22].

Di Monaco et al. performed a phase II trial that reported a preliminary experience of
five patients treated for AF. The preliminary results showed no high-grade side effects and
a good response in terms of AF control and no further use of antiarrhythmic drugs [21].

Ultimately, STAR represents a safe and effective non-invasive approach in the treat-
ment of drug-refractory arrhythmias, but there is still poor data in the literature regard-
ing long-term efficacy and follow-up. These two aspects, together with the choice of
specific patient settings, represent the most important challenge to be investigated with
well-defined studies.
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3.2. Soft Tissue Disorders

Non-malignant, proliferative, soft tissue disorders are a very heterogeneous group of
diseases, with a tumor-like phenotype, although they do not have malignant characteristics.
These pathologies can reach large dimensions and cause serious organs involved deficits.
Abnormal growth of fibroblasts or hypertrophic scar tissue (keloids), or inflammatory
factors over-expression, such as bFGF, TGF-β, PDGF, EGF, and CTGF in Dupuytren’s
disease, can be found at the basis of the onset of these disorders [23,24]. RT may play
a role in these diseases control thanks to its anti-inflammatory, anti-proliferative and
immunomodulatory effects, as well as has been confirmed by numerous reports, especially
when conventional treatments have not achieved sufficient control of symptoms. We report
the main data in the literature regarding RT treatment in keloids, Dupuytren’s disease,
Peyronie’s disease, and fibromatosis.

3.2.1. Keloids

Keloids are benign skin disorders based on excessive connective tissue proliferation
during the normal scarring process. They typically appear after repeated surgeries at the
same site, burns, after trauma, and deep dermis injuries. Pathogenetic mechanisms are not
fully known, but the fibroblasts present in keloids have different characteristics compared
to the fibroblasts present in normal skin [25]. Keloids are common, occurring in 5% to 15%
of wounds and affecting both sexes equally. They mainly affect people 10 to 30 years old
and are more commonly seen in those with family history of keloids [26]. The treatment
of choice for keloids is surgery, which, however, shows 80% local recurrence; therefore,
adjuvant RT can lower the risk of recurrence, as well as being the main treatment in cases
of scar inoperability. Adjuvant RT can lower the risk of recurrence, as well as being the
main treatment in cases of scar inoperability. Brachytherapy is effective to prevent keloid
formation: the first session should start the same day as surgery and recommended doses
are 5–6 Gy in three fractions or 5 Gy in four fractions [27,28]. Complete response rate of RT
(either with electrons or orthovoltage techniques and brachytherapy) range from 50 to 98%
according to the literature data (Table 2).

Table 2. Soft tissue disorders: included study and radiotherapy parameter.

Author Year N pts Diagnosis End Point Dose Results

Jiang [29] 2018 29 Keloids Control rate 18 Gy/3 fx Response rate 91.9%

Kim [30] 2015 28 Keloids Control rate 12–15 Gy/3 fx Response rate 50%

Shen [31] 2015 568 Keloids Control rate 18 Gy/3 fx Response rate 90.41%

Emad [32] 2010 26 Keloids Control rate 12 Gy/3 fx Response rate 70.4%

Malaker [33] 2004 64 Keloids Control rate 37.5 Gy/5 fx Response rate 97%

Lo [34] 1990 199 Keloids Control rate 2–20 Gy/1 fx
Response rate 87% for
Dose > 9 Gy, 43% for

Dose < 9 Gy.

Borok [35] 1988 250 Keloids Control rate 4–16 Gy/various fx Response rate 98%

Van de Kar [36] 2007 21 Keloids Control rate 12 Gy/3–4 fx Response rate 71.9%

Arneja [37] 2008 25 Keloids Control rate HDR BT 5 Gy/3 fx Response rate 92%

Van Leeuwen [38] 2014 67 Keloids Control rate HDR BT 6 Gy/2 fx Response rate 96.9%

Jiang [39] 2016 32 Keloids Control rate HDR BT 6 Gy/3 fx Response rate 94%

Hafkamp [40] 2017 29 Keloids Control rate HDR BT 13 Gy/1 fx Response rate 75.9%

Kadhum [41] 2017 698 Dupuytren’s
disease Control rate 21–42 Gy in 3–14 fx

Good ratio of regressions
(6–20% depending on

staging), stability
(12–81%) and low ratio of

progressions (13–65%,
depending on staging).
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Table 2. Cont.

Author Year N pts Diagnosis End Point Dose Results

Seegenschmiedt
[7] 2015 1762 Dupuytren’s

disease Control rate
15–21 Gy in 5–7 fx, 30 Gy
split in 2 series of 5fx with

a 3 months interval

Stability of disease in 84%
for N stage and 67% for

N/I stage

Betz [42] 2010 135 Dupuytren’s
disease Control rate

30 Gy split in 2 series of 5
fx separated by a 6- to

8-week interval

Stability of disease in 59%,
10% improved, and 31%
progressed. In stage N

87% and in stage N/I 70%
remained stable or

regressed

Seegenschmiedt
[8] 2015 8732 Peyronie’s

disease
Pain,

improvement 10–20 Gy (2–10 fx)
Pain regression in 50–90%,

Improvement of penile
deviation in 30–70%

Seinen [43] 2015 155 RT alone, 815
Surgery + RT Fibromatosis Local control 30–74 Gy

Local control in 78% of the
patients treated with

surgery and RT versus
85% in patients treated

with RT alone

Abbreviation: N: number, Pts: patients, RT: radiation therapy, Fx: fractions, BT: brachytherapy.

3.2.2. Dupuytren’s Disease

Dupuytren’s disease is a fibrotic hyperplasia of connective tissue structures at the level
of the finger band and palm. It is a rare condition, with a prevalence of about 2% and with
a higher incidence in males (3:1 ratio). The pathogenesis is probably due to factors such as
repeated trauma, alcohol and nicotine abuse, and hereditary factors. The diagnosis is purely
clinical and sees around the 4th decade of life the presence of fibrotic nodules at the level of
the hand that result in digito-palmar contracture leading to severe functional limitations.
Dupuytren’s disease can be staged by Tubiana classification, which subdivides pathology
according to symptomatology. The gold standard treatments for early stages are medical
treatment with intralesional applications of xanthine oxidase/dehydrogenase inhibitor,
allopurinol, or cytotoxic agents such as vinblastine or colchicine. Surgery is usually reserved
for more advanced stages (Stage 3 Tubiana); the role of RT in the treatment of Dupuytren’s
disease tends to be rather preventive and prophylactic than curative. Thus, the goal is to
avoid future functional impairment and a future need for surgery [6]. The efficacy of RT
is higher in early stages, inducing a significant reduction in fibroblast proliferation. RT is
usually delivered with electron beam at 6MeV energy, while in other centers orthovoltage
can be delivered alternatively. The volume treated includes palpable nodules with a safety
margin of at least 10mm and the uninvolved structures are protected with lead-based
shielding. Among the RT fractionations present in the literature, the most used, with better
results both in terms of efficacy and limited toxicity, are the hypofractionations. The main
results of the literature are shown in Table 2. Ledderhose disease is a rare type of plantar
fibromatosis histologically related to Dupuytren’s disease, and it has been also effectively
treated with RT [44].

3.2.3. Peyronie’s Disease

Peyronie’s disease (PD) is a benign condition leading to plaque formation at the
level of the tunica albuginea of the penis, leading to local pain and a change in curvature
during erection. It usually affects men between the 4th and 6th decades of life with an
incidence of 0.3–3%. The most likely mechanism is penile trauma causing inflammation of
the tunica albuginea and eventually scarring with fibrotic plaque formation. The pathology
presents with penile pain, plaque formation, deformity during erection, and subsequent
erectile dysfunction. Diagnosis is clinical with identification and measurement of the
plaque. Medical treatment involves the use of drugs for oral treatment such as vitamin E,
tamoxifen, and colchicine and for intralesional injection verapamil and collagenase. If drug
therapy fails, surgery remains the best option, especially in the cases of severe curvature or
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angulation and erectile dysfunction [6]. The use of RT is considered indicated in early-stage
disease with soft, noncalcified plaques. RT techniques such as x-rays, photons, or low-
energy electrons can be used; to have better dose distribution at the surface level, a bolus is
also applied over the plaques. The target volume involves the entire plaque with a safety
margin of 1 cm, protecting pubic hair, testes, and penile bulb with shielding. Irradiation
can be in antero-posterior or latero-lateral projection, the latter with vertical fixation of the
penis. The recommended schedule is single dose of 2–3 Gy for a total dose of 10–20 Gy.
With this regard, Seegenschmiedt et al. focused their investigation on non-oncological RT
publishing numerouscase series [7].

3.3. Muscle-Skeletal Disorders

Radiation therapy is consolidating over the years its role in the treatment of inflam-
matory or degenerative skeletal disease. Due to the control of pain, the two most frequent
indications for radiotherapy in benign diseases are osteoarthritis and periarthritis. More-
over, RT is a non-invasive approach. Irradiation can be provided by LINAC or orthovoltage.
A summary of the collected evidence is reported in Table 3.

Table 3. Muscle-skeletal disorders: included study and radiotherapy parameter.

Author Year N pts Diagnosis End Point Dose Results

Hautmann [45] 2019 124 epicondylitis humeri pain relief 6 Gy(1 Gy)–3 Gy
(0.5 Gy) complete response 64% at 24 months

Rogers [46] 2020 157
epicondylitis, plantar

fasciitis, and finger
osteoarthritis

pain relief 4 Gy (0.5 Gy)–8 Gy
Orthovoltage

pain relief at rest and during activity
and a corresponding objective

improvement in handgrip strength in
epicondylitis. Pain relief at rest, during
activity and improvement in walking

time were demonstrated
in plantar fasciitis

Hautmann [47] 2020 86 Humeral epicondylitis pain relief
3 Gy/2.5 Gy
(0.5 Gy/fx);

6 Gy (1 Gy/fx)

Micke [48] 2018 703

Calcaneodynia,
Achillodynia, Bursitis

trochanterica, Shoulder
Syndrome, Gonarthrosis

pain relief 6 Gy (0.5–1 Gy)

At follow up, good response:
Calcaneodynia 80.7%, Achillodynia
88.9%, Bursitis trochanterica 46.3%,

Shoulder Syndrome 60%; only
Gonarthrosis 29.2%

Alvarez [49] 2019 108 OADD pain relief 6 Gy (1 Gy)–12 Gy

Overall, and with a follow-up of
8 months (range 1–31 months), 91% of
patients experienced pain relief. The

pain reported according to the VAS scale
was 0–3 in 32.6% of the patients, 4–6 in
36.7% and greater or equal to 7 in 20.1%

of treated patients.

Mahler [50] 2018 55 knee osteoarthritis pain relief 6 Gy

At 3 months follow-up: no substantial
beneficial effect on symptoms and

inflammatory signs of LDRT in patients
knee OA, compared with sham

treatment

Ott [51] 2015 112 Achillodynia pain relief 6 Gy/3 Gy
Pain control:Early 84%

Middle-term 88%
Long-term 95%

Rudat [52] 2021 666 Heel Spur pain relief 3 Gy (Re-irradiation
possible)

Good local control (>75%) and good
response to reirradiation

Hautmann [53] 2014 110 Heel Spur
(Re-irradiation) pain relief 3 Gy (Re-irradiation

possible) 73.6% of Pain control after 24 months

Niewald [54] 2020 236 Kneel and Hand
Osteoarthritis pain relief 3 Gy/0.3 Gy Good pain control with no difference

between the two schemes

Abbreviation: N: number, Pts: patients, RT: radiation therapy, Fx: fractions, OADD: osteoarticular degenerative
disorders, LCH: Langerhans cell histiocytosis, LDRT: low dose radiotherapy.

247



J. Pers. Med. 2022, 12, 1677

3.3.1. Osteoarthritis and Osteoarthrosis

Epicondylitis is commonly divided into two main branches: lateral, also commonly
known as tennis elbow, and medial, the golfer’s elbow. Epicondylitis has a negative impact
on patients quality of life with symptoms such as pain, joint mobility restriction, and even
sometimes edema, limiting everyday activities and independence [55].

Hautmann et al. [45] irradiated 138 epicondylitis humeri, with linear accelerator,
unlike most studies in the literature that used orthovoltage [46]. Patients had a median
NRS (pain numeric rating scale) 7. Total dose was 6 Gy or 3 Gy (every other day). Between
elbow treatments, 30% repeated RT for a partial or absent response. The authors reported
a complete response of pain, NRS 0, with a follow-up at 24 months and demonstrated a
comparable results of linear accelerator RT compared with orthovoltage. The same authors
published in 2020 the results of reirradiation at a dose of 3 Gy (0.5 Gy/fx) and 6 Gy (1 Gy/fx),
reporting a good control of pain at 24 months of 50.9% and a non-difference statically valid
between the two dosages [47]. From the Micke et al. study, in addition, the effectiveness
of low-dose RT using LINAC can be inferred compared to RT using orthovoltage. Both
techniques manage to obtain an excellent control of the pain, especially in the long term.
From the series, only the group of patients with gonarthrosis did not have a good response,
probably due to the process of irreversible degeneration typical of this lesion [48].

Alvarez et al. [49] have treated 184 degenerative osteoarticular disorders with a dose
of 6 Gy (1 Gy/fr every other day). Patients who did not benefit from the first round of
RT repeated treatment, for a total dose of 12 Gy (52% of cases). Median follow-up was
8 months. Although 91% of patients reported improved pain, only 32.6% reported VAS
pain 0–3.

The effectiveness of RT is to be found in the anti-inflammatory mechanism of low doses
(0.5–1.5 Gy/fx), which determine inhibition of the interactions between leukocytes and
endothelial cells, a decrease in the production of adhesion molecules to the endothelium, a
decrease of mediators of inflammation, and less expression of pro-inflammatory cytokines.
Of note, there is no guideline regarding regimen and dose fractionation, but the strategies
have been determined empirically and it has been reported that various doses such as
0.5 Gy performed in six fractions had the same effect of a dose of 1 Gy in six fractions. The
choice of fractionation is mostly based on in vitro experiments, which have shown that the
anti-inflammatory effect of low doses RT was maximum at 48 h after irradiation, and it was
lost after 72 h [56].

In the study of the Netherlands, there were reported negative results for RT, this time
in the treatment of the knee osteoarthritis [50]. The authors conducted a randomized,
double-blind, controlled study that showed that LDRT (6 Gy) does not lead to a substantial
reduction of symptoms in patients with knee osteoarthritis. Note that unlike previous
experiences, the follow-up in this study is relatively short and does not allow the long-term
benefit to be assessed.

More recently, a prospective trial started in 2020 has been started by Niewald et al.
including 236 patients (64 knees and 172 hands) all with a diagnosis of osteoarthritis (OA).
The aim of this study was to compare two schemes of treatment (3 Gy vs. 0.3 Gy). The
study showed no statistically difference in pain control between the two schemes. Further
studies need to be performed because there’s no evidence about the effect of low doses
such as 0.3 Gy in the literature [54].

Given the increasing interest in benign osteoarticular pathologies in recent years,
Alvarez and colleagues have outlined a CT-based contouring atlas for non-malignant
skeletal and soft tissue disorders [57]. The aim of the authors is to suggest a correct
PTV delineation based on simulation CT, for treatment of painful shoulder syndrome,
such as periarthritis humero-scapularis, epicondylitis humeri, finger joint osteoarthritis,
trochanteric bursitis, gonarthrosis, plantar fasciitis, and Achiles tendinopathy.
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3.3.2. Achillodynia

Ott et al. in 2015 evaluated the long-term efficacy of two different RT schemes of
1 Gy/0.5 Gy over 3 weeks, twice per week used for 112 patients with diagnosis of achillo-
dynia. The overall early (right at the end of RT), delayed (6 weeks after RT), and long-term
(2 years after RT) response rates for all patients were 84 %, 88 %, and 95 %, respectively. This
confirmed the positive role of RT for this kind of treatment [51]. In 2021, a review made by
Rudat et al. analysed 666 patients for a total of 864 heels treated between 2009 and 2020.
Since 2015, a questionnaire was given to all patients in order to measure the local pain
control. For newly treated patients, after 3 months follow-up in case of an unsatisfactory
pain control it was offered the possibility of a re-irradiation. Re-irradiation showed an
improvement in local pain control of approximately 40%. More than 75% of the patients
reported a good pain control, confirming the role of radiotherapy in this field [52]. This
confirms the results of another study done by Hautmann in 2014 where 110 heel spur
syndrome with lack of pain control has been re-irradiated and results were measured with
NRS score system. Re-irradiation confirmed his role because 73.6% of the patients were
free from pain 24 months after the treatment [53].

3.3.3. Heterotopic Ossification

The role of RT on Heterotopic Ossification (HO) was supported by weak evidence.
In 2014, a systematic review made by Ploumis et al. on a total of 27 studies of elbow HO
showed that in most cases RT was stopped due to safety reasons. This review confirmed
the lack of high-quality findings in the literature about RT in HO syndromes [58]. Thanks
to the review made by Galietta et al. in 2022, it was finally confirmed the positive role of
RT in the prevention of hip HO. Despite the numerous schemes available, from a single
fractionated to several multiple fractionated schemes, no difference has been reported
between the different schemes over the surgery alone [59].

3.4. Neurological Disorders

Radiation therapy has been widely adopted in the treatment of various neurological
disorders, for different aims such as pain relief, control of the symptoms, and obliteration
of brain arteriovenous malformations. Moreover, RT is a non-invasive approach that can be
safely adopted also in elderly patients. A summary of the collected evidence is reported in
Table 4.

Table 4. Neurological disorders: included study and radiotherapy parameter.

Authors Year N pts Diagnosis End Point Dose Results

Rauch [60] 2012 11 Epilepsy Tolerability and
seizure frequency. 26.3–58.3 Gy Treatment led to an improvement in the

frequency of seizures in 63%.

Liang [61] 2010 7 Epilepsy Seizure frequency 12 Gy

Reduction of seizure frequency was 50% in
two cases, 30% in one case, and 0% in

two cases, and seizure frequency increased
more than 100% in two cases.

Bartolomei [62] 2008 15 Epilepsy Seizure frequency 24 Gy

A total of 60% pts were considered seizure free.
All patients who were initially seizure free

experienced a relapse of isolated aura (66%) or
complex partial seizures (66%) during

antiepileptic drug tapering.

Barbaro [63] 2009 28 Epilepsy Seizure frequency
24 Gy high dose

vs. 20 Gy
low dose

At the 36-month follow-up evaluation, 67% of
patients were free of seizures for the prior

12 months (high dose: 10/13, 76.9%; low dose
10/17, 58.8%)
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Table 4. Cont.

Authors Year N pts Diagnosis End Point Dose Results

Smith [64] 2011 169 TN Pain relief 70–85 Gy, 90 Gy

A total of 79.3% experienced significant relief.
A total of 19.0% had recurrent pain. Of 87
patients with idiopathic TN without prior

procedures, 79 (90.8%) had initial relief.
Among 28 patients treated with 70 Gy,

18 patients (64.3%) had significant relief. Of the
patients with 90 Gy at the brainstem, 59 (79.0%)

had significant relief.

Rashid [65] 2018 55 TN Pain relief 90 Gy After 30 months median follow-up, 69% of
patients were pain free.

Romanelli [66] 2019 387 TN Pain relief 60 Gy (80%
isodose)

Pain relief rate at 6, 12, 18, 24, 30, and 36
months was, respectively, 92, 87, 87, 82, 78,

and 76%.

Lovo [67] 2019 14 TN Pain relief 140 Gy

A total of 90% pts reported some form of relief.
A total of 60% reached the threshold of 50%

pain relief, and for 40% the pain
never improved.

Kundu [68] 2022 41 TN Pain relief 90 Gy There has been a significant improvement in
the post-radiation pain score in 72% of patients.

Starke [69] 2016 2236 AVM Obliteration rate 20.5 Gy (mean
margin dose) Overall obliteration rate was 64.7%.

Ding [70] 2017 232 AVM Obliteration rates,
hemorrhage rate 22.5 Gy

The actuarial obliteration rates at 5 and
10 years were 72% and 87%, respectively.

Annual post-SRS hemorrhage rate was 1.0%

Patibandla [71] 2017 233 AVM

Obliteration rates,
hemorrhage rate
in Grade III-IV

AVMs

Mean dose
17.3 Gy

The actuarial obliteration rates at 3, 7, 10, and
12 years were 15%, 34%, 37%, and 42%,

respectively. The annual post-SRS hemorrhage
rate was 3.0%

Matsuo [72] 2014 51 AVM Obliteration rate 15 Gy (80%
isodose)

The actuarial obliteration rates at 3, 5, 10, and
15 years were 46.9%, 54.0%, 64.4%, and

68.0%, respectively

Matthiesen [73] 2012 211 GO Symptomatic
improvement 20 Gy/10 fx A total of 84.2% pts reported a

symptomatic improvement

Kouloulias [74] 2013 17 GO
Symptomatic

improvementand
tolerability

20 Gy/10 fx

Stabilization of the disease without recurrence
was achieved in 12/17 patients. At the end of
radiotherapy, the CAS regressed to 4.82 ± 2.24
(p < 0.001, Wilcoxon test). Extraocular motility
and pain behind the globe were improved in

14/17 and 16/17 patients, respectively.
Five patients developed recurrent signs and

symptoms and they underwent surgical
decompression

Li Yim [75] 2011 59 GO

duration of
symptoms,

clinical activity
score (CAS)

20 Gy/12 fx (over
2 weeks)

Response (change in CAS) to orbital
radiotherapy was statistically significant from

3.17 ± 1.75 standard deviation (SD) to
0.73 ± 0.92 SD (p < 0.001)

Kahaly [76] 2000 65 GO
Symptomatic
improvement
and toxicity

A: 20 Gy/20 fx
(over 20 weeks)
B: 10 Gy/10 fx
(over 2 weeks)
C: 20 Gy/10 fx
(over 2 weeks)

Response to therapy, defined as a significant
amelioration of three objective parameters, was
noted in 12 A (67%), 13 B (59%), and 12 C (55%)

subjects (C vs. A, p = 0.007). Ophthalmic
symptoms and signs regressed most

in group A

Cardoso [77] 2012 18 GO

Symptomatic
improvement

and Radiologic
response

10 Gy/10 fx (over
10 weeks)

Significant decrease in symptoms such as
tearing (p < 0.001), diplopia (p = 0.008), and

conjunctival hyperemia (p = 0.002).
Magnetic resonance imaging showed decrease
in ocular muscle thickness and in the intensity

of the T2 sequence signal in the
majority of patients

Abbreviation: CAS: clinically activity score, SRS: stereotactic radiosurgery, AVM: arteriovenous malformation,
GO: Graves ophthalmopathy, TN: Trigeminal neuralgia.
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3.4.1. Epilepsy

A total of 0.5% of the world’s population suffers from epilepsy. About 30–40% of the
patients do not benefit from pharmacological therapy and are eligible for surgical treatment.
In patients where the pharmacological and surgical alternatives have been exhausted, RT is
an option. RT, compared to surgery, has the advantage of not being invasive with low risk
of neurological damage to the patient. Rauch C. et al. [60] reported first-time long-term
outcome (median 10 years) of fractionated stereotactic radiotherapy (FSRT) in 11 patients
with drug-resistant epilepsy. The biologically equivalent dose ranged from 26.3 to 58.3 Gy
(α/β = 10). None of the patients developed temporary or permanent neurological deficits.
Treatment resulted in improvement of seizure frequency in seven patients: five of them
had a decrease in seizure frequency, and two of them were seizure-free at last follow-up.

Liang S et al. [61] reported the long-term outcome of seven patients with temporal
lobe epilepsy (TLE) treated with very low-dose LINAC based FSRT, treated with marginal
dose of 12 Gy at the 85% isodose line. Reduction of seizure frequency post-FSRT was
50% in two cases, 30% in one case, and 0% in two cases, and seizure frequency increased
more than 100% in two cases. No patient was seizure free at the last follow up. Two cases
presented transitory complications and two cases showed an obvious drop in IQ, memory
decline, and permanent neurologic complications, including partial aphasia and mild
hemiplegia in one case, and progressive ataxia and cognition decline in another case.
Bartolomei F et al. [62] reported outcome of 15 patients with TLE with median follow-up
of 8 years (range 6–10 years) treated with gamma-knife with a marginal dose of 24 Gy.
At the last follow-up, 9 of 16 patients (60%) were considered seizure free. A total of 60%
of the patients experienced mild headache and were placed on corticosteroid treatment
for a short period. All patients who were initially seizure free experienced a relapse of
isolated aura (10/15, 66%) or complex partial seizures (10/15, 66%) during antiepileptic
drug tapering. Restoration of treatment resulted in good control of seizures. Results are
maintained over time with no additional side effects. Long-term results are comparable
with conventional surgery.

Barbaro et al. [63] evaluated the effectiveness of radiosurgery, at the level of the
amygdala, hippocampus, and parahippocampal gyrus as an alternative to surgery. Thirteen
high-dose (24 Gy) and seventeen low-dose (20 Gy) patients were treated. Both groups
showed significant reductions in seizures within a year of treatment, without observing
major safety issues with high-dose stereotactic radiosurgery (SRS) versus low-dose SRS.

On these bases, radiotherapy has the potential to control the frequency and intensity
of seizures in patients with pharmacoresistant epilepsy with mild long-term side effects if
administered with proper fractionation, dose prescription, and target volume definition.

3.4.2. Trigeminal Neuralgia

Trigeminal neuralgia (TN) is a neurological disease that cause intense facial pain, usu-
ally paroxysmal and excruciating, due to an alteration of the V cranial nerve (predominantly
the mandibular and maxillary branches). In patients with medications failure/significant
adverse events, radiotherapy (SRT, mainly SRS) may be an important therapeutic option.
For SRS Gamma-Knife, linear accelerators and Cyber-Knife can be used. The three tech-
niques showed no differences in terms of pain control, whereas the time to recurrence
ranged from 6 to 48 months [78].

Smith et al. [64] performed a retrospective study that evaluated cohort of 169 patients
treated with LIANC-SRS. The authors investigated different doses and volumes, conclud-
ing that increased dose and volume of brainstem irradiation improve clinical outcomes.
Similarly, Rashid et al. [65] evaluated 55 patients with TN and treated with LINAC SRS
up to a total dose of 90 Gy with 20% isodose line constraint to brainstem. After 30 months
median follow-up, 69% of patients were pain free. Another important study has reported
the outcomes of using Cyber-Knife SRS administered to 527 patients [66]. Dose prescrip-
tion was 60–65 Gy to the 80–90% isodose line. A brainstem volume equal to or less than
1 cm3 was exposed at a dose of 10 Gy, with a maximum point dose (0.035 cm3) of 30%
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of the prescription dose. The pain relief rates were 87%, 82%, and 76% at 12, 24, and
36 months, respectively.

Lovo EE et al. [67] reported the outcome of 14 patients with TN treated with SRS to
the Centromedian and Parafascicular Complex of the contralateral thalamus. They used a
gamma angle regularly fixed at 90◦ and using a 4 mm collimator and the prescribed dose
was 140 Gy to Dmax. Almost all patients (90%) reported some form of relief. Six patients
(60%) reached the threshold of 50% pain relief. For four patients (40%), the procedure failed
because the pain never improved.

Kundu B et al. [68] recently performed a retrospectively evaluation of patients with TN
undergoing LINAC-SRS. The patients were evaluated with Barrow Neurological Institute
(BNI) pain score and after a median follow-up of 5 months, 72% of the patients showed an
improvement in this pain evaluation.

A retrospective study by Fraioli et al. of 45 patients compared SRS to FSRT using
a linear accelerator. The authors compared 40 Gy in a single fraction and 72 Gy in six
fractions. Patients treated with FSRT showed a higher pain recurrence rate than SRS (27.3%
versus 8.3%) [79].

Finally, reirradiation with SRS can still be used in case of recurrence, with a pain relief
rate of 50% as showed in two retrospective studies [80,81]. The reirradiation was usually
delivered between 15.7 and 26.1 months after the first irradiation, with a dose in the range
70–80 Gy.

3.4.3. Brain Arteriovenous Malformations

Brain arteriovenous malformations (AVMs) are the persistence of a direct link between
an artery and a vein; the nidus is located where small arteries and veins are connected [82].
Brain AVMs are rare (incidence estimated between 1.12 and 1.42 cases per 100,000 person-
years) and mostly occur in young patients [83].

AVMs may be found as an incidental finding. They may be associated with intracranial
hemorrhage, seizures, headaches, and/or neurological deficits. CT and MRI angiography
are useful for the accurate diagnosis and nidus definition. Treatment approaches for
AVMs are neurosurgery, embolization, and intracranial SRS. Stereotactic radiosurgery
has a clinical obliteration rate of 60–80% [69–72]. The clinical benefit of SRS induced
obliteration appear after 3 years or more. The success rate was increased with smaller
volume (up to 30 cm3), lower Spetzler-Martin grade, higher dose, and steeper dose gradient.
Embolization performed before SRS provided significantly lower obliteration rates than SRS
alone (at 3 years: 41% versus 59%, respectively; p < 0.00001) [84,85]. Some AVM locations
(functional areas, as thalamus) are related to poorer outcomes and require multimodal
management [86]. Fractionated intracranial SBRT is poorly used in patients with AVM,
mainly due to the low obliteration and morbidity rates initially reported [87]. Most recent
results had an obliteration rate of 50% using fractionated intracranial SBRT delivering
equivalent 2 Gy fraction doses higher than 70 Gy [88]. Symptomatic and permanent
radiation-induced side effects have been described in 8 to 11% and in 1 to 4% of patients
treated with SRS, respectively [71]. Stereotactic radiosurgery can be repeated when no
complete obliteration is reported after the initial treatment. This is likely to occur in patients
with AVMs larger than 10 cm3 and/or with high Spetzler-Martin grade [71]. Overall, the
risks of hemorrhage and radionecrosis have to be considered and the treatment decision
needs to be taken in a multidisciplinary setting in which the situation of each patient is
assessed individually.

3.4.4. Graves Ophthalmopathy

Graves ophthalmopathy (GO) is the most frequent extrathyroidal manifestation of
Graves’ disease. Although GO is severe in only 3–5% of affected individuals, quality of
life is severely impaired even in patients with mild GO. RT is a well-established method of
treatment for GO. The main rationale is its anti-inflammatory effect and the high radiosen-
sitivity of T lymphocytes and orbital fibroblasts. Although there are several reports about
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the benefits of RT [73–75], optimal initial treatment and its combination with steroids is still
controversial. Various RT regimens with different doses and fractionations have been used:
16 or 20 Gy delivered in 8–10 fx (five days/week) is usually considered the standard [89].
A consensus statement from the European Group on Graves’ Orbitopathy does not rec-
ommend doses higher than 20 Gy [90]. Recent studies evaluated altered fractionation RT
for GO. In a randomized study, Kahaly et al. [76] compared the efficacy and tolerability of
three RT regimens of 1 Gy given weekly for 20 weeks for a total dose of 20 Gy; 1 Gy given
daily for 2 weeks for a total dose of 10 Gy; and 2 Gy given daily for 2 weeks for a total dose
of 20 Gy for patients with moderately severe GO. The authors concluded that whereas all
regimens provided similar response rates, the protracted regimen had a better effectiveness
and tolerance. Cordoso et al. [77] demonstrated the efficacy of orbital RT with a total dose
of 10 Gy, fractionated in 1 Gy once a week over 10 weeks in 18 patients with GO.

Overall, favorable responses have been reported in 60% of cases. The best responses
were noted for inflammatory signs and recent onset of extraocular muscle involvement. RT
is well tolerated and safe and a careful selection of patients is necessary.

4. Discussion

All the above-mentioned disease can benefit from RT with interesting and promising
results. At the same time, several pitfalls need to be managed before RT can be considered
a safe and efficacious technique to manage non-oncological disorders.

Specifically, more work is needed in the field of radiobiology to correctly quantify the
RT damage to organs at risk, especially in the risk of secondary cancers [91–93]. As the
development of RT induced secondary malignancies represents one of the most important
late side-effects, this topic has significantly influenced treatment decision-making and lim-
ited the use of RT for non-oncological disorders. Considering the increased life expectancy
and the higher number of older patients, as well as the advanced in treatment delivery, all
efforts should be made to prevent the incidence of tumors induced by radiation and to
correctly estimate the individual risk.

At the same time, the number of prospective trials investigating the field of non-
oncological RT is extremely poor and needs to be improved in the next years (see Table 5).

Table 5. Ongoing prospective clinical trial on non-oncological radiotherapy.

NCT Number Disease Design Location

NCT04722263 Keloids Single arm, interventional pilot study (15 patients).
RT: 15 Gy in 3 fractions.

Montefiore Medical Center,
New York, US

NCT04853433 Keloids Single arm, interventional pilot study (15 patients).
The primary endpoint will be toxicity.

Montefiore Medical Center,
New York, US

NCT04122313 Dupuytren’s Disease

Prospective, Cohort study. Participants will be treated
according to a standard treatment pathway, followed by
post-operative radiation. RT: 15 Gy in 5 fx, followed by a

6–8 weeks break then a second identical course.
Total dose: 30Gy.

University of Minnesota, US

NCT04424628 Gonarthrosis and
Coxarthrosis

Non-inferiority study in which the investigators compare
two low-dose radiotherapy schemes. Arm A will be

treated at 3 Gy (0.5 Gy/fraction, 3 fractions/week), and
patients in arm B will be treated at 6 Gy (1 Gy/fraction,

3 fractions/week).

GenesisCare, Malaga, Spain

NCT02708810 Trigeminal Neuralgia
To determine the feasibility of frameless Virtual Cone

trigeminal neuralgia radiosurgery at a single institution
prior to multi-institutional enrollment.

Hazelrig-Salter Radiation
Oncology Center, Birmingham,

Alabama, US

NCT03995823 Cerebral Arteriovenous
Malformations

Prospective study including 50 patients with cerebral
AVMs treated with GRKS to evaluate the sensitivity for

nidus obliteration of MRI.

Department of Neurosurgery,
Medical University of Vienna,

Austria

NCT04843683 Cardiac Arrhythmias
Prospective, single-center, phase II trial that will be

monitoring the safety and efficacy of using stereotactic
ablative radiotherapy (SBRT) to treat arrhythmias.

University Health Network,
Toronto, Canada
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Table 5. Cont.

NCT Number Disease Design Location

NCT04392193 Cardiac Arrhythmias
Proton Particle Therapy for Cardiac Arrhythmia

Extracorporeal Energy Source Ablation of Cardiac Tissue:
A First Stage Early Feasibility Study

Mayo Clinic, Rochester,
Minnesota, US

NCT04984265 Cardiac Arrhythmias
(Chagas)

SBRT in Chagas Disease Ventricular Tachycardia.
A single 25 Gy dose will be delivered to the PTV.

University of Sao Paulo General
Hospital, Sao Paulo, Brazil

NCT04642963 Cardiac Arrhythmias
Single arm, aimed at investigate safety requirements for

clinical use. A single 25 Gy dose will be delivered to
the PTV.

Medical University of Silesia,
Katowice, Poland

NCT04833712 Cardiac Arrhythmias
The study aims to investigate the safety and preliminary
efficacy of stereotactic radiotherapy for pulmonary vein

isolation to treat refractory atrial fibrillation

Attikon University Hospital,
Chaidari, Greece

NCT04486339 Cardiac Arrhythmias
Pulmonary Vein Isolation Using Stereotactic

Radiotherapy System for the Treatment of Refractory
Atrial Fibrillation

Xinhua Hospital, School of
Medicine, Shanghai Jiao Tong

University, Shangai, China

NCT03867747 Cardiac Arrhythmias Radiosurgery for the Treatment of Refractory Ventricular
Extrasystoles and Tachycardias (RAVENTA)

University Clinic Mannheim,
Mannheim,

Baden-Württemberg, Germany

NCT04162171 Cardiac Arrhythmias Cohort Study—SBRT for VT Radioablation Nova Scotia, Canada

NCT04066517 Cardiac Arrhythmias

STRA-MI-VT study is a spontaneous, open-label, not
randomized, prospective clinical trial. The objective of

the study is to evaluate the safety and efficacy of SBRT in
strictly selected patients with refractory VT.

Istituto Europeo di Oncologia,
IRCCS, Milan, Italy

NCT04612140 Cardiac Arrhythmias

Clinical trial: Patients with previously failed
conventional RF catheter ablation will be randomized to

radiosurgery (active treatment group) or repeated
catheter ablation (control treatment group).

University Hospital Ostrava,
Czechia

Abbreviations: SBRT: stereotactic body radiotherapy, RF: radiofrequency, VT: ventricular tachycardia, PTV:
planning target volume, GRKS: gamma knife radiosurgery, AVM: Arteriovenous Malformations.

Most of the enrolling trials are investigating the new technique of Heart SBRT for
arrhythmia disorders, whereas other diseases that can be managed with RT are not properly
investigated. This aspect needs to be properly analyzed to test the role of modern RT in
non-oncological fields and to sponsor the results among other specialists that do not know
this approach. To this end, especially the scientific societies should undertake to study and
spread the use of this type of RT, also involving specialists from other disciplines, following
the path of DEGRO German Society.

In this context, it is noteworthy that the spread use of hypofractionation RT schedules
is involving several cancer diseases and will decrease the number of fractions of patients at
the LINACs [94–96] and so decreasing the reimbursements for RT centers. The knowledge
and the use of non-oncological RT, thus, could counterbalance the expected loss of patients
and fractions.

Scientific improvements of RT delivery, at the same time, needs to be tested in this
particular field of disorders, as several other frontiers could be crossed in the next years
that no-one can imagine now, such as the use of heart SBRT.

To the best of our knowledge, the present paper is one of the most recent overviews
on RT for non-malignant diseases. Notwithstanding the narrative nature of the review, our
results may strongly support the need for further investigation and represent a starting
point for future clinical research, also in the context of RT Scientific Societies.

We finally recognize the limits of our review, in that it lacks explicit criteria for article
selection and does not evaluate selected articles for validity.

By setting up the ambitious goal of addressing all these challenges, non-oncological
RT can become a clinical reality in the next years and a higher number of prospective
trials can be designed and conducted in the near future, with the endorsement of RT
Scientific Societies.
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Abstract: Dendrimers are highly branched macromolecules tailorable at will to fulfil precise require-
ments. They have generated a great many expectations and a huge number of publications and
patents in relation to medicine, including in relation to personalized medicine, but have resulted in
very poor clinical translation up to now. As clinical trials are the first steps in view of developing new
compounds for (a personalized) medicine, this review focusses on the clinical trials carried out with
dendrimers. Many of these clinical trials have been recently posted (2020–2022); thus, only very few
concern phase 3. The safety and efficiency of essentially two main types of dendrimers, based on
polylysine and polyamidoamide scaffolds, have been assessed up to now. These dendrimers were
tested with the aim of treating mainly bacterial vaginosis, cancers, and COVID-19.

Keywords: dendrimers; clinical trials; phases 1, 2, and 3; polylysine; polyamidoamine

1. Introduction

Dendrimers [1] are a special class of synthetic macromolecules, constituted of branches
built, step by step, around a central multifunctional core. Each layer of branching points
creates a new “generation”. Most of the properties of dendrimers depend on the type of
their terminal functions (Figure 1). Dendrimers are often considered as 3-dimensional soft
nanoparticles [2], in opposition to hard metal nanoparticles. Despite the fact that nature
has favored branching structures at all levels, from galaxies to trees and to dendritic cells,
examples of branching at the molecular level are extremely rare. One can cite glycogen, a
branched polymer of glucose [3], and also some cases of branched lignin [4], but none of
them have a precisely highly branched structure, as do dendrimers. Such unusual structure
has generated a many expectations for dendrimers: a huge number of publications and
patents exist in relation to medicine, including in relation to personalized medicine (some
recent reviews about dendrimers in relation to personalized medicine: [5–12]) but have
resulted in very poor clinical translation up to now [13].
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It must be said that these synthetic macromolecules, which do not resemble anything
natural or biological, arouse a certain number of fears. The very first dendrimers were
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synthesized in 1978 [14], and their synthesis was mainly developed in the 80th [15–17]
and the 90th [18–21]. However, since that time, only very few clinical trials have con-
cerned dendrimers, as illustrated by the fact that the site “ClinicalTrials.gov” (accessed on
2 August 2022) [22] contains 423,241 research studies (2 August 2022), of which only about
26 concern dendrimers, many of them having been posted in 2020–2022. As clinical trials
are the first steps in view of developing new compounds for (a personalized) medicine, this
review will focus on the clinical trials carried out with dendrimers. Information is mainly
taken from ClinicalTrials.gov (accessed on 2 August 2022) (USA) and in part from clinical-
trialsregister.eu (European Union) [23]. It should be noted that the word “dendrimer” is
not always used in these clinical trials. A code to define the structure is used in most cases,
which renders the search relatively difficult.

2. Clinical Trials with Dendrimers Based on Poly-L-Lysine

The very first large dendrimers synthesized and patented were based on poly-L-lysine [15],
and the first example of clinical trials with dendrimers concerned poly-L-lysine dendrimers.
They were first functionalized with 24 macrocyclic complexes of gadolinium on the surface
(Figure 2A), affording a high-relaxivity agent for MRI (magnetic resonance imaging) [24]. This
compound, named Gadomer-17 or SH L 643 A (Schering AG, Berlin, Germany), was first injected
to healthy volunteers for imaging their aortoiliac region and then to patients with coronary artery
disease, affording an improved detection [25]. However, there is no recent result published with
this compound.
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Figure 2. Chemical structure of two poly-L-Lysine dendrimers. (A) Gadomer-17 used as MRI agent.
(B) SPL7013, also named Astodrimer sodium, the active ingredient in the mucoadhesive gel VivaGel®;
the blue bowls correspond to the structure that is shown in blue after the blue arrow.

A second example of poly-L-lysine dendrimer was proposed by Starpharma (Australia)
as an active ingredient in gels against sexually transmitted diseases, as it has antiviral
properties and is able to block bacteria when formulated as a mucoadhesive gel [26]. It is
based on a generation-four dendrimer bearing 32 Sodium 1-(Carboxymethoxy)naphthalene-
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3,6-disulfonate on the surface, named SPL-7013 as well as Astodrimer sodium (Figure 2B).
The formulated gel, named VivaGel®, has been tested in at least 13 clinical trials for
assessing first the safety, tolerability, PK, and acceptability of vaginal administration. The
first conclusion of a randomized, double-blind, placebo-controlled, dose-escalation trial
conducted in 2004 at the Royal Adelaide Hospital (Australia) was that VivaGel®applied
vaginally once daily for 7 days at concentrations of 0.5% to 3% was safe and well-tolerated
in women, with no evidence of systemic toxicity or absorption [27]. Another phase 1 clinical
trial (registered as NCT00331032, 29 May 2006) was carried out in the USA and Kenya as a
randomized, placebo-controlled trial. The conclusion was that genitourinary adverse events
and colposcopy findings were consistent with mild epithelial irritation and inflammation,
in particular when using a 3% dosage [28]. It was also shown in this study that several
mucosal immune parameters were increased compared to the placebo [29]. Another phase 1
clinical trial (registered as NCT00442910, 5 March 2007) was carried out almost at the same
time in the USA (San Juan, Puerto Rico and Tampa, Florida). The conclusion was that
VivaGel® was generally well-tolerated and comparable with the placebo although there
was a higher incidence of low-grade related genital adverse effects, as in the previous
study [30]. Another conclusion concerned the need for improvement of gel formulations to
seek better acceptability [31]. The tolerance by men [32] and its safety for them (Phase 1
NCT00370357, 31 August 2006) were also assessed [33].

The antiviral effects were early assessed, in particular against genital herpes (Phase 1
NCT00331032, 29 May 2006) and against HIV (Phase 1 NCT00370357, 31 August 2006, and
Phase 2 NCT00740584, 25 August 2008) [34]. However, the clinical trials were then oriented
towards the study of the anti-bacterial properties of SPL-7013 [35], in particular against
bacterial vaginosis (BV). A phase 2 clinical trial (NCT01201057, 14 September 2010) was
conducted in a double-blind, multicenter, randomized, placebo-controlled, dose-ranging
study for the treatment of bacterial vaginosis. It was shown that VivaGel (named Asto-
drimer in this study and in the followings) once daily for 7 days was superior to placebo
and was well-tolerated at 1% dose, supporting a role for such gel as an effective treatment
for bacterial vaginosis [36]. The dose range and the efficiency of the treatment against
bacterial vaginosis was then assessed in several phase 3 clinical trials. Several publica-
tions have presented in details the outcomes of these clinical trials [37]. Two phase 3
clinical trials were carried out in the USA for one (NCT01577238, 13 April 2012) and in the
USA, Germany, and Belgium for the second one (NCT01577537, 16 April 2012, and 2012-
000752-33, 22 June 2012). Both studies confirmed that Astodrimer is an effective, safe, and
well-tolerated treatment for women with bacterial vaginosis [38]. Another phase 3 study
(NCT02237950, 12 September 2014, and 2014-000694-39, 21 October 2014) demonstrated that
the gel administered every second day for 16 weeks was effective and superior to placebo
for prevention of recurrent bacterial vaginosis in women with a history of recurrent BV [39].
A recent review emphasized that such formulation inhibits growth of bacteria associated
with BV via a novel mechanism of action, compared with conventional antibiotics, by
blocking the attachment of bacteria to cells and inhibiting the formation of and disrupting
biofilms [40]. Table 1 displays the different types of clinical trials carried out with VivaGel®.

VivaGel® is now available in different countries under different names, as gel against
BV, and also as lubricant for condoms, as it has been shown in laboratory studies to
inactivate HIV, herpes simplex virus (HSV), and human papillomavirus (HPV) [26]. A
recent and important sequel of the antivirus properties of dendrimer SPL-7013 concerns
its efficiency against COVID-19. It has been reformulated in the form of a nasal spray to
prevent COVID-19 infections under the name VIRALEZETM [41]. Tests were carried out on
healthy volunteers at an Australian clinical trials facility [42].

Another example of poly-L-lysine dendrimer in the port-folio of Starpharma is num-
bered AZD0466. It is a fifth-generation poly-L-lysine dendrimer bearing two types of
terminal functions, 32 PEG2100 molecules and 32 molecules of a dual Bcl-2/Bcl-xL inhibitor
(anti-tumor agent) named AZD4320, attached through the linker X = N-Me (this compound
is also named SPL-8977). Other different linkers have been used to modify the release rate of
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the drug (X = CH2 for SPL-8931, X = S for SPL-8932, and X = O for SPL-8933) (Figure 3). The
slowest release was observed with SPL-8931, which displayed no cardiac toxicity, contrarily
to the compound having a rapid release. Combination of modeling and experiments finally
converged to the choice of AZD0466 (SPL-8977, X = N-Me) as the best choice [43]. This
dendrimer was tested on mouse xenografts of malignant pleural mesothelioma. AZD0466
was as effective as the standard-of-care chemotherapy, Cisplatin, and displayed signifi-
cantly reduced degree of thrombocytopenia [44]. AZD0466 was also shown suitable to
be delivered subcutaneously; it can act as a circulating drug depot accessing both the
lymphatic and blood circulatory systems in mice to fight against lymphoma [45].

Table 1. Clinical trials with VivaGel®. Information taken from https://ClinicalTrials.gov (accessed
on 2 August 2022) for NCT numbers and from https://www.clinicaltrialsregister.eu (accessed on
2 August 2022) for the other numbers.

Study Number Date Posted Phase Aims

NCT00331032 29 May 2006 1 Safety and tolerability (female)

NCT00370357 31 August 2006 1 Safety (male)

NCT00442910 5 March 2007 1 Safety and acceptability (female)

NCT00490152 22 June 2007 1 Adherence, acceptability (female)

NCT00740584 25 August 2008 1/2 Retention and duration of activity (female)

NCT01201057 14 September 2010 2 Efficacy against BV 1 (female)

NCT01437722 21 September 2011 2 Prevention of recurrence of BV 1 (female)

NCT01577238 13 April 2012 3 Treatment of BV 1 (female)

NCT01577537 16 April 2012 3 Treatment of BV 1 (female)

2012-000752-33 22 June 2012 3 Treatment of BV 1 (female)

NCT02236156 10 September 2014 3 Prevention of recurrence of BV 1 (female)

NCT02237950 12 September 2014 3 Prevention of recurrence of BV 1 (female)

2014-000694-39 21 October 2014 3 Prevention of recurrence of BV 1 (female)
1 Bacterial vaginosis.

In view of these interesting pre-clinical results in mice, at least three clinical trials are
presently underway with AZD0466. NCT04214093 (30 December 2019) is a phase 1, first
in human study in patients with advanced solid tumors, lymphoma, multiple myeloma,
or hematologic malignancies. NCT04865419 (29 April 2021) is a phase 1 (AZD0466 alone)
and phase 2 (AZD0466 in combination with the drug voriconazole) study in patients with
hematological malignancies. NCT05205161 (25 January 2022) is a phase 1/phase 2 in
patients with non-Hodgkin lymphoma.

The same concept of dually functionalized polylysine dendrimers was also applied to
the docetaxel-dendrimer conjugate SPL8783, tested in the phase 1 clinical trial EudraCT
Number 2016-000877-19 (13 July 2016) in patients with advanced solid tumors [46]. An-
other example in the same field concerns cabazitaxel–dendrimer conjugate CTX-SPL9111,
named DEP®-SN38 [46]. The phase 1/2 clinical trial EudraCT Number 2017-003424-76
also concerned patients with advanced solid tumors. The phase 1/2 clinical trial EudraCT
Number 2019-001318-40 was carried out with the same aims [23].

In relation with polylysine dendrimers, a less defined “Dendrigraft” fifth-generation
polylysine [47] was mixed with nitro-imidazole-methyl-1,2,3-triazol-methyl-di-(2-pycolyl)
amine. This mixture was named ImDendrim and was found suitable for the encapsulation
of rhenium and radioactive 188Re (Figure 4). This potential radiopharmaceutical agent
displayed anti-tumoral activity in liver cancer in mice [48]. The clinical trial NCT03255343
(21 August 2017) with [188Re]rhenium-ImDendrim concerns patients with non-operable
liver tumor with resistance to other classical chemotherapy.
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3. Clinical Trials with PAMAM Dendrimers

PAMAM (PolyAMidoAMine) dendrimers [16] are the most widely used type of den-
drimers. In the native form, they have NH2 terminal functions as poly-L-lysine dendrimers;
thus, they can be easily modified at will. However, the risk of reverse Michael addition,
particularly in acidic conditions, inducing the breakage of the structure, has precluded for
a long time the use of PAMAM dendrimers in clinical trials [37]. Nevertheless, PAMAM
dendrimers have been recently tested in clinical trial, essentially proposed by Ashvattha
Therapeutics [49]. All were obtained by first modifying the terminal functions to hydroxyl,
then by stochastically grafting other functions. The first dendrimer, labelled OP-101, is
a fourth-generation PAMAM stochastically functionalized with 40 OH and 24 N-acetyl
cysteine functions. Figure 5 displays the full structure of one of the possible isomers;
Figure 6A displays a very simplified structure of the same compound.
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It was shown that this compound OP-101 has anti-inflammatory and anti-oxidant
activity in microglia cells [50]. The first clinical trial, NCT03500627 (18 April 2018), was a
phase 1 study to evaluate the safety, tolerability, and pharmacokinetics of OP-101 injected
intravenously. The second trial, NCT04321980 (26 March 2020), evaluated the subcutaneous
administration of OP-101. The objectives of the phase 2 study NCT04458298 (7 July 2020)
are to evaluate the efficacy of OP-101 in patients with severe COVID-19 and its effect in
reducing pro-inflammatory cytokines biomarkers. No drug-related adverse events were
reported. OP-101 reduced morbidity and mortality in hospitalized patients with severe
COVID-19. Indeed, at day 60, only three of seven patients given placebo were surviving,
whereas they were 14 of 17 for OP-101–treated patients [51].

A second example of PAMAM hydroxyl dendrimers stochastically functionalized
concerned the grafting of known drugs suitable for treating diverse eye diseases. A recent
paper published this concept using triamcinolone-acetonide as drug conjugated to the
dendrimer and tested in models of age-related macular degeneration [52]. However, the
drug presently under clinical trials is a generation-four PAMAM hydroxyl dendrimer partly
functionalized with Sunitinib, an inhibitor of vascular endothelial growth factor receptors
(simplified structure in Figure 6B). The grafting through an ester bond enables the slow
release of the drug. This dendrimer, named D-4517-2 [53], has been evaluated in the phase 1
clinical trial NCT05105607 (3 November 2021) for safety and tolerability after subcutaneous
injection. The phase 2 NCT05387837 (24 May 2022) intends to evaluate safety, tolerability,
and pharmacokinetics in patients with neovascular (wet) age-related macular degeneration
or subjects with diabetic macular edema.

A third example of PAMAM-hydroxyl dendrimer concerns the stochastic grafting of
a few radionuclides, in particular 18F, for specific positron emission tomography (PET)
imaging and radiotherapy, with the aim of detecting inflammatory sites or tumors [54].
This specific dendrimer is named 18F-OP-801 (simplified structure in Figure 6C) and
is used in the phase 1 clinical trial NCT05395624 (27 May 2022) to evaluate the safety,
pharmacokinetics, and biodistribution after intravenous administration to patients with
amyotrophic lateral sclerosis.

Another clinical trial with PAMAM dendrimers is NCT04262076 (10 February 2020),
which concerns the use of a PAMAM dendrimer with Pulpine for the remineralization of
carious-affected dentin. However, the generation and the type of surface functions of the
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PAMAM dendrimer used are unknown in this study carried out by the Al-Azhar University
(Egypt). No result has been posted.

4. Clinical Trials with Other Types of Dendrimers

Two clinical trials against COVID-19 are currently on-going, both based on the same
cationic peptide dendritic structure having lysine as branching elements, named KK-46,
whose structure is shown in Figure 7 [55]. This compound is used as carrier of siRNA
modified for silencing SARS-CoV-2 (siCoV) by inhibiting its replication [56]. The association
of KK-46 with siCoV is named MIR 19®. Trial number NCT05208996 (26 January 2022)
is a phase 1 clinical trial to assess the safety and tolerability of siCoV/KK46 in healthy
volunteers. Trial number NCT05184127 (11 January 2022) is a phase 2 clinical trial to assess
the efficacy and safety of MIR 19® via 14 days of treatment of hospitalized patients with
symptomatic moderate COVID-19.
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5. Discussion

This review is the first one fully dedicated to clinical trials carried out with dendrimers.
It can be seen by the dates on which they have been posted that many of them are extremely
recent (dated 2020–2022); thus, most of them concern phase 1 assays. The only dendrimer
under phase 3 clinical trials is the polylysine used as an active ingredient of VivaGel®

(Figure 2B) to treat bacterial vaginosis. It must be emphasized that the phases 1 with this
dendrimer were carried out in 2004, 2006, and 2007, whereas the phases 3 began in 2012
and 2014, almost 10 years after the beginning of phases 1. Furthermore, VivaGel® is a
gel, which does not penetrate the skin or the bloodstream, and thus cannot cause serious
health problems. On the contrary, most of the dendrimers recently used in phase 1 clinical
trials were injected either intravenously or subcutaneously. As practically no results have
been posted with most of them, it is difficult to foresee if and when phase 3 clinical trials
could be carried out with them. It is even more difficult to foresee if they could be used in
personalized medicine.

However, dendrimers have already found application in personalized medicine to
enhance the efficiency of diagnosis tools [57]. They are used as 3D spacers in chips for
bioassays between the solid surface and the probe to increase the binding efficiency of the
probe. Indeed, an increased distance from the solid surface enables the trapping of the
target as efficiently as in solution, as illustrated in Figure 8. Such a concept was applied very
early with PAMAM dendrimers for enhancing the radial partition in immunoassays. It is
used in particular in the Stratus®CS Analyzer * for acute care diagnostics, which provides
quantitative cardiac assays for fast, accurate evaluation of patients presenting suspected
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myocardial ischemia [58]. Another type of bioassays is carried out with phosphorhydra-
zone dendrimers [59]. Different types of chips are elaborated depending on the disease to
be analyzed [60]. DendrisCHIP®RD concerns the simultaneous detection of 10 bacteria
commonly involved in respiratory infections. DendrisCHIP®OA allows the detection of 10
bacteria responsible for deep and osteoarticular infections [61]. DendrisCHIP®DP is dedi-
cated to the identification of fungi involved in dermatophytosis, whereas DendrisCHIP®SD
is dedicated to the identification of 10 pathogens (bacteria, yeasts, and viruses) responsible
for sexually transmitted infections [60].

J. Pers. Med. 2022, 12, 1334 10 of 13 
 

 

disease to be analyzed [60]. DendrisCHIP®RD concerns the simultaneous detection of 10 
bacteria commonly involved in respiratory infections. DendrisCHIP®OA allows the de-
tection of 10 bacteria responsible for deep and osteoarticular infections [61]. Dendris-
CHIP®DP is dedicated to the identification of fungi involved in dermatophytosis, whereas 
DendrisCHIP®SD is dedicated to the identification of 10 pathogens (bacteria, yeasts, and 
viruses) responsible for sexually transmitted infections [60]. 

 
Figure 8. Principle of the use of dendrimers in bioassays. 

6. Conclusions and Perspectives 
The huge number of dendrimers already synthesized and the even larger number of 

dendrimers that could be synthesized as active per se or as carriers of drugs should have 
generated breakthrough in medicine, including in personalized medicine. However, this 
is not the case, with two exceptions that are bioassays for the specific detection of diseases 
and gels for the local treatment of bacterial vaginosis. The hope of expanding the number 
of dendrimers actually used in human health lies in the phase 1 clinical trials carried out 
recently and on others that are planned. One can cite in particular ongoing and future 
assays against influenza A and B virus; against COVID-19 [26]; against neurology, oph-
thalmology, inflammatory diseases, and neuro-oncology [49]; and to modulate the activity 
of the immune system to treat chronic inflammatory diseases [62,63]. The field of 
theranostic (diagnosis and therapy with the same “object”) could be developed with mul-
tifunctional dendrimers (see for instance 18F-OP-801). Thus, there are still many pending 
works, but I do believe that dendrimers can be considered as an emerging opportunity in 
medicine and in part in personalized medicine. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 

Acknowledgments: Thanks are due to the CNRS. 

Conflicts of Interest: Anne-Marie Caminade is a shareholder of IMD-Pharma. 

  

Figure 8. Principle of the use of dendrimers in bioassays.

6. Conclusions and Perspectives

The huge number of dendrimers already synthesized and the even larger number of
dendrimers that could be synthesized as active per se or as carriers of drugs should have
generated breakthrough in medicine, including in personalized medicine. However, this is
not the case, with two exceptions that are bioassays for the specific detection of diseases
and gels for the local treatment of bacterial vaginosis. The hope of expanding the number
of dendrimers actually used in human health lies in the phase 1 clinical trials carried out
recently and on others that are planned. One can cite in particular ongoing and future assays
against influenza A and B virus; against COVID-19 [26]; against neurology, ophthalmology,
inflammatory diseases, and neuro-oncology [49]; and to modulate the activity of the
immune system to treat chronic inflammatory diseases [62,63]. The field of theranostic
(diagnosis and therapy with the same “object”) could be developed with multifunctional
dendrimers (see for instance 18F-OP-801). Thus, there are still many pending works, but I
do believe that dendrimers can be considered as an emerging opportunity in medicine and
in part in personalized medicine.
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