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Brief title: Cardiac amyloidosis subtypes by unsupervised phenotype clustering.
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Abstract

Background: Cardiac amyloidosis (CA) is a set of amyloid diseases with usually predominant
cardiac symptoms, including light-chain amyloidosis (AL), hereditary variant transthyretin
amyloidosis (ATTRv) and wild-type transthyretin amyloidosis (ATTRwt). CA are characterized
by high heterogeneity in phenotypes leading to diagnosis delay and worsened outcomes.
Objectives We used clustering analysis to identify typical clinical profiles in a large population
of patients with suspected CA.

Methods: Data were collected from the French Referral Center for Cardiac Amyloidosis database
(Hopital Henr1 Mondor, Créteil), including 1394 patients with suspected CA between 2010 and
2018: 345 (25%) had a diagnosis of AL, 263 (19%) ATTRv, 402 (29%) ATTRwt and 384 (28%)
no amyloidosis. Based on comprehensive clinico-biological phenotyping, unsupervised
clustering analyses were performed by artificial neural network based self-organizing maps
(SOMs) to identify patient profiles (clusters) with similar characteristics, independent of the final
diagnosis and prognosis.

Results: Mean + standard deviation age and left ventricular ejection fraction were 72+13 years
and 52%=13. We identified seven clusters of patients with contrasting profiles and prognosis.
AL patients were distinctively located within a typical cluster; ATTRv patients were distributed
across four clusters with varying clinical presentations, one of which overlapping with patients
without amyloidosis; interestingly, ATTRwt patients spread across three distinct clusters with
contrasted risk factors, biological profiles and prognosis.

Conclusions: Clustering analysis identified seven clinical profiles with varying characteristics,
prognosis and associations with diagnosis. Especially in patients with ATTRwt, these results
suggest key areas to improve amyloidosis diagnosis and stratify prognosis depending on
associated risk factors.

Condensed abstract: Cardiac amyloidosis (CA) is characterized by high heterogeneity in
phenotypes leading to diagnosis delay and worsened outcomes. Using clustering analysis by self-
organizing maps in 1394 patients with suspected CA, we identified seven typical clinico-
biological presentations. AL patients were distinctively located within a typical cluster; ATTRv
patients were distributed across four clusters with varying clinical presentations, one of which
overlapping with patients without amyloidosis; ATTRwt patients spread across three distinct
clusters with contrasted risk factors, biological profiles and prognosis. Especially in patients with
ATTRwt, these results suggest key areas to improve amyloidosis diagnosis and stratify prognosis
depending on associated risk factors.

Keywords: Cardiac amyloidosis — Clustering - Phenotype - Diagnosis - Prognosis

Abbreviations

AL: light-chain amyloidosis

ATTRUv: hereditary variant transthyretin amyloidosis
ATTRwt: wild-type transthyretin amyloidosis

CA: cardiac amyloidosis

SOMs: self-organizing maps



Introduction

Amyloidosis is a set of diseases caused by abnormal protein folding that generates
insoluble fibrils within the extracellular matrix of tissues and organs(1). In total, 36 responsible
proteins have been identified, but the most common types of amyloidosis are due to transthyretin
(ATTR) or light chains of immunoglobulin (AL)(2). ATTR has two distinct forms: wild-type
(ATTRwt) (also known as senile systemic amyloidosis) and hereditary (ATTRv). More than 100
pathogenic mutations in the 77R gene have been identified(3).

These three most common types of amyloidosis feature predominant heart manifestations,
so they are part of the cardiac amyloidosis (CA) family. Patients typically display a phenotype of
hypertrophic cardiomyopathy (HCM), associated with heart failure (HF) and poor prognosis(4).
CA shares the same cardiac manifestations (dyspnea, atrial fibrillation) as other cardiac diseases,
such as hypertensive heart disease (HHD) or heart failure with preserved ejection fraction
(HFpEF)(5-7). However, CA patients also frequently present various other symptoms or “red
flags” (8), which reflect the pathophysiology of the disease(8,9). Such extracardiac
manifestations may notably include neurologic (i.e., peripheral neuropathy(10)), tegumentory
(i.e., carpal tunnel syndrome, spinal stenosis, underlying Dupuytren syndrome(11,12)) and
otorhinolaryngologic (hearing loss(13,14)) symptoms as well as skin or mucosal impairment
(macroglossia, periorbital bruises, cutaneous purpura (15)).

Even though the diagnosis of ATTR-CA has become simpler thanks to bone tracer
scintigraphy, the diagnosis of AL-CA can still be challenging and may rely on a complex
combination of clinical, biological and imaging examinations(9). There is also clear
heterogeneity of CA clinical expression and potential overlap with other cardiac conditions. Lack

of awareness of such heterogeneity by clinicians may expose patients to under-, mis- or late



diagnosis resulting in delayed appropriate management and aggravated outcome(16). We need to
improve our knowledge of the varying phenotypes of CA to better characterize them and help
cardiologists identify less frequent presentations warranting thorough clinical and paraclinical
examinations.

Clustering techniques based on machine learning algorithms and following an
unsupervised (without a priori hypotheses) approach can reveal hidden commonalities or key
differences and could help disentangle the CA heterogeneous clinical expressions(17).

The aim of this study was to identify and characterize clinical profiles within a mixed
controls—CA population by using clustering analysis and to secondarily investigate the
association of profiles with established CA diagnoses and their prognostic value for mortality.
Methods
Study population

Data were collected from the Referral Center for Cardiac Amyloidosis database, a cohort
study of prospectively enrolled adult patients referred for suspected CA to the Henri Mondor
University Hospital, Créteil, France. For the present analysis, the study population included all
patients enrolled from 2010 to 2018 and for whom a definite diagnosis of CA was established
(ATTRV/ATTRwt/AL) or discarded (controls); patients recently referred and still under
investigation at the time of data extraction were not included.

The study was conducted according to the Declaration of Helsinki. Informed consent was
collected from all patients before inclusion. The study was approved by the local ethics
committee of Henri Mondor hospital and the French Data Protection Authority (Commission
Nationale de I’Informatique et des Libertés; authorization no. 1431858).

Diagnostic criteria



Diagnosis of CA was considered when interventricular septum thickness measured by
echocardiography was 12 mm (without another known cause) and/or cardiac MRI showed
diffuse late gadolinium enhancement and/or 99m Tc-bisphosphonate scintigraphy showed strong
tracer uptake by the heart.

The types of amyloidosis had the following definitions. AL was diagnosed on the basis of
high monoclonal light-chain levels in serum and/or urine and an extracardiac or endomyocardial
biopsy showing both Congo red staining and labeling with specific anti-k or anti-light-chain
antibodies. ATTR was diagnosed on the basis of cardiac fixation on bone scintigraphy without
gammopathy. With the presence of gammopathy, a biopsy was performed (extracardiac and/or
cardiac) with Congo red staining and anti-TTR antibody labelling without anti-light-chain
antibody staining. Patients with ATTR underwent genetic analysis of the 7TR gene to
discriminate those with ATTRv (presence of a pathogenic mutation) and ATTRwt (no mutation).
Data collection

Baseline data were collected during routine clinical practice from an examination
recommended for patients with suspected CA(9) and included demographic, clinical, biological,
genetic and imaging findings measured at the time of enrolment in the study, considering the
latest examinations/data available up to 6 months after the initial referral. For the present
analysis, 24 features currently considered relevant for CA characterization were considered for
the clustering analysis: demographics (age, sex), physical examination (body mass index [BMI]),
New York Heart Association [NYHA] class, systolic blood pressure [SBP]), cardiovascular [CV]
risk factors (hypertension, diabetes and dyslipidaemia), (para)clinical parameters commonly
associated with amyloidosis (underlying gammopathy, myeloma and Waldenstrom pathology

(18), hearing loss(13), soft tissue deposition(11), peripheral neuropathy(10), skin/mucosal



impairment(15), cardiac fixation on bone scintigraphy), biological parameters (N-terminal—pro-
hormone B-type natriuretic protein [NTproBNP] and troponin measures(19), anemia and
creatinine clearance), electrocardiography parameters (microvoltage and arrhythmia), and
echocardiography parameters (heart rate, left ventricular ejection fraction [LVEF], global LV
strain(19) and interventricular septum thickness [IST]); detailed definition criteria are given in
Supplemental Methods.

Statistical analyses

The main part of the analysis sought to identify novel specific patient profiles to improve
the characterization of CA by applying unsupervised (without a priori CA diagnosis) clustering
analysis based on the 24 patient characteristics previously detailed, independent of the final
diagnosis. Clustering analysis relied on building self-organizing maps (SOMs), a nonparametric
approach based on Kohonen’s neural networks allowing to convert multidimensional datasets
with large numbers of variables into simplified grids displayed as 2-D maps(20).

In a nutshell, SOM algorithms assign each individual a specific area on the map based on
their characteristics, placing similar individuals in close proximity and distinct ones in remote
locations, thus allowing to draw visual comparisons of unique or overlapping patient
characteristics and disease subtypes. The SOMs were constructed by applying the approach
developed within the Numero package framework for the R statistical platform(21), by 1)
building the SOMs with statistical verification of the robustness of the contrasts observed by
permutation tests and 2) determining suitable groupings based on the direct visualization of data
patterns and key characteristics of the dataset. A sensitivity analysis was conducted to check the
robustness of the main findings obtained by SOMs, by following a model-based clustering

approach with the mclust R package(22).



For illustrative purposes, Gabriel’s biplots were plotted to project the patients along the
principal components axes from mixed principal component analysis according to their
individual characteristics, colouring patients according to their final diagnosis or cluster and thus
allowing for direct visual assessment of the discriminative ability of each subgrouping.

Comparisons of clinical, biological, and cardiological features between groups involved
one-way ANOVA or Kruskall-Wallis tests for continuous data and chi-square or Fisher’s exact
test for categorical data, as appropriate.

Survival analyses were performed to assess the prognostic value of the different
subgroups identified on overall survival. Survival curves were plotted by the Kaplan-Meier
method, using log-rank tests to assess significance for group comparison.

NTproBNP and troponin levels were log-transformed to account for data skewness.
Among the 24 features used for clustering, missing rates ranged from 0% for most variables to
33% for cardiac fixation on bone scintigraphy; for the SOM analysis, those variables with
missing information were imputed using the k-nearest neighbours (kNN) approach. Among the
other variables used only as illustrative features, variables with missing rates >30% included
electrocardiography-PR, -QRS, ethnic origin, dysphonia and orthostatic hypotension. All
descriptive statistics are presented as raw (not imputed) data.

Analyses were performed with Stata 15.1 (StataCorp, College Station, TX, USA) for
descriptive analyses and between-group comparisons, and R 3.4.3 (R Foundation, Vienna,
Austria; pca2d, PCAMix, Numero, mclust and NbClust packages) for clustering analyses and
visualizations.

Results

Comparative analyses according to final amyloidosis diagnosis



We included 1394 patients over the 2010-2018 period: 345 (24.7%) had a diagnosis of
AL, 263 (18.9%) ATTRv, 402 (28.8%) ATTRwt, and amyloidosis was excluded for 384 (27.5%)
patients. Table 1 and Figure 1A show the main clinical and biological characteristics of the
studied population as a whole and by final amyloid diagnosis. Overall, ATTRwt patients were
older and more predominantly men, with higher prevalence of soft tissue deposition and hearing
loss than other patients; ATTRv patients were frequently of Afro-Caribbean or Portuguese origin
and frequently presented peripheral neuropathy or soft tissue deposition; AL patients more
frequently presented cutaneous and mucosal impairment, dysphonia, and orthostastic and had the
most impaired NYHA class and highest NTproBNP/troponin levels. Patients without
amyloidosis had a high prevalence of CV risk factors (diabetes, dyslipidemia, hypertension).
Clustering analysis

Figure 2 shows the clustering analysis with the SOM methodology, displaying polarized
distributions of patient characteristics across the maps, as evidenced by the contrasting
colourings from blue (lowest values) to red (highest values). From these results, seven clusters of
patients with homogenous phenotypes were built. Cluster boundaries are shown at the top left of
Figure 2 and as solid black lines across the maps, with detailed characteristics presented in
Table 2, Supplemental Table 2 and Figure 1B. A summary of the typical characteristics of
these seven clusters is in the Central Illustration, and a chord diagram in Figure 3 illustrates
the relations between the clinical phenotypes identified by clustering analysis and the CA final
diagnosis.

Cluster 1 (N=263, 19%) is located in the upper left area of the maps and included a high

proportion of AL patients characterized by impaired CV parameters (highest values of



NTproBNP and troponin and NYHA class and lowest LVEF and strain values) and the highest
proportions with underlying gammopathy, microvoltage and skin/mucosal impairment.

Clusters 2 (N=200, 14%), 3 (N=124, 9%) and 4 (N=250, 18%) included patients from the
right part of the maps, who were mostly older males with the highest proportions of cardiac
fixation on bone scintigraphy and extra-cardiac signs such as soft tissue deposition and hearing
loss as well as the highest interventricular septum thickness. Inner subgroups could be identified
based on varying proportions of CV risk factors and diseases (i.e., dyslipidemia, hypertension,
arrhythmia).

Cluster 2 had high proportions of risk factors and impaired CV parameters, Cluster 3 had
impaired CV parameters with isolated arrhythmia and low proportions of risk factors, and
Cluster 4 conversely showed high proportions of risk factors but preserved CV parameters.
Clusters 2 to 4 were all predominantly ATTRwt patients but also included substantial
proportions of ATTRYv patients (from 21% to 28%).

Clusters 5 (N=149, 11%), 6 (N=230, 16%) and 7 (N=178, 13%), located in the centre and
lower left quadrant of the maps, consisted of mostly patients without amyloidosis, with varying
phenotypes and overlaps with CA patients. Cluster 5, in the centre of the maps, was
characterized by older patients with low proportions of CV risk factors and extra-cardiac signs
but high proportion of anemia and to a lesser extent peripheral neuropathy and arrhythmia.
Patients with this phenotype mostly did not have amyloidosis but also included a moderate
proportion of AL patients (25%). Cluster 6 included patients in the left area of the maps,
comprising mostly younger males, with low proportions of CV risk factors and diseases,
preserved cardiac function, but remarkedly high proportions of peripheral neuropathy and one

quarter with Portuguese origin. Patients from Cluster 6 mostly did not have amyloidosis but also
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included a substantial proportion of ATTRv patients with neuropathy (34%). Cluster 7
comprised patients from the lower left part of the maps, characterized by mostly males about 70
years old with very high proportions of CV risk factors (dyslipidemia, hypertension, diabetes,
elevated BMI) but only mildly impaired CV parameters.

Results from the complementary (sensitivity) analysis using model-based clustering
identified a seven-cluster solution as the optimal number of clusters, thus confirming the number
of clusters found with the SOM approach.

2-D biplot representation (Figure 4) illustrates key differences between patients
according to their final amyloidosis diagnosis (Figure 4A) or cluster by SOMs (Figure 4B). As
expected, patients diagnosed with AL or from Cluster 1 distinctly projected along variables
relating to the typical clinical presentation of the disease (i.e., cutaneous and mucosal
impairment, underlying gammopathy, microvoltage). Regarding other diagnoses and clusters,
separation of the subgroups was clearer after clustering (Figure 4B), which accentuated key
differences in phenotypes, than by considering the final diagnosis, with non-amyloidosis patients
substantially overlapping with ATTRv patients.

Prognostic analyses

Figure 5 shows results from 4-year overall survival analyses according to the final
amyloid diagnosis (Figure SA) or clusters from SOMs (Figure 5B). The best survival outcomes
were for no-amyloidosis patients and Cluster 6 and the worst outcomes were for AL patients and
Clusters 1 and 2 patients, with intermediate results for ATTRwt and ATTRv patients and Cluster
3,4, 5 and 7 patients. A detailed breakdown of the survival rates at 4-year follow-up for each
cluster by amyloid status is provided in Supplemental Table 3; results were consistent with the

global results, with Clusters 1 and 2 having generally worse outcomes and Cluster 6 generally
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better outcomes. Harrell’s C-index from a Cox proportional hazards model was substantially
higher entering cluster membership (69.0%) than amyloid status (65.5%).
Discussion

To our knowledge, this is the first study using clustering analysis to identify paraclinical
presentations depending on phenotypes in a large set of patients with and without amyloidosis.
We identified seven distinct clusters with contrasted profiles and prognosis. AL patients were
specifically located within a typical cluster; ATTRv patients were distributed across four clusters
with varying clinical presentations, one of which overlapping with patients without amyloidosis;
remarkably, ATTRwt patients spread across three distinct clusters of older males with contrasted
risk factors, biological profiles and prognosis. These results suggest key areas to improve
amyloidosis diagnostic skills and stratify patient prognosis, especially within patients with
ATTRwt. This issue is of critical importance because the heterogeneity of the disease expression
and the lack of early diagnostic tools and knowledge regarding management of amyloidosis can
lead to delays in the diagnosis and an aggravation of the prognosis(23). Thus, there is a current
need to better characterize the whole spectrum of the disease.
AL patients had a distinct phenotype with poor prognosis

Most AL patients (61%) were in Cluster 1, characterized by severe cardiac amyloidosis
with elevated NTproBNP level, clinical signs of heart failure as assessed by higher mean NYHA
class, increased LV thickness, low voltage and cardiac involvement on echocardiography, and
notably high prevalence of skin/mucosal impairment, peripheral neuropathy and gammopathy.
Accordingly, Cluster 1 (along with Cluster 2) had the worst prognosis among the clusters. This
finding agrees with the severity of AL disease and its associated poor prognosis, in accordance

with previous reports(4). Of note, AL patients were marginally distributed among other clusters,
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including within Cluster 5, characterized by older patients with lower NTproBNP level and
mostly consisting of patients with no amyloidosis.
ATTRwt patients had heterogenous phenotype and distinct prognosis

Patients with ATTRwt were not found in a single cluster but mostly (89%) spread within
three clusters with different prognosis: 29% of all ATTRwt figured in Cluster 2, 20% figured in
Cluster 3 and 40% figured in Cluster 4. All three clusters consisted of older males with frequent
soft tissue deposition, but Cluster 2 was marked by the highest prevalence of CV risk factors and
arrhythmia, with concomitant high cardiac biomarker values and, in turn, the worst prognosis.
CV risk factors were also prevalent in Cluster 4, but NTproBNP level was markedly lower, with
ultimately better prognosis. These results highlight the heterogeneity of prognosis within patients
with ATTRwt amyloidosis and, consequently, the crucial need to assess CV biomarkers and risk
factors associated to CA in those patients to inform prognosis and adapt care management.

ATTRwt is under-diagnosed and could represent 13% of heart failure cases in older men
(24,25). Age is a major determinant of the risk of cardiovascular disease (26). Main implicated
processes include excessive oxidative stress and chronic low-grade inflammation superimposed
on the limited cardiac regeneration capacity (26). This situation might explain why patients from
Clusters 2 and 4 had a high prevalence of cardiovascular risk factors such as dyslipidemia,
hypertension and diabetes. Concerning the severity of the cardiac involvement, Cluster 2 seemed
more severe than Cluster 4, with no clear explanation except that Cluster 2 patients were nearly 2
years older than Cluster 4 and more frequently had arrhythmia. Differences in duration of
development of the disease might contribute to this discrepancy between the two clusters. In
contrast, patients of Cluster 3 with similar mean age as patients from Cluster 2 presented

moderately severe cardiac amyloidosis with an intermediate prognosis. These patients had very
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few CV risk factors as compared with Cluster 2 patients, which supports the aggravating role that
CV risk factors might play and even their potential contribution to the development of ATTRwt
amyloidosis(27).
ATTRYy patients presented multiple phenotypes

ATTRYyv patients were widespread across several clusters, including Clusters 6, 4, 2 and 3
representing respectively 30%, 25%, 16% and 13% of ATTRv patients, and showed varying
presentations, without a clear emblematic phenotype. This finding is consistent with the
previously reportedly high heterogeneity of the ATTRv phenotype(25), which further highlights
how such phenotype heterogeneity may lead to under-diagnosis of ATTRYv in real-life
settings(8,28). Data currently available indicate an under-diagnosis and reporting of CA
pathology, which could represent for ATTR-CA, 8% of hypertrophic cardiomyopathies(25),
confirmed in a similar approach in the United States(29). In detail, Cluster 6 had a high
proportion of the ATTR V30M mutation (68%) frequently found in patients from Portugal(30).
This mutation leads to a mixed phenotype with neuropathy and mild CA. Therefore, in early
onset, the disease has mainly a neurologic phenotype and in late onset, a mixed phenotype. Other
patients with V30M mutation were in Cluster 2 (30%) and mostly consisted of late-onset patients
from European countries other than Portugal(30). The well-described “Afro-American” V1221
mutation was spread in Clusters 2, 3, 4, with 30%, 21% and 31% of these patients, respectively.
Patients without amyloidosis

Patients without amyloidosis were mainly found in Cluster 7, which presented a high
prevalence of risk factors, in particular obesity (43%), diabetes (77%), dyslipidemia (62%) and
hypertension (91%), leading to increased left ventricular mass and potentially misleading the

diagnosis of CA. To our knowledge, the diagnostic value for detecting CA of obesity and other
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cardiovascular risk factors has not been specifically studied, and further research is needed to
investigate this topic. Of note, patients from this cluster were younger than ATTRwt patients
from Clusters 2 and 4 and did not present soft tissue deposition. Clusters 5 and 6 also mostly
consisted of patients without amyloidosis, with Cluster 6 patients being much younger and
having milder cardiac involvement than Cluster 5 patients. Prognosis of these clusters was better
than other clusters with more amyloidosis patients.
Comparison of prognosis between clusters

Our clustering analysis allowed for identifying distinct prognostic profiles across clusters,
with Clusters 1, 2, and 3 having the poorest outcome; Clusters 4, 5 and 7 intermediate outcome;
and Cluster 6 the best outcome. The most affected clusters in terms of prognosis were those with
the poorest heart condition, revealed by NTproBNP/troponin levels and cardiologic
characteristics such as interventricular septum thickness or strain. Median NTproBNP level for
Clusters 1 and 2 was 5300 and 5900 ng/L at inclusion, for instance, which was already about
three-fold higher than median NTproBNP level for Clusters 4, 5 and 7. In terms of prognosis, we
therefore believe that perhaps what matters most is the heart condition rather than the pathology
diagnosed. This was particularly highlighted by the observation that prognosis could actually be
worse in some ATTR patients (notably from Cluster 2) than in AL patients.
Strengths

Among the strengths of our study are the use of a large amyloidosis database gathering
detailed phenotype information on patients with an final diagnosis of CA but also patients with
suspected CA ultimately excluded from that diagnosis, and the use of advanced statistical
unsupervised approaches. Use of such machine learning-based algorithms enabled the

identification of distinct paraclinical presentations by providing insightful representations of
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patient characteristics with blinding to the final diagnosis. In this regard, an interesting aspect of
SOMs is the ability to build powerful and user-friendly visualisations of clustering results,
allowing to easily capture key similarities and differences but also overlaps between clusters
defined, thus highlighting the complexity of the pathology.
Limitations

Our study has also some limitations, including the monocentric nature of the study
design, although relying on an extended reference network with a large variety of patients
referred. Study limitations also include the fact that some variables used for clustering or
illustrative purpose had a substantial amount of missing information, for which we used missing
data imputation for the SOM analysis. An interesting future prospect would be to externally
validate the key phenotypes identified here in another large prospective cohort. Another
interesting perspective to broaden the spectrum of the features investigated would be to enrich
current databases from referral centers with information automatically collected from electronic
health records, using machine learning techniques to help discover novel clinical or biological
markers for early diagnosis and refined prognosis.
Conclusions

Using clustering analysis on a large database of patients with and without cardiac
amyloidosis, we identified seven key clinical profiles with distinct characteristics, varying
associations with amyloidosis diagnosis and contrasted prognosis, thus contributing to refine risk
stratification in patients with amyloidosis. Our findings may help further define both typical
clinical presentations but also less evocative situations or signs to ultimately improve

amyloidosis diagnostic skills of clinicians. Especially in patients with ATTRwt, our results
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suggest key areas to improve amyloidosis diagnosis and stratify prognosis depending on

associated CV risk factors.
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Clinical perspectives

Competency in Medical Knowledge: The heterogeneous phenotypes of cardiac amyloidosis (CA)
contribute to delayed diagnosis and adverse outcomes. A clustering analysis by self-organizing
maps of patients with suspected CA identifies seven typical presentations with considerable
overlap.

Translational Outlook: Further efforts are needed to facilitate the early diagnosis of CA and

guide therapy.
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Figure legends

Figure 1. Distribution of patient characteristics by amyloid status and clusters. Data are
shown (A) by amyloid status and (B) by clusters identified by self-organizing maps (SOM).
Results are displayed as boxplots, with the horizontal line indicates the median, box edges the
interquartile range, and whiskers extending to 1.5 times the interquartile range above and below
the box; the dots represent individual patients.

Figure 2. Results from the clustering analysis by self-organizing maps. - Left part: based on
expert-driven visual identification of key patterns in the self-organizing maps (SOM) on the
right, close districts were combined to provide seven suitable clusters of patients. Cluster
boundaries are delimited by solid black lines.- Right part: unsupervised analysis by SOM placed
all patients identified as globally similar for clinical and paraclinical parameters in 1 of 66 small
groupings (“districts”) throughout the map. The more patients were similar in terms of global
phenotyping, the closer they are placed on the map. Each individual map shows the mean values
or proportions per district for each characteristic; blue indicates the lowest average values and
red the highest, with detailed numbers shown for a selection of representative districts in each
SOM. BMI: body mass index; IST: interventricular septum thickness; LV: left ventricle; LVEF:
LV ejection fraction; NYHA: New York Heart Association classification; SBP: systolic blood
pressure.

Figure 3. Chord diagram of the relations between amyloid status and clusters. Illustrates the
proportions of the typical presentations identified by clustering analysis (on the right) by cardiac
amyloidosis final diagnosis (on the left). For the sake of readability, only percentages above 10%
are shown and results are presented separately for patients with (A) no amyloidosis, (B) ATTRv,

(C) ATTRwt and (D) AL amyloidosis.
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Figure 4. Biplot representations of patients characteristics by amyloid status and clusters.
The biplot representation of the 24 variables retained as characteristic parameters, allowing for
visualization of the relations between variables used for building clusters (arrows) while
simultaneously displaying the patients (dots), based on their individual characteristics. Results
are projected onto the 2 first dimensions (PC1, PC2) generated by principal component analysis.
Colours for observations correspond to the final amyloidosis status diagnosed (A) or to the
seven-group solution from cluster analysis (B).

Figure 5. Kaplan-Meier overall survival curves according to amyloid status and clusters.
Survival curves for 4-year overall survival are plotted by (A) amyloid status and (B) clusters
using the Kaplan-Meier method. Numbers of patients at risk and number of events are shown in
the risk table below the graph.

Central Illustration. Summary of the main characteristics of the seven phenotypic profiles
(clusters) revealed by the clustering analysis. The clustering analysis by self-organizing maps
revealed seven typical phenotypic profiles (clusters) with distinct clinical presentations and
prognosis. A simplified summary of the main characteristics of the clusters is given in the table,
where colors intensity semiquantitatively represent the magnitude (frequency or quantitative
level) of each attribute. The prognostic value of the clusters is highlighted by the differentiated
Kaplan-Meier survival curves for 4-year overall survival.

Video Legend

Video 1. 3-D biplot according to the clusters identified by SOMs. 3-D biplot visualizations
based on mixed principal component analysis illustrate the differentiated distribution of clinical
and paraclinical characteristics (displayed as arrows) across the seven clusters of patients

(displayed as dots).
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Table 1. Main characteristics of patients overall and by amyloid status

Total Ne AL ATTRv ATTRwt
complete amyloidosis
d N=139%4 N=384 N=345 N=263 N=402

Clinical
characteristics
Age at inclusion, years 1394 71.5 £13.2 68.3 £14.9 669 +11.4 67.9+12.6 81.0+7.3
Sex, men 1394 984 (70.6%) 242 (63.0%) 214 (62.0%) 176 (66.9%) 352 (87.6%)
Ethnicity/country of
origin Caucasian 695 447 (64.3%) 28 (50.0%) 130 (69.1%) 51 (28.7%) 238 (87.2%)

Afro-

Caribbean 65 (9.4%) 6 (10.7%) 10 (5.3%) 44 (24.7%) 5 (1.8%)

Northern

Africa 120 (17.3%) 19 (33.9%) 31 (16.5%) 55 (30.9%) 15 (5.5%)

Portuguese 53 (7.6%) 2 (3.6%) 13 (6.9%) 25 (14.0%) 13 (4.8%)

Other 10 (1.4%) 1 (1.8%) 4(2.1%) 3(1.7%) 2 (0.7%)
Body mass index, 25.2 (#4.7) 26.8 (£6.2) 24.1 (#4.2) 245 (#4.0) 25.4 (£3.6)
kg/m2 Continuous 1236

>30 163 (13.2%) 66 (22.1%) 29 (9.0%) 20 (8.7%) 48 (12.6%)
Diabetes 1394 269 (19.3%) 116 (30.2%) 48 (13.9%) 39 (14.8%) 66 (16.4%)
Dyslipidemia 1394 425 (30.5%) 128 (33.3%) 92 (26.7%) 55(20.9%) 150 (37.3%)
Hypertension 1394 706 (50.6%) 238 (62.0%) 127 (36.8%) 109 (41.4%) 232 (57.7%)
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Anemia
Amyloidosis

symptoms

Cutaneous and mucosal impairment

Soft tissue deposition

Peripheral neuropathy

Hearing loss

Amyloidosis characterization

ATTR mutation

Genotype

No mutation
Vall22lle
Val30Met
Other

mutation®

Cardiac fixation on bone

scintigraphy
Underlying
gammopathy

Hemodynamics and cardiology

characteristics

NYHA class

II

1298

1394
1394
1394
1394

998
998

940

1394

1394

589 (42.3%)

214 (15.4%)
523 (37.5%)
668 (47.9%)
343 (24.6%)

260 (26.1%)
738 (73.9%)
116 (11.6%)
65 (6.5%)

79 (7.9%)

547 (58.2%)

477 (34.2%)

281 (20.2%)
559 (40.1%)

183 (47.7%)

4 (1.0%)

27 (7.0%)
188 (49.0%)
13 (3.4%)

0 (0.0%)
196 (100.0%)
0 (0.0%)
0 (0.0%)

0 (0.0%)

1(0.5%)

35 (9.1%)

119 (31.0%)
137 (35.7%)

173 (50.1%)

124 (35.9%)
72 (20.9%)
150 (43.5%)
58 (16.8%)

1 (0.6%)
154 (99.4%)
0 (0.0%)
0 (0.0%)

1 (0.6%)

23 (11.4%)

345 (100.0%)

39 (11.3%)
125 (36.2%)

94 (35.7%)

35 (13.3%)
144 (54.8%)
193 (73.4%)
67 (25.5%)

139 (34.6%)

51 (12.7%)

280 (69.7%)
137 (34.1%)
205 (51.0%)

259 (100.0%) 0 (0.0%)

0 (0.0%)
116 (44.8%)
65 (25.1%)

78 (30.1%)

160 (85.6%)

18 (6.8%)

70 (26.6%)
107 (40.7%)

388 (100.0%)

0 (0.0%)

0 (0.0%)

0 (0.0%)

363 (98.9%)

79 (19.7%)

53 (13.2%)
190 (47.3%)
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il 437 (31.3%) 94 (24.5%) 139 (40.3%) 73 (27.8%) 131 (32.6%)

v 117 (8.4%) 34 (8.9%) 42 (122%) 13 (4.9%) 28 (7.0%)
EKG low voltage 1394 380 (27.3%) 66 (17.2%) 156 (45.2%) 70 (26.6%) 88 (21.9%)
Atrial arrhythmia 1394 294 (21.1%) 57 (14.8%)  39(11.3%) 38 (14.4%) 160 (39.8%)
Pacemaker or ICD 1146 130 (11.3%) 33(12.1%) 17 (5.7%) 19 (9.0%) 61 (16.7%)

Data are mean (+standard deviation) for continuous variables and n (%) for categorical variables, unless otherwise stated.

AL, light-chain amyloidosis; ATTRv, hereditary variant transthyretin amyloidosis; ATTRwt, wild-type transthyretin amyloidosis;
ECG, electrocardiography; ICD, implantable cardioverter-defibrillator; IQR: interquartile range; NYHA, New York Heart
Association

All p-values from global comparisons across amyloid status categories <0.0001

* Other mutations with 5 or more patients include Ser77Tyr, lle107Val, Ser77Phe, lle68Leu



Table 2. Main characteristics of patients according to clusters identified by self-organizing maps (SOMs)

Cluster1 Cluster2 Cluster3 Cluster4 Cluster5 Cluster 6 Cluster 7
N=263 N=200 N=124 N=250 N=149 N=230 N=178

Clinical characteristics

Age at inclusion, years

Sex, men

Ethnicity/country of Caucasian

origin

652 +11.5 79.8+7.8 79.0+8.4 77.348.1 783+11.3 58.1+13.6 70.0=%l11.1
149 (56.7%) 172 (86.0%) 106 (85.5%) 210 (84.0%) 76 (51.0%) 147 (63.9%) 124 (69.7%)
108 (74.0%) 58 (60.4%) 64 (71.9%) 133 (68.9%) 28 (53.8%) 31 (45.6%) 25 (49.0%)

Afro-Caribbean 8 (5.5%) 12 (12.5%) 11 (12.4%) 16 (8.3%) 4 (7.7%) 6 (8.8%) 8 (15.7%)
Northern Africa 19 (13.0%) 21 (21.9%) 12 (13.5%) 27 (14.0%) 16 (30.8%) 12 (17.6%) 13 (25.5%)

Portuguese
Other
Body mass index, kg/m? Continuous
>30
Diabetes
Dyslipidemia
Hypertension
Anemia
Amyloidosis symptoms
Cutaneous and mucosal impairment
Soft tissue deposition

Peripheral neuropathy

74.8%) 5(2%) 1(1.1%) 14(13%) 4(17%) 18 (26.5%) 4 (7.8%)
427%) 00.0%) 1(1.1%) 3(1.6%) 00.0%) 1(15%) 1(2.0%)
237440 248439 253241 258432 231238 246437 29.6+7.1
17 (7.0%) 21 (11.5%) 17 (143%) 27 (112%) 5(4.0%) 10 (6.0%) 66 (42.6%)
24 (9.1%) 28 (14.0%) 6 (4.8%) 56 (22.4%) 7(47%) 11 (4.8%) 137 (77.0%)
48 (18.3%) 84 (42.0%) 8 (6.5%) 123 (49.2%) 23 (15.4%) 28 (12.2%) 111 (62.4%)
69 (26.2%) 122 (61.0%) 40 (32.3%) 180 (72.0%) 80 (53.7%) 53 (23.0%) 162 (91.0%)
124 (47.1%) 96 (48.0%) 29 (23.4%) 75 (30.0%) 106 (71.1%) 63 (27.4%) 96 (53.9%)

124 (47.1%) 23 (11.5%) 15 (12.1%) 40 (16.0%) 0(0.0%) 8 (3.5%) 4 (2.2%)

59 (22.4%) 101 (50.5%) 107 (86.3%) 186 (74.4%) 17 (11.4%) 36 (15.7%) 17 (9.6%)
131 (49.8%) 82 (41.0%) 32 (25.8%) 122 (48.8%) 75 (50.3%) 164 (71.3%) 62 (34.8%)
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Hearing loss

Amyloidosis characterization

Amyloid status
AL
ATTRv
ATTRwt

ATTR mutation

Negative

V1221

V3oM

Other

Genotype

Cardiac fixation on bone scintigraphy

Underlying gammopathy

No amyloidosis

40 (15.2%) 63 (31.5%) 70 (56.5%)

13 (4.9%) 27 (13.5%) 3 (2.4%)
230 (87.5%) 15 (7.5%) 2 (1.6%)
12 (4.6%) 43 (21.5%) 35 (28.2%)
8(3.0%) 115 (57.5%) 84 (67.7%)
11 (8.1%) 44 (25.1%) 34 (28.6%)
124 (91.9%) 131 (74.9%) 85 (71.4%)

0(0.0%)  35(20.0%) 24 (20.2%)
0(0.0%) 0(0.0%) 0(0.0%)
11 8.1%) 9(5.1%) 10 (8.4%)
30 (18.4%)

243 (92.4%) 50 (25.0%) 16 (12.9%)

Hemodynamics and cardiology characteristics

NYHA class I
I
I
v

EKG low voltage

Atrial arrhythmia

Pacemaker or ICD

implant

14 (53%) 14 (7.0%) 13 (10.5%)
75 (28.5%) 32 (16.0%) 67 (54.0%)
132 (50.2%) 93 (46.5%) 43 (34.7%)
42 (16.0%) 61 (30.5%) 1 (0.8%)

147 (55.9%) 48 (24.0%) 17 (13.7%)
30 (11.4%) 122 (61.0%) 58 (46.8%)
12 (5.2%) 35(19.3%) 24 (21.8%)

140 (56.0%) 8 (5.4%)

12 (4.8%) 75 (50.3%)
12 (4.8%) 37 (24.8%)
67 (26.8%) 17 (11.4%)
159 (63.6%) 20 (13.4%)
66 (28.0%) 17 (20.2%)
170 (72.0%) 67 (79.8%)
36 (15.3%) 9 (10.7%)
16 (6.8%) 5 (6.0%)

14 (5.9%) 3 (3.6%)

140 (92.1%) 107 (98.2%) 211 (97.2%) 23 (24.2%)

44 (17.6%) 48 (32.2%)

41 (16.4%) 16 (10.7%)
153 (61.2%) 95 (63.8%)

56 (22.4%)
0 (0.0%)
61 (24.4%)
26 (10.4%)
22 (9.5%)

33 (22.1%)
5 (3.4%)

23 (15.4%)
32 (21.5%)
18 (15.4%)

12 (5.2%)

10 (5.6%)

122 (53.0%) 132 (74.2%)

26 (11.3%)
78 (33.9%)
4(1.7%)

77 (53.1%)
68 (46.9%)
5 (3.4%)

44 (30.3%)
28 (19.3%)
17 (17.3%)
37 (16.1%)

23 (12.9%)
11 (6.2%)
12 (6.7%)
11 (10.6%)
93 (89.4%)
7 (6.7%)

0 (0.0%)

4 (3.8%)
19 (17.9%)
39 (21.9%)

149 (64.8%) 34 (19.1%)

64 (27.8%)
16 (7.0%)
1 (0.4%)
53 (23.0%)
5(2.2%)

5 (3.5%)

73 (41.0%)
64 (36.0%)
7 (3.9%)

31 (17.4%)
21 (11.8%)
14 (10.5%)
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Data are mean (£SD) for continuous variables and n (%) for categorical variables, unless otherwise stated.

AL, light-chain amyloidosis; ATTRv, hereditary variant transthyretin amyloidosis; ATTRwt, wild-type transthyretin amyloidosis;
ECQG, electrocardiography; ICD, implantable cardioverter-defibrillator; IQR: interquartile range; NYHA, New York Heart Association
All p-values from global comparisons across clusters <0.0001

* Other mutations with > 5 patients include Ser77Tyr, lle107Val, Ser77Phe, lle68Leu.
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A. By amyloid status

B. By clusters (N=7)
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A. By amyloid status
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Patients with cardiac amyloidosis suspicion

7 phenotypic presentations identified by clustering
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N=124 N=250

N=149

Predominant amyloidosis

diagnosis

AL

ATTRwt

ATTRv

No amyloidosis

Demographics

Age Around 70 = Around 80 Around 80 Around 80  Around 80 [LIGIiNS(OM Around 70

Gender, % men 86%

Amyloidosis features

Soft tissue deposition

Skin/mucosal impairment

84%

Peripheral neuropathy

Gammopathy

Cardiovascular features

Risk factors

Increased LV-wall thickness

NTproBNP/troponin

I
o

Prognosis

4A-yr mortality 57%

50%

37% 33% 15% 31%

Colors intensity semiquantitatively represent the magnitude (frequency or quantitative level) of each attribute

[ Amyiloidosis subtypes and demographics

B Amyloidosis and cardiovascular features





