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Abstract:

Background. Traumatic brain injury (TBI) lesions are known to evolve over time but
duration and consequences of cerebral remodeling are unclear. Degenerative
mechanisms occurring in chronic phase after TBI could constitute “tertiary” lesions related
to the neurological outcome.

Objective. The objective of this prospective study in severe TBI was to longitudinally
evaluate white and grey matter structures volumes and white matter integrity with two time
points multimodal magnetic resonance imaging (MRI).

Methods. A longitudinal MRI follow-up was obtained for 11 healthy controls (HC) and 22
TBI (60 £ 15 months after injury) together with neuropsychological assessments. TBI
patients were classified into "favorable” (GOSE6-8) and “unfavorable” (GOSE3-5)
recovery groups based on the Glasgow Outcome Scale Extended at 5 years. Variation of
brain volumes (3DT1-weighted image) and white matter integrity (diffusion tensor imaging;
DTI) were quantitatively assess over time and used to predict neurological outcome.
Results. TBI patients demonstrated a dramatic decrease in whole white matter (-11.4%
[IQR -5.8 to -14.6]; p <0.001) and deep grey nuclear volumes (-17.1% [IQR -10.6 to -20.5];
p <0.001). In contrast, HC did not present any significant change over the same time
period. GOSE3-5 patients showed higher median volumetric loss than GOSE6-8 patients
in several brain regions. These lesions were associated with lower fractional anisotropy
(FA), and higher mean diffusivity (MD) at baseline. Volumetric variations showed a positive
correlation with normalized FA and a negative correlation with normalized MD at baseline
and follow-up. Computed predictive model with baseline DTI showed a good accuracy to
predict atrophy and neurological outcome (area under the ROC curve 0.82 [95% ClI, 0.81

to 0.83])



Conclusions. We characterized the dramatic atrophy of deep brain structures consecutive
of severe TBI. DTl imaging in the subacute phase can predict occurrence and localization

of these tertiary lesions as well as long-term neurological outcome.

Key words: traumatic brain injury, magnetic resonance imaging, prognosis, longitudinal,

neurodegeneration, brain atrophy.

Abbreviations: 3DT1 = three-dimensional T1-weighted imaging; AD = axial diffusivity;
AUC = area under the curve; DTI = diffusion tensor imaging; eTIV = estimating total
intracranial volumes; FA = fractional anisotropy; FDR = false discovery rate; FLAIR = fluid-
attenuated inversion recovery; GOSE = Glasgow outcome scale extended; HC = healthy
controls; ICU = intensive care unit; IQR = interquartile range; JHU = Johns Hopkins
University; MRI = magnetic resonance imaging; MD = mean diffusivity; RD = radial
diffusivity; ROC = receiver-operating characteristic; SD = standard deviation; SVM =

support vector machines ; TBI = traumatic brain injury; VBM = voxel-based morphometry.

Trial registration: ClinicalTrials.gov, NCT00577954. Registered on October 2006.



Introduction

Traumatic brain injury (TBI) have lifelong and dynamic effects on health and
wellbeing. Evidence accumulated in the past decades has led to recognition that, for
many patients, TBI to evolve after the acute period and initial recovery.[1] An
increased risk of dementia after moderate to severe TBI has been observed on a
large dataset.[2] This degenerative phenomenon, so-called “tertiary injury”, is now
considered to play a major role in long-term functional prognosis.[3] Although, the
mechanisms remain unclear although several hypothesis have been suggested such
as microglial activation, phosphorylated tau protein, Wallerian degeneration and
oxidative stress.[4] Several studies using magnetic resonance imaging (MRI) have
produced some key data,[5-15] however the scale of the phenomenon remains
unknown since most of studies had no morphometric data prior to the follow-up MRI.
Diffuse Tensor Imaging provided by MRI assess the microstructural organization of
tissues by diffusion of water molecules and has been already used to describe
pathophysiological mechanisms in brain white matter following TBI.[16] Still, the
relationship between brain anatomical change and neurological outcome remains
unclear.

This prospective study was designed to longitudinally assess tertiary injuries in
severe TBI in terms of white and grey matter structure volumes, and to measure white
matter integrity with DTI from baseline to follow-up MRI. A secondary objective was to
evaluate the prognostic performance of DTI at baseline MRI to predict neurological

outcome.



Materials and methods

Study design

This was a prospective observational study conducted as part of a larger trial named MRI-
COMA (assessing outcome with multimodal MRI of comatose patients of various origin;
NCT00577954). Healthy controls (HC) and severe TBI patients were enrolled between
October 2006 and April 2013, with an intended follow-up period of ~5 years, and were
neuropsychological evaluated at the university hospital Pitié-Salpétriere between April

2014 and September 2016.

Participants

TBI patients were eligible for inclusion if they were unconscious at day 7 after the initial
injury (defined as the inability to obey verbal commands not attributed to sedation or
aphasia). Inclusion criteria are summarized in the Supplementary material, page 3.
Patients who had an interpretable MRI during their intensive care unit (ICU) stay were
invited to participate in the follow-up phase. If patients were unable to respond, their
relatives were contacted by phone to provide consent to patient participation. Patients
were also required to have a Glasgow Outcome Scale Extended (GOSE)[17] score of at

least 3.

Baseline data and follow-up neuropsychological evaluation

Demographic data before TBI (age, sex, handedness and education level) and score
relating to injury severity were collected during ICU stay. Patients and relatives were
contacted by telephone to obtain an appointment for the follow-up phase evaluation. They
then underwent a structured interview (2—3 hours’ duration) with a trained
neuropsychologist masked to the clinical data. The primary clinical outcome was the

GOSE assessed at the follow-up for the second time point evaluation, by which means



patients were dichotomized with "favorable” (ranging from Upper Moderate Disability
(GOSE 6) to Upper Good recovery (GOSE 8)) and "unfavorable" (ranging from Lower
Severe Disability (GOSE 3) to Lower Moderate Disability (GOSE 5). Participants also
underwent extensive neuropsychological evaluation using an expanded brief repeatable
battery of neuropsychological tests assessing episodic memory, executive function,
working memory and attentional abilities expressed as z-score (Supplementary material,
appendix 1). The evaluation also assessed physical or psychological disabilities, and level

of rehabilitation or required assistance.

MRI data acquisition

All included TBI patients underwent a minimum of two MRI acquisitions, including the
baseline MRI performed at the subacute phase during ICU stay and a follow-up MRI on
the day of the final neuropsychological assessment. HC also underwent a baseline and
follow-up MRI. All participants were carefully placed in the same position on each occasion
by the radiologists in order to obtain high reproducibility across participants and time
points. The following four conventional MRI sequences were performed for each
acquisition: A high-resolution T1-weighted structural image with an IR-FSPGR (inversion
recovery fast spoiled gradient recalled echo) 3-dimensional protocol (3DT1; 1-mm isotropic
voxel); an axial T2-weighted fluid-attenuated inversion recovery (FLAIR); an axial T2*-
weighted gradient-recalled echo or weighted angiography; and a DTI sequence. The
precise parameters of each sequence according to the scanner are listed in
Supplementary Table 1. All the images underwent visual and standardized quality check
(by the authors PS and LV) to ensure that they did not contain MRI artefacts or excessive

movement before analysis.



Longitudinal volumetric MRl measurements

Post-processing and brain segmentation were performed on a computer cluster (a 64-bit
Linux with 256 cores). All 3DT1 images from TBI patients and HC were denoised using the
Spatially Adaptive Non-Local Means filter from the CAT12 toolbox of SPM software
(https://www. fil.ion.ucl.ac.uk/spm/software; version 12.r7240) and were then processed
with the longitudinal processing stream implemented in FreeSurfer software
(http://surfer.nmr.mgh.harvard.edu; version 6.0).[18] Initially, all baseline and follow-up
acquisitions were cross-sectionally processed using the "recon-all" processing stream with
default parameters.[19,20] This includes motion correction, removal of nonbrain tissue,
automated Talairach transformation, intensity correction, volumetric segmentation,[21]
cortical surface reconstruction[19,20,22] and parcellation[23,24]. After the automated
reconstruction of all participants, volumes were visually inspected for misclassifications
during the reconstruction process. In order to extract reliable longitudinal cortical volume,
thickness and area change estimates, the cross-sectional processed images were
subsequently run through the longitudinal stream in FreeSurfer using an unbiased within-
subject template volume computed using inverse consistent registration.[18,25] The within-
subject template was used as initial guess of several segmentation and reconstruction
steps (Talairach transforms, atlas registration and parcellations) for processing at each
time point. The processing pipeline generated 68 cortical volumes (34 from each
hemisphere) and 121 subcortical volumes for volumetric analysis. Cortical and subcortical
volumetric measures from the right and left hemispheres were averaged.[26] Abnormal
FLAIR-hyperintensity, i.e. contusions, were automatically segmented on the FLAIR images

using k-nearest neighbors classification with tissue type priors.[27] Hematoma were

manually drawn with Freeview (https://surfer.nmr.mgh.harvard.edu/fswiki/UpdateFreeview;
version 2.0). Hematoma and contusions were used to compute whole-brain MRI lesion

volume. A deformation-based morphometry technique was also used in order to apply


https://www.fil.ion.ucl.ac.uk/spm/software
http://surfer.nmr.mgh.harvard.edu/
https://surfer.nmr.mgh.harvard.edu/fswiki/UpdateFreeview

longitudinal voxelwise analysis between baseline and follow-up MRI.[28] Details of post-

processing steps are summarized in the Supplementary material, page 4.

Longitudinal DTI analysis

To assess white matter integrity, diffusion-weighted data from TBI patients and HC were

processed by using the brainQuant software version 1.1 (https://braintale.fr), including

motion and eddy current correction, tensor model fitting and coregistration to T1 volume.
DTI parameters, Fractional Anisotropy (FA), Mean Diffusivity (MD), Radial Diffusivity (RD)
and Axial Diffusivity (AD) within each of the 85 subcortical white matter volumes of
FreeSurfer segmentation and within the 48 deep white matter tracts of the Johns Hopkins
University (JHU) atlas.[29] A detailed list of the regions analyzed is provided in the
Supplementary material, appendix 2. In order to reduce inter-scanner variability and allow
direct comparison across scanners, DTI parameters for a given participants were finally
calibrated with the mean of values acquired from HC on the same scanner and under the

same DTI sequence,[30,31] leading to the following equations:

FA MD RD
——— MD=———: RD=——— :and AD =
SIHC(FAY,; S HC(MD); S HC(RD);

AD

FA = __4
SIHC(AD),;

where Nyc stands for the number of HC acquired with the same MR protocol, on the same
scanner as the given patient (Supplementary Table 2). The results are expressed as a

percentage of the value of HC.
Study endpoints

The main endpoint was the percentage brain volume change (AV) calculated as: 100 X ((V
follow-up _y/ baseliney . s baseliney “A|| yolumes were corrected by the total intracranial volume

(eTIV) that is estimated as the determinant of the transform matrix used to align the image
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participant with the atlas[32] and has been used previously in several studies for

normalization[26,33].

Cortical thickness estimates were calculated from FreeSurfer outputs by measuring
surface distances between representations of the white-grey and pial-cerebrospinal fluid

boundaries.

The correlation between normalized measures of FA, MD, RD, AD at baseline and
follow-up with volumetric variations were also computed. A machine-learning approach
with support vector machine (SVM) and a linear kernel was used to predict the
neurological outcome of patients (GOSE 6—-8 vs GOSE 3-5). Normalized FA and MD at
baseline were implemented into the classifier to determine the prognostic performance of

DTI carried out during the ICU stay at baseline MRI.

Statistical analysis

Data were tested for normality (Shapiro-Wilk test) and are presented as mean * standard
deviation (SD) or median (interquartile range [IQR]) for continuous variables when
appropriate. Categorical variables are presented as n (%). Comparisons between groups
according to outcome at follow-up were performed using Fisher’s exact test and non-
parametric Wilcoxon—Mann-Whitney test when appropriate using JMP software (version
13.0, SAS Institute Inc., Cary, NC, USA). Significance was defined as a P-value <0.05. P-
values for region of interest analysis were corrected for multiple comparisons by a false
discovery rate (FDR) method across 189 regions for volumetric analysis and 133 regions

for DTI analysis using Scipy (version 0.19.0, https://www.scipy.org/install.html). Cortical

thickness was expressed as z-score, defined as the deviation from the mean in SD, and a
logistic regression was applied using the general linear model (GLM) to analyze cortical
thickness differences between HC and TBI, integrating as covariates the age of the

participants, time between the two acquisitions and type of MRI machine. Longitudinal


https://www.scipy.org/install.html

voxelwise analysis was carried out using FSL Randomize software.[34] Correlations were
assessed using the square of Pearson’s correlation coefficient (R?). In order to compare
the magnitude of differences among TBI patients and HC in terms of rates of atrophy,
effect sizes were computed using Cohen’s d for those regions of interest with greater rates
of atrophy. SVM classification approach was conducted using open-source packages

including Scikit-learn (version 0.16.1, http://scikit-learn.org/stable/index.html). These two

last methodological points are detailed in the Supplementary material, page 6.

Standard protocol approvals, registrations, and patients consents

We obtained approval from the local Ethical committee (comité de protection des
personnes, CPP XI; authorization number: 1934708). In accordance with French law,
patients and their relatives were informed of their initial inclusion in the database, and
informed consent of participants or their legal representatives was obtained prior to follow-

up assessments. Written informed consent was obtained directly from the HC.


http://scikit-learn.org/stable/index.html

Results

Subject characteristics

Among severe TBI patients in whom an MRI was performed during the first study period,
182 patients were eligible for inclusion in the study (Figure 1). Overall, 22 severe TBI
patients and 11 HC were included in the analysis. No difference between TBI patients and
HC regarding sex (19 (86%) vs 8 (72%) males; p = 0.18), age (30 +13vs 36+ 7 yrs; p =
0.93), and education status (6 [6—7] vs 6 [5—7]; p = 0.84) were observed. The follow-up for
TBI patients was 60 + 15 months after injury; 10 (45%) had a “favorable” outcome (GOSE
6-8) and 12 (55%) had a “unfavorable” recovery (GOSE 3-5). At admission in ICU, there
was no significant difference between patients with “favorable” or “unfavorable” recovery in
terms of demographic, clinical and radiological characteristics (Table 1). At follow-up,
GOSE 3-5 had a higher occurrence of post-traumatic amnesia than GOSE 6-8 (66% vs
15%; p = 0.046), were more unable to work or only in sheltered workshop (100% vs 37%;
p = 0.009), were more often undergoing a re-education process (43% vs 6%; p = 0.008)
and were less able to drive (33% vs 86%; p = 0.036) (Table 2). Neuropsychological
assessment (z-score) showed differences between GOSE 3-5 and GOSE 6-8 in episodic
memory (-4.4 + 2.2 vs -0.3 £ 1.3; p < 0.001) and executive functions (5.7 + 3.2 vs -1.8 +

2.3; p = 0.018), with no difference in attentional and work memory scores.

Volumetric MRl assessment

TBI patients underwent a minimum of two serial multimodal MRI. The first realized at
baseline (21 [IQR 12 to 29] days after injury) assessed no difference in brain volume
between HC and TBI (Table 3). The voxelwise distribution of abnormal hyperintensity on
baseline FLAIR is presented in Supplementary Figure 1. At follow-up, the delay between
MRI was not different between HC and TBI patients. (39 £ 39 vs 60 £ 15 months; p =

0.06). Unlike HC, who did not show any significant volumetric variation at follow-up, TBI



patients demonstrated a volume reduction after FDR correction in the whole white matter
(-11.4% [IQR -5.8 to -14.6]; p < 0.001), in the whole JHU mask (-10.1% [IQR -4.3 to -18.4];
p <0.001) and in the deep grey nuclear structures (-17.1% [IQR -10.6 to -20.5]; p < 0.001)
(Table 3). Volumetric loss in TBI patients occurred especially in deep white matter tracts
(corpus callosum, cingulum) and thalami (Figure 2AB). Voxelwise comparisons between
the two MRI time points are presented in Supplementary Figure 2. There was no
significant volumetric variation in the regions of interest of cortical grey matter (Figure 2C).
There was also no statistically significant difference in the variation of cortical thickness at
follow-up in HC and in TBI patients (Figure 2D). Compared to GOSE 6-8 patients, GOSE
3-5 patients had higher volume loss in several structures, e.g. in brainstem (-14.1% [IQR -
8.21t0-24.5] vs -7.1% [IQR -1.2 to -11.9]; p = 0.027), right hippocampus (-13.4% [IQR -5.9
to -17.6] vs -4.8% [IQR 0.1 to -9.3]; p = 0.044) and left cerebral peduncle (-18.7% [IQR -

5.0 to -41.8] vs -4.6% [IQR 9.1 to 5.2]; p = 0.034) (Supplementary Figure 3).

Diffusion MRI assessment

In HC, normalized FA, MD, RD, and AD in all regions of interest showed no significant
change between the two MRI acquisitions (data not shown). In TBI patients, a significant
decrease in normalized FA was associated with significant increase in normalized MD
(Figure 3), RD and AD (Supplementary Figure 4) in deep white matter tracts at baseline
and follow-up MRI. Volumetric variations were significantly correlated with normalized FA
and normalized MD at baseline (Figure 4B) and follow-up (Figure 4D) in deep white matter

structures.

Effect sizes and sample size calculations

Detailed effect size and power analyses for all regions and diffusion MRI assessments are

presented in Supplementary Table 3.



Prognostic approach

ROC curves of the classifiers based on DTI measurements (FA, MD, FA-MD) that predict
“‘unfavorable” recovery (GOSE 3-5) are shown on Supplementary Figure 5. The model
combining FA and MD at baseline MRI shows the best prognostic performance for
neurological outcomes. The ROCayc was 0.82 (95% Cl, 0.81 — 0.83) with 86.3% positive
predictive value (95% Cl, 71.9 — 100) and 87.8% negative predictive value (95% CI, 74.1 —

100).
Discussion

Our study followed a cohort of TBI patients and HC over more than 5 years. We observed
a dramatic brain volume loss in TBI patients over the study period. This brain atrophy
predominates in the deep white matter and deep grey nuclear structures while sparing the
cortical grey matter. Its intensity was more pronounced in patients with impaired recovery
in specific regions of interest, namely brainstem, right hippocampus and left cerebral
peduncle.

The first description of this neurodegenerative phenomenon was in the early days of
MRI more than 30 years ago.[5] Studies at that time, often limited to the analysis of a
single region of interest at a single time, reported the existence of neurodegenerative
processes in the corpus callosum[35] and fornix[5].

Since then, image processing tools have improved significantly, and the study of
tertiary injury has become a popular topic in recent literature. Thereafter, morphometric
techniques based on voxelwise comparison between two acquisitions have better
characterized the topography of neurodegenerative processes.[8,10,36]

Until now, assessment of tertiary brain injury has been a real challenge both for
image processing and for integrating this method into a robust automated longitudinal
approach for severe TBI patients with very injured brain.[13] Few works are closely related

to our method.[8,28,37] Our results are in line with these previous reports but also have



the advantage of possessing a volumetric segmentation approach. Furthermore, in all
these studies, the population was not focused on severe TBI patients, follow-up time was
shorter than 60 months and morphometric analyses used were less accurate than the
longitudinal regional segmentation process employed here. We also chose to use a
dichotomized GOSE scale based on a functional approach used in other works,[38,39] as
GOSE<3 patients were not relevant and included for this study. Moreover, the study
reported by Cole et al. had no morphometric data prior to the baseline MRI acquired 1 year
after TBI and did not include DTI analysis.[28]

Our results are consistent with previous reports on the occurrence of
neurodegenerative phenomena in deep brain regions.[8-10,37] The volumetric loss we
observed cannot be accounted for by normal physiological ageing. Unlike many studies
without a control group,[40-42] we also followed HC longitudinally and showed no
significant change in brain volume over the study period which is in line with the literature
for this age group.[43] In contrast, we observed an average brain volume loss of 2% per
year between the two acquisitions in TBI patients. When comparing this annual brain
volume loss to those reported in the literature for other neurodegenerative diseases, it
appears that the severity of the neurodegenerative processes we describe here in TBI is
very similar to that of aggressive neurodegenerative conditions such as Alzheimer's
disease®” or multiple sclerosis®.

We did not find any loss of brain volume in the cortical grey matter or significant
variation in cortical thickness. We performed this complementary cortical thickness
approach because it is not influenced by the use of anatomical atlases in volumetric
analysis.[46] Another explanation for absence of loss in cortical grey matter compared to
other studies is that some of these studies involved athletes with repeated traumas.
However, this type of pathophysiology is characterized by the occurrence of a tau-type

pathology that has a more frequent tropism in the cortical grey matter[3] with a clinical



presentation dominated by motor disorders and Parkinson's syndrome[47]. Our population
of severe TBI patients with an acute injury seems to represent a different class of specific
neurodegenerative mechanisms that occur mostly in white matter structures.

From a structural point of view, no volumetric difference existed between MRI at
baseline in GOSE 3-5 and GOSE 6-8 patients. However, at follow-up, TBI patients with
GOSE 3-5 had significantly more atrophy in the brainstem, right hippocampus and left
cerebral peduncle. The link between atrophy and impairment of clinical scores is
supported by the observation that patients with GOSE 3-5 had a poorer episodic memory
score at clinical follow-up and greater post-traumatic amnesia. However, a causal
anatomo-functional relationship has still to be confirmed by a larger prospective trial.

Besides the volumetric characterization assessed by MRI, DTI provides information
on white matter integrity and longitudinal change between baseline and follow-up. In our
study, quantitative normalized measures showed that, in the subacute phase, patients
have a low FA with a high MD, AD and RD in the deep part of the brain in corpus
callosum, basal nuclei, cingulum and brainstem. At follow-up MRI, the FA was even lower,
together with higher MD, AD and RD and with a more pronounced pattern in GOSE 3-5
patients. These results are consistent with studies that focused on DTI in TBI.[37,48]
Interestingly, these results could be explained by biomechanical models, which show that
the corpus callosum, brainstem, midbrain, thalami and deep white matter are particularly
sensitive to shearing forces due to the mechanical properties of the falx cerebri, the
tentorium cerebelli and association fiber tracts.[49,50] This distribution of biomechanical
forces results in greater acute damage in these areas and might be indirectly tracked by
MRI at the subacute phase.[51] Our exploration provides additional pathophysiological
arguments since DTI measures and the severity of atrophy were highly correlated (Figure
4) with presence of an alteration in DTI at baseline and the occurrence of atrophy in the

same region on the follow-up MRI. From an anatomopathological point of view, this



phenomenon could be explained by demyelination and axonal degeneration lesions that
would both occur in the long term, explaining the concomitant increase in AD and RD.
However, it remains unclear whether the presence of these lesions and the loss of volume
that occurs in the chronic phase is inevitable due to the primary lesion or if it is an active
dynamic process that could be mitigated by treatments. Likewise, it is possible that the
evolution of neuropsychological outcomes may not be linear, with an initial improvement
and then a deterioration when lesions occur.

DTI MRI is used to characterize neurological lesions accurately and has proven to
be a promising tool to predict outcome in patients with altered consciousness.[31] Our
SVM classifier at baseline showed that DTI can predict “unfavorable” recovery with
normalized FA and MD. The best prognostic model performance for neurological
outcomes was obtained by combining FA and MD measured at baseline MRI. DTI
measurements obtained at baseline appear to be more useful than anatomical images in
predicting the neurological evolution in the long term after TBI. Our model shows better
prognostic performance than others[14,52-55] but needs to be tested in a validation
cohort.

TBI studies are more and more often carried out with the support of sports
federations in order to prevent the cognitive dysfunctions presented by athletes following
violent and repeated concussion. This model remains very far from the nosological
framework of TBI patients admitted in the ICU. Investigations of new treatments to limit
neurodegenerative phenomena related to TBI could build on examples from other
neurodegenerative diseases (e.g. Alzheimer's and Huntington's disease), using
neuroimaging as a biomarker to guide the choice of endpoints for clinical trials.

Our findings should be interpreted in light of the following potential limitations. First, we
cannot exclude the possibility of unmeasured confounding factors in this observational

study. We assessed 22 patients in our follow-up period, which represents only 12% of the



patients initially eligible for inclusion. TBI patients are well known to be exposed to a loss
of follow-up for this kind of study. Corrigan et al. reported a loss of follow-up to 60% at two
years[56] as the PariS-TBI study reports a cumulative loss of follow-up to 87% at four
years.[57,58] In addition, our study design required even more restrictive criteria to include
our patients than these studies (longitudinal MRl and GOSE3-8 patients). The
neuropsychological evaluation planned in our study was only possible if patients could
communicate. We do not have data for patients in a vegetative state (also coined
unresponsive wakefulness syndrome) or who died as a result of TBI. Third, the prognostic
model we provide is based on this small derivation cohort and requires a validation cohort
to truly assess the reliability of the prognosis provided by the DTI data. Fourth, the study of
structural MRI and anatomo-clinical correlation in severe TBI represents a real challenge
both for image processing and for the interpretation of the results. Manual correction when
automated segmentation fails could be considered as a limitation in our work, but it is still
the recommended method in case of failure and seems unavoidable for severe TBI with
radiological lesions, such as bruising and contusion. In addition, longitudinal image
processing in FreeSurfer reduces inter-individual variability and increases the accuracy of
extracted structural measurements.[18] Fifth, there is minor discrepancies in the scanner
acquisition modalities. However, scanners are calibrated from HC with DTI parameters
expressed as normalized data which allow direct comparison between subjects and has
been previously approved.[30][57,58][31] Similarly, all the effects described were found at
an individual level with no inconsistent results.

Conclusions

This prospective study evaluated longitudinally the tertiary injuries occurring
following severe TBI and reports the occurrence of significant brain atrophy in these
patients. This atrophy predominates in the white matter and central grey nuclei while

sparing the cortical grey matter. It demonstrates brain alterations long after the initial



injury. Its variation is associated with neurological outcomes in certain deep brain
structures (brainstem, peduncle and hippocampus). This phenomenon is associated with a
change in white matter integrity assessed by DTI and a significant decrease in the FA, and
an increase in MD related to an alteration in RD and AD that were correlated with atrophy.
These DTl anomalies are more pronounced in TBI with GOSE 3-5 than GOSE 6-8,
suggesting a relationship between anatomic and neurological outcomes. Multimodal MRI,
mainly white matter FA and MD a few weeks after TBI, was predictive of long-term brain
changes in our study. However, the utility of this biomarker of brain injury must be
confirmed in further prospective clinical trials. In this way, MRI lesions could be considered
as a surrogate marker of neurological outcome that could be used to evaluate
neuroprotective strategies. These data provide a better understanding of the early and late
pathophysiology related to the neurological changes in patients after severe TBI and could

encourage new interest in investigating neuroprotective therapies in these patients.
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Legends.

Figure 1. Flow diagram of the long-term MRI follow-up study. GOSE denotes

extended Glasgow outcome scale.

Figure 2. Longitudinal comparison of brain volume variations. (A) Atrophy in
individual white matter and deep grey nuclear structures in healthy controls and traumatic
brain injury patients. The results are expressed as percentage of volumetric variation
between baseline MRI (subacute phase) and follow-up MRI (chronic phase) in each region
of interest according to a colorimetric scale without false discovery rate (FDR) correction
and with frequency occurrence expressed in scale of opacity overlaid on selected sagittal,
coronal and axial slices of a brain T1-template. (B) Volume variation after FDR correction
in the most relevant regions of interest for white matter and deep grey nuclear structures
and in (C) cortical grey matter structures. HC do not show any statistically significant
volumetric difference while TBI patients have a loss of intracranial volume (atrophy) up to
twenty percent in some territories. Atrophy mainly affects deep grey nuclear structures and
deep white matter tracts of the brain. No statistically significant volumetric difference was
found in cortical grey matter structures. CC = corpus callosum, HC = healthy controls and
TBI = traumatic brain injury. All images are in radiological convention (left side of the
image is right side of the brain). (D) Longitudinal variation of cortical gray matter thickness
between baseline and follow-up in traumatic brain injury patients. Z-score differences
(upper part) and areas with a statistical test p of less than 0.05 (not corrected by FDR)

reported in red (lower part) are presented for each group.

Figure 3. Brain maps of normalized DTI index. Fractional anisotropy (A and C) and

mean diffusivity (B-D) in white matter of traumatic brain injury (TBI) patients measured at



baseline (subacute phase) (A-B) and at follow-up (chronic phase) MRI (C-D), overlaid on
selected sagittal, axial, and of coronal slices of a brain T1-template. All images are in

radiological convention (left side of the image is right side of the brain).

Figure 4. Pearson's correlation coefficient between % of volume variation and DTI
index at baseline MRI and follow-up MRI. Pearson's correlation coefficient (R?) in
traumatic brain injury patients between rate of % volume variation and normalized
fractional anisotropy (A-C) and normalized mean diffusivity (B-D) measured at baseline
MRI (A-B) and follow-up MRI (C-D). All images are in radiological convention (left side of

the image is right side of the brain).
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TBI patients at follow-up MRI

4
=
]
=
K9]
(%]
@
o]
o
©
"
B4
c
2
p=
©
o
o
[=

[4IA dN-moj|0} pue |YIAl dUIlSSeq 1B Xapul [1d Pue [YIA dn-moj||o) 18 painseain|
UOIIBIIBA WIN|OA JO 9% U29M1S( SUOIIR|31J0D S,u0Siead

Adosjosiue jeuonjdely pazijew.lonN AJAIsnyyip ueaw pazijew.loN




Table 1. Cohort demographic, clinical and radiographic characteristics during

intensive care unit stay.

Parameters All patients “Unfavorable” “Favorable” P-values
(n=22) recovery recovery
(GOSE 3-5) (GOSE 6-8)
(n=12) (n=10)
Demographic and clinical presentation
Sex (males), n (%) 19 (86) 10 (83) 9 (90) 0.650
Age (yr) 30+13 32+15 28+ 10 0.442
Right-handed, n (%) 16 (73) 10 (84) 6 (60) 0.840
Education status” 6 [5-7] 5 [4-7] 6 [5-7] 0.509
Cause of TBI, n (%)
Assault 2(9) 1(8) 1(10) 1
Motor vehicle accidents 15 (69) 8 (66) 7 (70) 1
Fall 5 (22) 3(25) 2 (20) 1
Glasgow Coma Score® at admission 6 [3-10] 5[3-7] 7 [3-12] 0.297
Worst Glasgow Coma Score during hospital stay 5 [3-7] 5 [3-6] 4 [3-8] 0.307
Glasgow Coma Score at the first MRI 7 [5-10] 7 [5-10] 8 [3-10] 0.699
Day with sedation 13+6 12+6 14+6 0.521
Duration of coma (in days) 25 [14-33] 31 [15-36] 16 [14-25] 0.105
Seizures during hospital stay 2 (11) 2 (20) 0 (0) 0.179
Initial CT scan
Marshall grade® initial CT scan 2 [2-3] 2 [2-5] 2 [2-2] 0.162
Location of injury, n (%)

Left hemisphere 4 (28) 3 (25) 1 (10) 0.593
Right hemisphere 3 (13) 1(8) 2 (20) 0.380
Bilateral 15 (68) 8 (66) 7 (70) 0.863

Cerebellum lesion 2 (112) 1(10) 1(12.5) 0.866



Category of injury, n (%)

Intracerebral hematoma 9 (50) 7 (70) 2 (25) 0.057
Extradural hematoma 5 (27) 3 (30) 2 (25) 0.813
Subdural hematoma 3(16) 1(10) 2 (25) 0.396
Sub-arachnoid hemorrhage 11 (61) 8 (80) 3(37.5) 0.066
Petechial lesion 8 (44) 4 (40) 4 (50) 0.671
Injury classification on basis of MRI at baseline
Whole-brain MRI lesion volume (mm?®) 797 [42-5903] 1367 [41-11475] 347 [38-9384] 0.890
Diffuse axonal injury® (grading) 2 [1-3] 2 [1-3] 1[1-2] 0.297
Firsching Score' (grading) 1[1-2] 1[1-2] 1[1-1] 0.280

Data are expressed as mean = SD, median [IQR] or counts (%) when appropriate.

CT denotes computed tomography; GOSE, extended Glasgow outcome scale and MRI, magnetic

resonance imaging.

4 P-value for patients with a “favorable” recovery (GOSE 6-8) versus those with “unfavorable” recovery
(GOSE 3-5).

® Education status is expressed as follow: 2: No diploma but able to read and write, 3: Middle school for
at least two years; 4: Middle school until 9" grade; 5: High School; 6: High-School Diploma; 7: three-year
university or technical degree.

¢Scores on the Glasgow Coma Scale range from 3 to 15, with lower scores indicating reduced levels of
consciousness.

4 Marshall grade presented in the Supplementary material, page 22.

¢ Diffuse axonal injury (grading) presented in the Supplementary material, page 23.

" Firsching Score (grading) presented in the Supplementary material, page 24.



Table 2. Cohort clinical presentation at follow-up (chronic phase).

::I -“‘Unfavorable”  “Favorable”
recover
patients (GOSE 3-\;) (Cr-]eOCS?I;/Zr—é) Prvalue’
(n=22) (n=12) (n=10)
Clinical presentation at follow-up, n (%)
Re-education process 8 (50) 7 (43) 1(6) 0.008
Unable to work or only in sheltered workshop 12 (70) 9 (100) 3(37) 0.009
Driving 9 (52) 3 (33) 6 (86) 0.036
Post-traumatic amnesia® 7 (46) 6 (66) 1 (15) 0.046
Seizures 5(28) 2 (20) 3(38) 0.410
Motor disabilities 9(52) 6 (66) 6 (75) 0.186
Clinical and neuropsychological scores at follow-up®
Episodic memory score (z-score) -2.6+2.7 -4.4+2.2 -0.3+1.3 <0.001
Executive function score (z-score) -4.0+3.4 -5.7+3.2 -1.8+2.3 0.018
Work memory Score (z-score) -1.7+2.6 -2.7%29 -0.5+1.7 0.075
Attentional Score (z-score) -44+4.1 -5.7+4.9 -2.7+2.3 0.080

Data are expressed as mean + SD or counts (%) when appropriate.

® p-value for patients with a “favorable” recovery (GOSE 6-8) vs those with “unfavorable” recovery (GOSE 3-5).
®presence of a post-traumatic amnesia longer than 60 days after traumatic brain injury.

€ All neuropsychological scores are detailed in the Supplementary material, Appendix 2.



Table 3. Brain volume measurement at baseline (subacute phase) and follow-up (chronic phase).

Intracranial volume

Healthy controls

(n=11)

All
TBI patients
(n=22)

-“Favorable”
recovery
(GOSE 6-8)
(n=10)

-“Unfavorable”
recovery
(GOSE 3-5)
(n=12)

Estimated total intracranial volume (cm3)

At baseline®
Whole grey matter
Whole white matter
Deep white matter tracts from JHU-ICBM Atlas®
Deep grey nuclear structures®
At follow-up®
Whole grey matter
Whole white matter
Deep white matter tracts from JHU-ICBM Atlas®

Deep grey nuclear structures®

1440 [1270-1704]

0.33[0.30-0.35]
0.31[0.29-0.33]
0.09 [0.09-0.10]
0.03 [0.02-0.03]

0.33[0.29-0.35]
0.31[0.29-0.33]
0.11[0.10-0.12]
0.03 [0.02-0.03]

1626 [1546-1676]

0.31[0.29-0.32]
0.29 [0.28-0.32]
0.09 [0.08-0.09]
0.03 [0.02-0.03]

0.30[0.29-0.32]
0.26 [0.25-0.28]
0.09 [0.09-0.10]
0.02 [0.02-0.02]

ab

ab

ab

1647 [1531-1699]

0.32 [0.30-0.33]
0.29 [0.28-0.32]
0.10[0.10-0.11]
0.02 [0.03-0.03]

0.31[0.30-0.33]
0.27[0.26-0.29]
0.09 [0.09-0.10]
0.02 [0.02-0.02]

ab

ab

ab

1610 [1556—1677]

0.31[0.28-0.32]
0.29 [0.27-0.31]
0.10[0.10-0.11]
0.03 [0.02-0.03]

0.30 [0.28-0.32]
0.25 [0.25-0.27]
0.09 [0.09-0.10]
0.02 [0.02-0.02]

ab

ab

ab

Data are expressed as median (IQR).

® p-value <0.05 versus healthy controls; ® p-value <0.05 versus baseline and follow-up.

“Intracranial volume data are divided by estimated total intracranial volume generated by FreeSurfer in order to consider head-size inter-subject variability.

d Deep white matter tracts from Johns Hopkins University Atlas (Woolrich et al., 2009).

© Deep grey nuclear structures included left and right thalamus, caudate, putamen, pallidum and accumbens area.



