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Cortical and phase rim lesions on 7 T MRI as
markers of multiple sclerosis disease progression

(®Constantina A. Treaba,'"? Allegra Conti,? Eric C. Klawiter,* Valeria T. Barletta,'"?
Elena Herranz,"2 Ambica Mehndiratta,I Andrew W. Russo,4 Jacob A. Sloane,s
Revere P. Kinkel,6 Nicola Toschi'>* and Caterina Mainero"%*

* These authors contributed equally to this work.

In multiple sclerosis, individual lesion-type patterns on magnetic resonance imaging might be valuable for predicting clinical outcome
and monitoring treatment effects. Neuropathological and imaging studies consistently show that cortical lesions contribute to disease
progression. The presence of chronic active white matter lesions harbouring a paramagnetic rim on susceptibility-weighted magnetic
resonance imaging has also been associated with an aggressive form of multiple sclerosis. It is, however, still uncertain how these
two types of lesions relate to each other, or which one plays a greater role in disability progression. In this prospective, longitudinal
study in 100 multiple sclerosis patients (74 relapsing-remitting, 26 secondary progressive), we used ultra-high field 7-T susceptibility
imaging to characterize cortical and rim lesion presence and evolution. Clinical evaluations were obtained over a mean period of
3.2 years in 71 patients, 46 of which had a follow-up magnetic resonance imaging. At baseline, cortical and rim lesions were identified
in 96% and 63% of patients, respectively. Rim lesion prevalence was similar across disease stages. Patients with rim lesions had higher
cortical and overall white matter lesion load than subjects without rim lesions (P = 0.018-0.05). Altogether, cortical lesions increased by
both count and volume (P = 0.004) over time, while rim lesions expanded their volume (P = 0.023) whilst lacking new rim lesions;
rimless white matter lesions increased their count but decreased their volume (P =0.016). We used a modern machine learning algo-
rithm based on extreme gradient boosting techniques to assess the cumulative power as well as the individual importance of cortical
and rim lesion types in predicting disease stage and disability progression, alongside with more traditional imaging markers. The
most influential imaging features that discriminated between multiple sclerosis stages (area under the curve+standard deviation =
0.82 + 0.08) included, as expected, the normalized white matter and thalamic volume, white matter lesion volume, but also leukocor-
tical lesion volume. Subarachnoid cerebrospinal fluid and leukocortical lesion volumes, along with rim lesion volume were the most
important predictors of Expanded Disability Status Scale progression (area under the curve+standard deviation=0.69 + 0.12).
Taken together, these results indicate that while cortical lesions are extremely frequent in multiple sclerosis, rim lesion development
occurs only in a subset of patients. Both, however, persist over time and relate to disease progression. Their combined assessment is
needed to improve the ability of identifying multiple sclerosis patients at risk of progressing disease.
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AUC =area under the curve area from the receiver operating characteristic curve; EDSS = Expanded Disability Status
Scale; RRMS = Relapsing-Remitting Multiple Sclerosis; SD = standard deviation; SHAP = Shapley Additive Explanations;
SPMS = Secondary Progressive Multiple Sclerosis; XGBoost = Extreme Gradient Boosting

Introduction

Multiple sclerosis is a demyelinating and neurodegenera-
tive disease of the CNS and one of the most common
causes of neurological disability in young adults in the
Western world. The clinical course of multiple sclerosis is
highly heterogeneous, with wide differences between
patients in the rate of disease progression and disability
accrual, in which the pathologic heterogeneity of multiple
sclerosis lesion patterns is thought to play a role.'~
Magnetic resonance imaging is of paramount import-
ance for early multiple sclerosis diagnosis, for monitoring
treatment response in clinical practice and experimental
trials and for investigating disease mechanisms. Although
previous studies have described various MRI measures

CORTICAL LESIONS

PHASE RIM LESIONS

predictive of long-term disability in different multiple
sclerosis cohorts,>* a valid prediction of the clinical out-
come has not yet been shown. Additionally, most find-
ings are based on traditional statistical methods with
limited generalizability and therefore often unknown true
prediction power. As such, these measures need to be fur-
ther improved and included into more robust statistical
analysis to obtain robust markers of disability prediction.

Seven-tesla MRI has allowed the identification of novel
radiological markers of multiple sclerosis pathology.
Among these, slow expanding chronic white matter
lesions, characterized by a paramagnetic rim on suscepti-
bility-weighted images that colocalizes with activated
iron-laden microglia,””” have been associated with remye-
lination failure®™'° and disability progression.®’
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Neuropathological examinations consistently show that
cortical demyelinating lesions are a hallmark of the dis-
ease progression.''™"?  Cortical lesions, which show
improved in vivo detection at 7-T,'*'® can develop from
the earliest disease stages,'””'® correlate better with phys-
ical and cognitive impairment than white matter lesion
load and cortical atrophy'”>'*?° and independently pre-
dict disability progression.?'** While the relationship be-
tween chronic rim and cortical lesions is still unknown,
they may share common pathogenic mechanisms as
microglia/macrophage activation is thought to underlie
ongoing demyelination/repair failure at the edge of chron-
ic rim lesions®** and some neuropathological*>**® and
positron emission tomography data*”*® point to micro-
glia involvement in the pathogenesis of cortical demyelin-
ation in multiple sclerosis.

Nevertheless, neither cortical nor chronic rim lesions
are still routinely included in the clinical imaging assess-
ment of multiple sclerosis disease burden.

In this longitudinal study, in a heterogeneous multiple
sclerosis cohort, we aimed to characterize the prevalence,
distribution and evolution of cortical and chronic rim
lesions detected on susceptibility-weighted 7-T images.
The main objective was to assess the cumulative power
as well as individual importance of cortical and chronic
rim lesions, alongside with traditional imaging markers,
in predicting disease stage and disability progression
using a modern machine learning algorithm based on ex-
treme gradient boosting (XGBoost) techniques. We specif-
ically selected this machine learning classifier algorithm as
it has been shown that, while it supports both regression
and classification predictive modelling problems,*® it also
performs extremely well with a population size of be-
tween 50 and 100.%

Materials and methods

From 2009 to 2019, we consecutively recruited 111 mul-
tiple sclerosis patients®' with either relapsing-remitting
multiple sclerosis (RRMS, n=74) or secondary progres-
sive multiple sclerosis (SPMS, n=37) who met the inclu-
sion exclusion criteria (Fig. 1) along with 10 age-matched
healthy control participants. Eleven participants’ data
were discarded due to motion artefacts. Clinical longitu-
dinal data were obtained from 71 patients of whom 46
also had an MRI assessment at follow-up (Fig. 1).

The Institutional Review Board approved all study pro-
cedures and written informed consent in accordance with
the Declaration of Helsinki was obtained from all partici-
pants before study enrolment.
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All study participants underwent two imaging session
within a week on a 7-T and a 3-T MRI scanner using
32 channel coils to acquire: (i) 7-T two-dimensional fast
low-angle shot T;-weighted spoiled gradient-echo images
to cover the supratentorial brain (repetition time/echo
time [TR/TE] = 1700/21.8 msec, 0.33 x 0.3 x 1 mm?
resolution) yielding magnitude and phase images for le-
sion segmentation and (ii) 3-T 3D T,-weighted scans
[TR/inversion time (TI)/TE = 2530/1200 msec, 0.9 x 0.9
3 x 0.9 mm’ resolution) for Freesurfer reconstruction,
cortical and subcortical segmentation and coregistration
with 7-T data measurement (FreeSurfer Software version
5.3.0, 2013, http://surfer.nmr.mgh.harvard.edu; last
accessed June 24, 2021). The topological defects in cor-
tical surface reconstruction caused by the white matter
and leukocortical lesions were accurately corrected using
the in-painting method in all patients. Thalamic volume
was computed as the sum of right and left thalami
obtained by FIRST/FSL  (https:/fsl.fmrib.ox.ac.uk/fsl/
fslwiki/FIRST; last accessed June 24, 2021) segmentation.
Raw volumes were normalized to intracranial volume.

Multiple sclerosis lesions were manually segmented on
the magnitude 7-T T, -weighted images using Slicer (ver-
sion 4.4.0; http://www.slicer.org; last accessed June 24,
2021) by one radiologist (CAT), and one neurologist
(CM) with experience in neuroimaging analysis working
in agreement (for cortical lesion detection). Cortical
lesions, designated to have a high intensity of at least 3
voxels across two consecutive slices were classified as
intracortical if subpial'’ and confined to the cortex, or
leukocortical if they also involved the white matter (Fig.
2). The reproducibility of cortical lesion quantification
and the interrater agreement (kappa 0.69) were previous-
ly evaluated using up to 17 patients included in this
study.'**? The presence of rim lesions was assessed by
the study radiologist (CAT) on 7-T phase images. A mul-
tiple sclerosis lesion was defined as ‘rim lesion’ when a
susceptibility rim, a hypointense peripheral margin, was
encircling an isointense to extralesional center®® (Fig. 2).

The methodologic reliability was assessed by having a
second rater (VB) identify rim lesions on 5 sample cases
(inter-rater), while the first rater (CAT) reviewed the sam-
ple cases twice (intra-rater). In the analysis of lesion evo-
lution, we defined a volume increase by 10% a lesion
expansion, and a volume decrease by 10% a lesion re-
duction. If the change in a lesion was less than 10%, the
lesion was considered steady.

FreeSurfer and FSL (version 5.0; http:/fsl.fmrib.ox.ac.
uk; last accessed June 24, 2021) tools were used to quan-
tify the lesion counts and volumes. The presence of new
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Figure | Study flowchart. Study flow diagram showing the inclusion and exclusion criteria.

lesions was accounted for on a lesion-by-lesion basis,
while the longitudinal lesion metrics were annualized
using each patient’s follow-up interval.

The clinical disability in multiple sclerosis patients was quan-
tified by experienced neurologists (RPK, JAS, ECK), blinded
to the MRI data, by using the Expanded Disability Status
Scale (EDSS). All patients were evaluated with formal EDSS
assessments, outside relapses, at least every 12months and
any EDSS increase of at least 1.0 point when the baseline
EDSS was less than 6, or at least 0.5 points when the base-
line EDSS was at least 6, was considered worsening if it per-
sisted until the next annual visit or, in patients that were
clinically followed for more than 1year, if it was maintained
for the last two consecutive annual visits.

Kolmogorov-Smirnov’s test was used to assess normality.
Differences in demographic and lesion load metrics between
multiple sclerosis groups (i.e. RRMS versus SPMS, rim ver-
sus non-rim) were assessed using the Student’s #test for nor-
mally distributed data and the Mann-Whitney U-test
(unrelated samples). Fisher’s exact test was used for categor-
ical data (sex, frequencies and treatment repartition). The
Wilcoxon signed-rank test (related samples) evaluated the
longitudinal changes in lesion volumes (non-normal data dis-
tributions). The differences in mean cortical thickness were
assessed by analysis of covariance controlled for age and
sex. Bivariate correlations were quantified using Spearman’s
rank correlation coefficient. Lin’s concordance coefficient®*
was used to assess inter-rater and intra-rater reliability.

A two-tailed P value <0.05 as considered indicative of
statistical significance. Statistical analysis was performed
using SPSS version 25 (IBM) software.
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Figure 2 Cortical and rim lesions examples detected with 7-T T,*-weighted images. Cortical (white arrows) and white matter
rim lesions (open arrows) as shown by axial 7-T T,*-weighted magnitude sequence in a 34 years old woman with relapsing remitting multiple
sclerosis. Some lesions, involving either the white matter (A-C) or both white and cortical grey matter (D) are featuring a hypointense

peripheral rim on phase images.

We used the XGBoost, an ensemble machine learning
method based on decision trees, to generate prediction
models for multiple sclerosis disease staging and neuro-
logical disability progression as well as to illustrate the
importance of each feature included in the models. The
predictors enclosed and comparatively assessed in the
models (an overall total of 18, Table 1) were the poten-
tial novel radiological markers (cortical and rim lesion
load MRI metrics) in conjunction with demographics and
conventional MRI variables.

The complete dataset was split randomly into training
(70%) and validation (30%) sets in a stratified manner.
This splitting operation and successive procedures (see

below), was repeated 1000 times. For each training set, a
genetic search pipeline with an evolutionary algorithm was
used to explore hyperparameter values and their combina-
tions® in a S-fold cross-validation fashion, restricting the
search to the XGBoost architecture.”” XGBoost is a scalable
end-to-end tree boosting system, which has shown state-of-
the art performances in a number of diverse machine learn-
ing applications and contests. After training, performance
for each validation set was assessed by calculating the mean
(across 1000 repetitions) and standard deviation (SD) of the
area under the curve (AUC) from the receiver operating
characteristic curve. Mean accuracy, sensitivity, and specifi-
city alongside with the corresponding SDs across the 1000
optimized train/test splits were also calculated.

The contribution of each feature to the final prediction
performance of the model was evaluated and compared
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Table | List of variables used in machine learning algo-
rithms to predict multiple sclerosis disease stage and
neurological disability

Predictor variables

Rim presence or absence

Rim category (<3 or >4 rim lesions)
Rim lesion count

Rim lesion volume

Rimless white matter lesion count
Rimless white matter lesion volume
Intracortical lesion count
Intracortical lesion volume
Leukocortical lesion count
Leukocortical lesion volume
Normalized white matter volume
Normalized thalamic volume
Normalized subarachnoid CSF
Normalized intraventricular CSF
Cortical thickness

Age

Age at multiple sclerosis onset

Sex

by computing the Shapley Additive explanations (SHAP)
values. These values are based on game-theoretical con-
siderations and unify six existing methods for quantifying
feature importance in a way which is more consistent
with human reasoning relative to previous approaches.?’

At the dataset level, SHAP values allow to quantify
average feature importance in terms of contribution to
the prediction power of the model. In addition, we also
analysed individual importance, i.e. how much a feature
contributes to the classification of each separate individ-
ual. In turn, this allows investigating the association be-
tween feature importance and the value of the feature
itself.

Treatment status was accounted for in the model that
quantified the predictors of EDSS progression by regress-
ing it out (binary variable treatment/no treatment) in
each train split and by applying the computed transform-
ation to the corresponding test/split. All classification
analyses were implemented in Python 3.6 using the scikit-
learn python module.*®

The sharing of the data depends on Massachusetts
General Hospital and Institutional Review Board policy
and on the purpose of sharing the data (profit versus
non-profit).

Results

Demographic, clinical and MRI data of multiple sclerosis
participants are shown in Table 2. At baseline, 37 of 100
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patients were on first line therapy, 48 of 100 on second
line therapy and 15 of 100 without therapy. Over a
mean * SD of 3.2years = 2.3, longitudinal EDSS scores
were obtained in 71 patients. Approximately 24% (17 of
71) participants (9 with RRMS and 8 with SPMS) experi-
enced EDSS progression at follow-up. By the end of fol-
low-up, no RRMS entered in the secondary progressive
phase.

Sixty-three/100 patients had at least 1 rim lesion at base-
line. Overall, 233/5161 white matter lesions (4.5%) and
14/1950 cortical lesions (0.7%) displayed a susceptibility
rim on phase images. All cortical rim lesions were leuko-
cortical (8 patients). All but two patients with leukocorti-
cal rim lesions presented white matter rim lesions as well.
Owing to the limited number of leukocortical rim lesions,
we included the leukocortical rim lesions in the same cat-
egory with white matter rim lesions named hereafter as
rim lesions.

The inter- and intra- rater agreement was substantial
(Lin’s concordance correlation coefficients of 0.98 and
0.99, respectively). No rim lesions were seen in the
healthy control group, even if white matter lesions were
seen in 6 healthy individuals (ranging from 1 to 7).

Across multiple sclerosis phenotypes, rim lesion preva-
lence [RRMS: 46 of 74 ([62.1%) and SPMS: 17 of 26
(62.9%), P=0.81], count [RRMS: median 1 range (O,
14); SPMS: median 2 range (0, 33), P=0.20] and volume
[RRMS: median 50, range (0, 9258 mm?), SPMS: 191
(0, 15 410 mm?), P=0.18] were similar.

No differences were detected in patients’ age, disease
duration, or in the number of which received a treatment
when comparing multiple sclerosis patients according to
presence or absence of rim lesions (P =0.2-0.8, Table 2).

A total of 1951 cortical lesions were identified in 96/100
MS patients (96%). As expected, cortical lesion count
and volume was higher in SPMS patients relative to
RRMS (P <0.001). All patients with rim lesions had also
cortical lesions except for two patients (both RRMS).
Overall, patients presenting with rim lesions had higher
cortical and white matter lesion counts and volumes com-
pared to patients without any identifiable rim lesions
(P=0.02-0.05, Table 2).

Cortical and rim lesion loads were, however, moderate-
ly correlated ([p=0.28, P=0.005] for counts and
[p=0.3, P=0.003] for volumes). No cortical lesions
were found in healthy control participants.
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Longitudinal assessment shows
distinct patterns of lesion evolution
in the cortex and in white matter

Longitudinal MRI data were obtained in 46 patients (36
RRMS and 10 SPMS) over a mean * SD of 1.4years = 0.5
(Supplementary Table 1). Overall, 2342 white matter
lesions and 1024 cortical lesions were identified at base-
line. In 31/46 subjects who had longitudinal MRI, 149
lesions were surrounded by a susceptibility rim. All lesions
detected at baseline persisted at follow-up, while 174 new
lesions (60 white matter and 114 cortical) developed dur-
ing the observation period in 38/46 (82.6%) patients. No
new rim lesion was detected at follow-up. We were unable
to detect differences in the incidence of new white matter
or cortical lesions in patients with or without rim lesions
[new white matter lesions: 61% (19/31) versus 53% (8/

C. A. Treaba et al.

15), P=0.75 and new cortical lesions: 77% (24/31) versus
53% (8/15), P=0.17, respectively]. Similarly, the annual
rate of new cortical and white matter lesions was about
the same (1*£1 versus 2*+2.9, P=0.4 for cortical and
0.7x1.1 wversus 09%*1.5, P=0.9 for white matter
lesions) regardless of the presence of rim lesions.

Looking at individual rim lesions’ evolution, we found that
the volume was stable in 44.3% (66/149) of lesions, shrank in
24.8% (37/149) of them while exhibited an ongoing increase
in 30.9% (46/149%) of lesions (Supplementary Fig. 1). Taken
altogether, there was a slight increase in their volume at follow-
up (mean*SDj; 834 * 2491 mm® versus 838 = 2534 mm’,
P=0.027, Fig. 3). On contrary, the rimless white matter lesion
volume decreased (3002 +4360 mm> versus 2956 + 4148
mm?, P=0.016, Fig. 3) despite the addition of the new lesions.

Looking at each patient lesion evolution we observed
that the cortical lesion volume increased in 20/46

P=0.016, Z=-2.4
P=0.027, 7=-2.2
[ ¥ % P=0.004, Z=-2.8
15,000 ' : . !
mm?
e ®
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5,000 : * * .
mm? o
: : ; ;
L]
. s =
Baseline rim  Follow-up Baseline Follow-up Baseline Follow-up
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& ¥
250 * #*
P<0.001, Z=-4.9
200 ¢ ' !
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Figure 3 Boxplots summarizing the longitudinal changes of multiple sclerosis lesions in 46 patients. The cortical and rim lesion
volumes increased over time while the rimless white matter volume decreased (A) despite the new white matter lesion formation (B) in

multiple sclerosis patients. P and Z-statistic values by Wilcoxon signed rank test (related samples, two-tailed).
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(43.5%) patients. Among those, 14/20 (70%) patients
also presented rim lesions, but an associated increase in
the rim lesion volume was only noted in 3/14 (21.4%)
patients. Overall, the volume of cortical lesions increased
from 1269 = 2397 mm’® to 1460 = 2757 mm?>, P =0.004.

Disease stages is predicted by both
traditional metrics of disease
burden and cortical lesions

The model built for predicting disease stage achieved a
mean * SD AUC value of 0.82*=0.08 with a sensitivity of
0.78 £0.09, an accuracy of 0.77=0.07 and a specificity of
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0.73 £0.17. Figure 4 summarizes the features’ importance
ranking for this model, where larger values indicate a larger con-
tribution to the final prediction. The top six most important fea-
tures for classifying multiple sclerosis patients into the different
disease stages (RRMS and SPMS) included the normalized vol-
umes of the white matter, thalamus, as well as rimless white
matter and leukocortical lesion volumes, rimless white matter le-
sion count and the normalized intraventricular CSF.

Interestingly, the importance of the counts of cortical
and rim lesions as well as of the intracortical and rim
lesion volumes in prediction in the disease course pre-
diction was small, being ranked below the sixth
position.
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Figure 4 Machine learning in disease stage prediction in a cohort of 100 multiple sclerosis patients. The resulting SHAP features
ranking (A) derived from XGBoost model lists, in descending order, starting with the most significant features in disease stage prediction. The
model reached a mean=£SD area under the curve value of 0.82 = 0.08, a sensitivity of 0.78 * 0.09, an accuracy of 0.77 = 0.07 and a specificity
of 0.73 = 0.17. The partial SHAP dependence plots (median and confidence intervals across repetitions, B=G) are shown for the top six most
important features for classifying multiple sclerosis patients in different disease stages [relapsing-remitting multiple sclerosis (RRMS) and

secondary progressive multiple sclerosis (SPMS)].
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Table 3 The values of the top-ranked features that exert a maximal impact on feature’s importance in the predict-

ive models
Parameter Predictor Mean value (range),
mm?®

MS phenotypes Normalized WM volume 0.287 (0.282-0.292)
Normalized thalamic volume 0.0059 (0.0057-0.0062)
Rimless WM lesion volume 3000 (1090—4910)
Leukocortical lesion volume 327 (70-584)
Rimless WM lesion volume 38.5 (22-55)
Normalized intraventricular CSF volume 0.016 (0.012-0.021)

EDSS progression Normalized subarachnoid CSF volume 0.00089 (0.00086-0.00092)
Rim lesion volume 213 (79-347)

Leukocortical lesion volume
Normalized WM volume
Normalized intraventricular CSF volume

247.8 (202.6-293)

0.2904 (0.2875-0.2951)
0.0136 (0.0112-0.0155)

Rim lesion count

2(1-3)

As shown by the partial dependence plots (Fig. 4), the
importance of each feature in the model’s prediction
remains the same with the increase of the feature’s value
up to a certain narrow interval (Table 3), where its im-
portance will either escalate or decline and successively
remain stable.

The model’s ability to predict neurological disability pro-
gression reached an AUC value of 0.69 = 0.11, a sensitiv-
ity of 0.71+0.10, an accuracy of 0.68+0.09 and a
specificity of 0.58 +0.21. The foremost predictors of
EDSS progression were the normalized subarachnoid CSF
volume, the leukocortical lesion volumes and the rim le-
sion volume. They were followed by the normalized vol-
umes of white matter and intraventricular CSF as well as
by rim lesion count (Fig. 5), which came in sixth. The
partial dependence plots of the top six features (Fig. 5)
displayed the same trends as the predictors of the mul-
tiple sclerosis stages. The intervals in which the changes
in the feature’s importance appeared alongside the mean
intervals’ values are listed in Table 3.

Discussion

Using susceptibility-based brain sequences at ultra high
field MRI in a heterogenous cohort of 100 multiple scler-
osis cases, we demonstrated that lesions characterized by
a susceptibility rim are relatively frequent (up to ~60%
of patients) and occur mostly within the white matter,
with a similar incidence across disease phenotypes. In
contrast to rimless white matter lesions, which tend to re-
duce their volume over time despite the occurrence of
new ones, rim lesions persist and progressively expand.
We also found that in patients with multiple sclerosis

cortical lesions are even more frequent and show a faster
and greater rate of progression than rim lesions.

We applied machine-learning algorithms to assess the
cumulative power and individual importance of cortical
and rim lesion types, alongside with traditional imaging
markers of disease burden, in predicting disease stage and
disability progression. We found that cortical and rim le-
sion types were main predictors of EDSS progression
(over a mean of 3.2years and along with the normalized
subarachnoid CSF volume). However, their importance
was lower in discriminating between different multiple
sclerosis disease stages.

The finding of a susceptibility rim at the edge of some
chronic lesions located in white matter was acknowledged
in certain multiple sclerosis patients***"" being linked
to activated iron-laden microglia>®*® and with an
expanding lesion pattern.”*! While the substrate of cor-
tical lesions seems to also involve activated microglial
cells?® most likely associated to meningeal and/or perivas-
cular inflammation®>** a relationship between cortical
and rim-type white matter lesions can’t be excluded.
Furthermore, a microglial susceptibility rim might be pre-
sent in some cortical lesions'’ as well.

Our results demonstrate that cortical and rim lesions
evolve in the same way by increasing their volume over
time, but the increase of the rim and cortical lesion vol-
umes seem to be independent of each other as they do
not necessarily share the same time frame except in a few
cases. In addition, the frequency of rim lesion develop-
ment appears to be lower than that of the cortical or
white matter rimless lesions, since over a mean of
3.2years, we identified 176 new cortical and rimless
white matter lesions but no new rim lesions. Since previ-
ous data found that nascent rim lesions could be identi-
fied within a follow-up time extending up to 7years,*' it
is likely that the rim lesion formation requires more time
than the interval we followed our patients.

While it remains still unknown why the rim lesions
only develop in some patients, our results show that the
patients harbouring rim lesions concurrently exhibit a
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higher white matter and cortical lesion load relative to
the patients without rim lesions, possibly pointing to an
abnormal microglia response to perturbations in the CNS
milieu.*® Nevertheless, our data also indicate that the vol-
ume of the rimless white matter lesions decrease over
time, despite the addition of the new white matter
lesions, most likely due to glial scar formation.**

While the transition from RRMS to SPMS is difficult
to define clinically, the use of an advanced machine
learning method, allowed us to distinguish between
RRMS and SPMS patients with a high accuracy. As
model-free machine learning methods do not depend on a
priori information and have minimal statistic assump-
tions, they outperform regression-based statistical techni-
ques on complex data sets with a large number of
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features™ and avoid multicollinearity problems.*® Besides,

the state-of-the art version of boosted trees (XGBoost)
performs extremely well even with a relatively small sam-
ple size®® and in our case, the number of patients was
one order of magnitude larger than the number of fea-
tures, hence limiting overfitting in itself. We also repeat-
edly random stratified 70/30 test (unseen) training split
not 1 but 1000 times in order to reduce random-seed
induced bias and estimate confidence intervals for our
results. Overfitting was, thus, reduced to a minimum in
our study, suggesting that our results can be considered
generalizable to out-of sample instances, as opposed to
the results of conventional regression methods.

Not surprisingly, the highest ranked predictors of the
disease stage identified were the traditional MRI metrics
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Figure 5 Influential predictors of neurological disability progression in multiple sclerosis. The resulting SHAP features ranking
(A) derived from XGBoost model lists, in descending order, starting with the most significant features in the prediction of neurological
disability progression in multiple sclerosis. The model reached a mean * SD area under the curve value of 0.69 = 0.11, a sensitivity of 0.71 *
0.10, an accuracy of 0.68 * 0.09 and a specificity of 0.58 = 0.21. The partial SHAP dependence plots (median and confidence intervals across
repetitions, B—G) are shown for the top six contributors to the prediction.
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of white matter and thalamic atrophy and the rimless
white matter lesion volume.

Even if the rimless white matter lesion volume tends to
contract as disease progresses,””*® SPMS patients still show
higher rimless white matter lesion volume relative to RRMS.
Leukocortical lesion volume came in fourth, likely due to the
greater leukocortical lesion load demonstrated in patients
with SPMS relative to RRMS.>**

Intracortical lesions were lower than the leukocortical le-
sion type in the rankings. This could potentially be related
to the underestimation of the subpial lesion load with MRI,
but could be also explained by the presence of intracortical
demyelination very early in the course of multiple scle-
rosi.'®*% Rim lesions (both counts and volumes) were also
ranked low as predictors for discriminating multiple sclerosis
stages, pointing towards the fact that the presence of rim
within the white matter lesions is a frequent encounter in all
multiple sclerosis disease stages, being even associated with
lesion formation®'. Alternatively, the rim disappearance over
time*! might also play a role in the low ranking detected.

Using the XGBoost and SHAP approaches, we also
identified the normalized subarachnoid CSF volume, and
the rim and the leukocortical lesion volumes as the main
predictors of EDSS change at follow-up. While the first
denotes the presence of cortical atrophy, the other two
are related to lesion types that are not currently included
as imaging outcome measurements of clinical decision
support or treatment efficacy target.

While previous studies have linked the persistent rim
lesions® and the presence of four or more rim lesions” in
multiple sclerosis patients with a poor outcome, our
results show that it is the rim lesion volume that matters
more (although it is not the only factor that contributes)
to an increase in EDSS over time.

Furthermore, the importance of rim lesion volume in
the EDSS prediction steeply increases until the rim lesion
volume value reaches a certain and rather narrow inter-
val, and afterwards remains stable and continues to relate
to EDSS changes.

Leukocortical lesions ranked high, being the third pre-
dictor of disability progression, possibly due to their de-
structive potential’>*? and great discoverability at 7-T.'°

In contrast, intracortical lesions’ volume ranked low, al-
though still in the top ten predictors of EDSS progres-
sion, possibly related to the particularities of our patient’s
cohort (comprised by many early RRMS patients) and
the suboptimal detection of subpial lesions."®

Interestingly, we have also found that lesion accumulation
occurs more rapidly for cortical as compared to rim type
lesions. As accumulation of the new lesions in the cortex has
been consistently shown to contribute to their volume increase,
tracking their development and evolution could be particularly
important for clinical trials with reduced observation times.

This study had several limitations. First, since even 7-T
MRI fails to detect a large number of intracortical lesions
in multiple sclerosis,>'® their contribution to neurologic
disability progression has certainly been underrated.

C. A. Treaba et al.

Second, although the AUC value for predicting the neuro-
logical disability progression (0.69) was not ideal, it still
approached discrimination. Third, in this work neither
the association between rim and the spinal cord lesions
nor the contribution of spinal cord lesions to neurologic
disability®* have been investigated. This was due to the
fact that spinal cord MRI data were acquired only in a
limited number of patients in this cohort. Fourth, the dis-
ability progression was assessed only by means of EDSS.

Future studies will address such aspects by including
additional disability measures besides a larger population
size, in an effort to contribute to the development of a
clinically usable prognostic tool.

Conclusion

Despite limitations, our study demonstrated that rim and
cortical lesions in patients with multiple sclerosis share
common important features: they are frequent, persistent,
progress over time and contribute independently to dis-
ability progression.

As such, the combined evaluation of rim and cortical
lesion volumes in multiple sclerosis might result in an
improved ability to distinguish the patients susceptible to
experience a progression of the neurological disability
and could influence the therapeutic decision.
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