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ABSTRACT

Background: Lesions in the periventricular, (juxta)cortical, and infratentorial region, as visible on brain MRI, are
part of the diagnostic criteria for Multiple sclerosis (MS) whereas lesions in the subcortical region are currently
only a marker of disease activity. It is unknown whether MS lesions follow individual spatial patterns or whether
they occur in a random manner across diagnostic regions.

Aim: First, to describe cross-sectionally the spatial lesion patterns in patients with MS. Second, to investigate the
spatial association of new lesions and lesions at baseline across diagnostic regions.

Methods: Experienced neuroradiologists analyzed brain MRI (3D, 3T) in a cohort of 330 early MS patients. Le-
sions at baseline and new solitary lesions after two years were segmented (manually and by consensus) and
classified as periventricular, (juxta)cortical, or infratentorial (diagnostic regions) or subcortical—with or without
Gadolinium-enhancement. Gadolinium enhancement of lesions in the different regions was compared by Chi
square test. New lesions in the four regions served as dependent variable in four zero-inflated Poisson models
each with the six independent variables of lesions in the four regions at baseline, age and gender.

Results: At baseline, lesions were most often observed in the subcortical region (mean 13.0 lesions/patient), while
lesion volume was highest in the periventricular region (mean 2287 ul/patient). Subcortical lesions were less
likely to show gadolinium enhancement (3.1 %) than juxtacortical (4.3 %), periventricular (5.3 %) or infra-
tentorial lesions (7.2 %). Age was inversely correlated with new periventricular, juxtacortical and subcortical
lesions. New lesions in the periventricular, juxtacortical and infratentorial region showed a significant auto-
correlative behavior being positively related to the number of lesions in the respective regions at baseline. New
lesions in the subcortical region showed a different behavior with a positive association with baseline peri-
ventricular lesions and a negative association with baseline infratentorial lesions.

Conclusion: Across regions, new lesions do not occur randomly; instead, new lesions in the periventricular,
juxtacortical and infratentorial diagnostic region are associated with that at baseline. Lesions in the subcortical
regions are more closely related to periventricular lesions. Moreover, subcortical lesions substantially contribute
to lesion burden in MS but are less likely to show gadolinium enhancement (than lesions in the diagnostic
regions).

1. Introduction

McDonald criteria in 2001 (McDonald et al., 2001), magnetic resonance
imaging (MRI) can be used to demonstrate dissemination in space and

The diagnosis of multiple sclerosis (MS) is based on typical neuro- time. In the current revised version of McDonald criteria (Thompson
logical symptoms, the presence of lesions in the central nervous system, et al., 2018), dissemination in space as demonstrated by MRI is fulfilled
and their dissemination in space and time. Since the introduction of the by at least one lesion in two or more typical regions: periventricular,
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(juxta)cortical, and infratentorial brain regions, and the spinal cord.
Dissemination in time can be demonstrated by MRI by the simultaneous
presence of gadolinium-enhancing and non-enhancing lesions or by a
new lesion in any brain region or the spinal cord on a follow-up MRI.
Subcortical lesions are located in the supratentorial white matter
without touching the ventricles or the cortical ribbon. Subcortical le-
sions are also a common finding in MS patients. In patients with clini-
cally isolated syndrome, lesions clusters in white matter tracts in the
subcortical area have been shown to predict conversion to relapsing
remitting multiple sclerosis, as did lesion clusters in the diagnostic re-
gions (Giorgio et al., 2013). However, subcortical lesions are not part of
the diagnostic criteria to demonstrate dissemination in space as they are
also found in normal aging (Awad et al., 1986; Hunt et al., 1989; King
et al., 2014; Scharf et al., 2019), and patients with other neurological
disease such as migraine (Lapucci et al., 2019), or cerebral small vessel
disease (Geraldes et al., 2018). Yet a new subcortical lesion in a follow-
up MRI of a patient with clinically isolated syndrome demonstrates
dissemination in time according to the diagnostic criteria and has also
been interpreted as active disease in pivotal clinical trials (Cohen et al.,
2016; Cohen et al., 2012; Coles et al., 2012; Comi et al., 2001; Comi
et al., 2009; Ebers, 1998; Fox et al., 2012; Giovannoni et al., 2010; Gold
et al.,, 2012; Hauser et al., 2020; Hauser et al., 2017; Kappos, 1998;
Kappos et al., 2018; Kappos et al., 2021; Kappos et al., 2010; Khatri
et al., 2011; Leist et al., 2014; Montalban et al., 2016; Polman et al.,
2006).

MS lesions preferentially occur around small veins, which explains
the predilection sites around subependymal veins for periventricular
lesions, around superficial veins for (juxta)cortical lesions and around
deep brainstem veins for infratentorial lesions (Absinta et al., 2016;
Tallantyre et al., 2008). However, other mechanisms than venous
anatomy may contribute to lesion location, and it is unknown whether
MS lesions follow individual spatial patterns or whether they occur in a
random manner across regions. To the best of our knowledge, we are
only aware of one study that found positive correlations between
baseline lesion locations and new lesion location, especially in the
supratentorial brain (Gaetano et al., 2020). In this work, we studied the
spatial distribution of brain lesions in MS cross-sectionally and longi-
tudinally. We also tested for differences in gadolinium-enhancement and
for association with age.

2. Materials and methods
2.1. Subjects and study design

This study was performed in accordance with the Code of Ethics of
the World Medical Association (Declaration of Helsinki) for experiments
involving humans and was approved by the local ethics committee.
Written informed consent was obtained from all patients. We retro-
spectively analyzed data that were collected in an observational study
(TUM-MS) at the Department of Neurology at the Technical University
of Munich between August 2008 and August 2017. Inclusion criteria
were a diagnosis of clinically isolated syndrome or MS according to
current diagnostic criteria (Thompson et al., 2018). We included all
patients that had received a baseline brain MRI scan and a follow-up
scan after 1.5 to 2.5 years.

Intravenous corticosteroids were administered in 49 patients within
30 days prior to the baseline brain MRI scan and in 8 patients within 30
days prior to the follow-up brain MRI scan. Inclusion of patients with
previous corticosteroid treatment was justified for our study purpose as
we focused on lesion count which should not be influenced by cortico-
steroid treatment.

Disability was determined by Expanded Disability Status Scale
(EDSS) by the treating neurologist. Patient characteristics are summa-
rized in Table 1.

Neurolmage: Clinical 37 (2023) 103311

Table 1
Patient characteristicsTables.
Patient
characteristics
Sex (male; female) 114; 216
baseline follow-up

Age (years; mean +
SD; range)

Disease duration
(years; mean + SD;
range)

Disease course (CIS;
RRMS; SPMS)

Disease modifying none 280; DMF 3; GA
drugs 12; IFN 32; NTZ 2, study

medication 1

284; 1.5; 0-6.0

38.5 + 9.7; 19-65 40.5 + 9.8; 21-67

1.6 &+ 3.3; 0-21.2 3.7 £3.3;1.6 - 23.6

25; 305; 0 7;321; 2

none 83; DMF 27 FTY 14; GA
68; IFN 114; NTZ 20, TFN 2;
RTX 1; study medication 1
EDSS (N; median; 321; 1.5; 0-6.5
range)

CIS, clinically isolated syndrome; DMF, dimethyl fumarate; EDSS, Expanded
Disability Status Scale; FTY, fingolimod; GA, glatiramer acetate; IFN, beta
interferon; NTZ, natalizumab; RRMS, relapsing remitting multiple sclerosis;
RTX, rituximab; SD, standard deviation; SPMS, secondary progressive multiple
sclerosis; TFN, teriflunomide.

2.2. Magnetic resonance imaging

2.2.1. Scanning protocol

All brain images were acquired on the same 3T scanner (Achieva,
Philips, Netherlands). The scanning protocol included 3D GRE T1-
weighted sequence before and after gadolinium injection (orientation,
170 contiguous sagittal 1 mm slices; field of view, 240x240 mm; voxel
size, 1.0x1.0x1.0 mm; repetition time (TR), 9 ms; echo time (TE), 4 ms),
and 3D FLAIR sequence (orientation, 144 contiguous axial 1.5 mm sli-
ces; field of view, 230x185 mm; voxel size, 1.0x1.0x1.5 mm; TR, 10
000 ms; TE, 140 ms; inversion time, 2750 ms).

2.2.2. T2-hyperintense white matter lesion segmentation

Brain T2-hyperintense white matter lesions were segmented by the
software LST (lesion segmentation tool, https://www.applied-statistics.
de/lst) and manually corrected by a group of experienced neuroradiol-
ogists. Each brain MRI scan was first independently segmented by two
neuroradiologists. In a second step, the two independent readers
reached a consensus segmentation. Lesions were classified as periven-
tricular, (juxta)cortical or infratentorial according to current diagnostic
criteria (Thompson et al., 2018): Periventricular lesions directly abut the
ventricles, (juxta)cortical lesions directly abut the cortical ribbon,
whereas infratentorial lesions are located anywhere in the brainstem,
cerebellum or cerebellar peduncles. Supratentorial white matter lesions,
neither directly abutting the ventricles nor the cortical ribbon, were
classified as subcortical lesions. If two lesions abutted each other but
were clearly distinguishable as two lesions, they were counted as 2
separate lesions. If lesions were part of a larger confluent lesion which
did not allow the identification of the underlying individual lesions, this
confluent lesion was counted as one lesion. For the follow-up image,
only new or enlarging lesions were segmented. Details on the method for
segmentation of new or enlarging lesions have been described in pre-
vious studies (Eichinger et al., 2019; Eichinger et al., 2017). First,
baseline and follow-up images were read side by side and analyzed for
new and enlarging lesions by using FLAIR-based subtraction maps
together with the respective source images. Areas of high signal in-
tensity on these subtraction images were classified as new and enlarging
lesions if they were not present at baseline MRI and if they could be
verified on the nonprocessed source images. New and enlarging lesions
were marked with open-source software ITK-SNAP version 3.6 (Yush-
kevich et al., 2006). During the revision process, a separate analysis of
new solitary and new enlarging lesions was conducted. Therefore, lesion
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changes abutting at least one voxel of another lesion in the baseline
image were classified as enlarging lesions. All other lesion changes were
classified as new solitary lesions. This definition implies that new but
confluent lesions are counted as enlarging lesions. Visual inspection
revealed that the majority of the identified “enlarging” lesions were new
but confluent lesions. The differentiation between new and enlarging
lesions was not possible in one patient. Further statistical analyses were
performed with new solitary lesions only, enlarging and new but
confluent lesions were dropped out.

In a second readout, baseline and follow-up images were assessed for
contrast-enhancing lesions. For this analysis, we used the T1-weighted
images obtained before and after contrast material administration and
the corresponding subtraction images obtained with the T1-weighted
sequences.

2.3. Statistical analysis

IBM SPSS Statistics version 29 and GNU R version 4.0.3 (R: A lan-
guage and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. URL https://www.R-project.
org/) were used to analyze and visualize data. Gadolinium enhance-
ment of lesions in the different regions was compared pairwise by Chi
square test in Excel (Microsoft Office 2013). For the following three
tests, logarithmic transformation was performed for all lesion numbers
and volumes: log 10 (lesion number +1).

- Paired T-tests for the assessment of differences in baseline and new
lesion number and volume in the different brain regions.

- Pearson’s correlation to evaluate the association between the num-
ber of new solitary lesions in the different regions and age.

- Pearson’s correlation to assess the association of baseline and new
solitary lesions with EDSS at baseline and follow-up.

Temporal consistency of white matter lesion patterns (i.e., lesion dis-
tribution across diagnostic regions) was analyzed by independent zero-
inflated Poisson (ZIP) models with numbers of new solitary lesions in the
different regions as dependent variables, and baseline lesions in these
regions as independent variables. We also corrected for age (continuous
variable) and gender (factor). This specification was also used for the
zero-inflated part of the model. Each ZIP model consists of two parts, one
for modelling the risk of no new lesion (zero-inflated part) and one for
modelling the number of new lesions (Poisson part). Therefore, a posi-
tive correlation of baseline lesions with new lesions can be demonstrated
by a positive correlation with the number of lesions (more new lesions
go along with more lesions at baseline) or by a negative correlation with
the risk of no new lesion (more subjects with no new lesions than ex-
pected go along with less lesions at baseline). A negative correlation of
baseline lesions with new lesions can be demonstrated by a negative
correlation with the number of lesions or by a positive correlation with
the risk of no new lesion. Results are presented as rate ratios for the
Poisson part of the model and as odds ratios for the zero-inflated part.
Negative correlations are indicated by values <1, positive correlations
by values greater than 1. Model assumptions have been checked by re-
sidual diagnostics using simulation-based residuals as implemented in
the R package DHARMa (https://www.rdocumentation.org/packa
ges/DHARMa/versions/0.4.6, 2022). This included quantile-quantile
plots (qg-plots) of residuals as well as diagnostic tests for over- and
underdispersion and outliers. In all cases (models for PV lesions, SC le-
sions, JC lesions, and IT lesions), qq-plots showed no serious violations
of the distributional assumption. Overdispersion was noted in the SC
lesion and JC lesion models. Outliers were also identified for these
models. This was expected as the maximum number of new lesions for
these regions is 77 and 41, respectively. A sensitivity analysis excluding
the 1 % highest response values was carried out to analyse the effect of
outliers. Although no further outliers could be identified in these models
and the overdispersion was reduced, the results of the coefficients
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changed only slightly. In order to address overdispersion in these re-
gions negative binomial models with the same zero-inflated terms have
been fitted. However, due to convergence problems, no direct compar-
ison with the original models could be made. In summary, we could not
find any convincing indication that the fitted models should not be used
to assess the question at hand. Correction for multiple testing was per-
formed by Benjamini-Hochberg procedure with a false discovery rate
(FDR) level of 0.05 (Benjamini and Hochberg, 1995).

3. Results
3.1. Distribution of white matter lesions at baseline MRI

Number and volume of lesions in different regions at baseline are
given in Table 2 and Fig. 1. Periventricular lesions were found in 92 %,
subcortical lesions in 93 %, (juxta)cortical lesions in 79 % and infra-
tentorial lesions in 52 % of all patients. Brain lesion volume was highest
in the periventricular, followed by the subcortical, juxtacortical and
infratentorial region. Brain lesion number was highest in the subcortical,
followed by the periventricular, juxtacortial and infratentorial region.
The differences in lesion number and volume in the different brain re-
gions all were significant (all p-values < 0.001).

3.2. Gadolinium enhancement of lesions at baseline MRI

Gadolinium-enhancement was found in 5.3 % of periventricular le-
sions, 4.3 % of (juxta)cortical lesions, 3.1 % of subcortical lesions and
7.3 % of infratentorial lesions (Fig. 2). Differences in gadolinium
enhancement between lesion numbers in different brain regions were
significant (all p-values < 0.001) for all comparisons except between
periventricular and (juxta)cortical lesions and between periventricular
and infratentorial lesions.

3.3. Changes in lesion number and volume at follow-up MRI

Number and volumes of new lesions at the follow-up MRI are given
in Table 3 and illustrated in Fig. 3. New solitary lesions were most often
found in the subcortical region (mean 2.4), followed by the periven-
tricular (mean 1.5), (juxta)cortical (mean 1.2) and infratentorial (mean

Table 2
Baseline MRI data.
Number of Mean + SD Range
patients
Periventricular lesion number 330 6.5+5.7 0-28
Periventricular lesion volume 330 2287.4 + 0-52131
(u) 5154.8
Periventricular lesion size (ul) 305 330.4 £+ 856.0 8.0 -
11,191
Juxtacortical lesion number 330 6.0 + 12.6 0-123
Juxtacortical lesion volume 330 519.1 + 0-17998
(u) 1355.1
Juxtacortical lesion size (ul) 260 123.1 4+ 570.8 9.0 — 8999
Subcortical lesion number 330 13.0 £ 16.1 0-138
Subcortical lesion volume (pl) 330 652.1 + 908.6 0-5613
Subcortical lesion size (ul) 307 53.1 +£79.8 7.0 -1272
Infratentorial lesion number 330 1.6 £ 2.6 0-20
Infratentorial lesion volume 330 149.7 & 348.2 0-2962
(@)
Infratentorial lesion size (ul) 174 127.0 +294.2 8.0 — 2962
Periventricular Gd + lesion 323 0.3+1.0 0-10
number
Subcortical Gd + lesion 323 04+1.3 0-18
number
Juxtacortical Gd + lesion 323 0.3+0.9 0-8
number
Infratentorial Gd + lesion 323 0.1+04 0-3
number

GD, gadolinium; pl, microlitre; SD, standard deviation.
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"

periventricular juxtacortical subcortical infratentorial

Fig. 1. Number (left panel) and volume (right panel) of lesions in the different regions at baseline are illustrated by violin plots with included boxplots. The y-axis is
noted on a logarithmic scale.

Gadolinium-enhancing lesions (%)

p = 0.41

p=0.008

p < 0.001

p=0.38

p=0.01 p < 0.001

periventricular

juxtacortical

subcortical infratentorial

Fig. 2. The percentage of gadolinium enhancing lesions in each region is illustrated by bars for the group of patients with gadolinium-administration at the baseline
MRI (N = 323). Significance derived from Chi square test comparisons of gadolinium enhancement in the different regions is indicated above the columns.

Gd, gadolinium.

Table 3

Follow-up MRI data.

New Enlarging or new confluent
Lesion Lesion Lesion Lesion
number volume number volume
(mean =+ SD; (mean =+ SD; (mean =+ SD; (mean + SD;
range) range) range) range)
Periventricular 1.5+ 2.8; 372.9 + 0.46 + 1.43; 258.4 +
lesions 0-28 1062.4; 0 - 0-13 1152.9; 0 -
8689.0 11940.0
Juxtacortical 1.2 + 3.5; 131.6 + 0.09 + 0.60; 31.9 +
lesions 0-41 592.5; 0 — 0-9 286.1;
8599 0-3510
Subcortical 2.4 +5.7; 214.7 + 0.26 + 1.05; 68.2 +
lesions 0-77 699.7; 0-12 373.4;
0-10426 0-4819
Infratentorial 0.3+ 0.74; 33.8 + 0.02 £+ 0.13; 4.3 +45.2;
lesions 0-7 181.5; 0 - 0-1 0-680
2923

0.3) region. Highest increase in lesion volume was found in the peri-
ventricular region (mean 372.9 ul) followed by the subcortical (mean
214.7 pl), (juxta)cortical (mean 131.6 pl) and infratentorial (mean 33.8
ul) region. The difference between new periventricular and new
subcortical logl0-transformed lesion volume was not significant (p =
0.9). All other comparisons were significant (all p-values < 0.001).

New lesions (or parts of lesions) abutting another lesion in the
baseline MRI scan (and therefore classified as enlarging or new
confluent lesion) were most often found in the periventricular region,
followed by the subcortical, juxtacortical and infratentorial region
(Table 3). All comparisons were significant (enlarging/confluent juxta-
cortical versus infratentorial lesion number p 0.019, lesion volume p
0.045, all other p-values < 0.001). As enlarging lesions could not be
further distinguished from new confluent lesions and per definition can
only occur in the same region as the abutting lesion at baseline, further
analyses were performed with new solitary lesions only.

3.4. Association of new solitary lesions with age
Age showed a negative correlation with the number of new solitary

lesions in the periventricular, (juxta)cortical and subcortical region but
not in the infratentorial region (periventricular R = —0.238, p < 0.001,
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periventricular juxtacortical subcortical infratentorial

Fig. 3. Number (left panel) and volume (right panel) of new lesions in the different locations at follow-up MRI scan (N = 329) are illustrated by violin plots with

included boxplots. The y-axis is noted on a logarithmic scale.

(juxta)cortical R = —0.135, p = 0.014, subcortical R = —0.172, p = 0.02,
infratentorial R = —0.072, p = 0.19), meaning that younger patients
show more new lesions (Fig. 4). Significant associations of new solitary
lesions with age were confirmed in the ZIP models (Table 4).

3.5. Temporal association of lesion location across regions

The results of the ZIP models are illustrated in Fig. 5 and given in
Table 4. The blue arrows indicate a positive association between base-
line lesions and new solitary lesions (positive correlation with the
number of lesions or negative correlation with the risk of no new lesion);
red arrows indicate negative associations (negative correlation with the
number of lesions or positive correlation with the risk of no new lesion).
The arrow heads containing a zero indicate results of the zero-part. Only
significant correlations (after FDR-corrections) are shown. We found an
autocorrelative behaviour of periventricular, juxtacortical and infra-
tentorial lesions. In the periventricular and juxtacortical region, baseline
lesions were significantly associated with new lesions by a positive

20 -

o

new periventricular lesions (log 10)

20 -

o

new subcortical lesions (log 10)

correlation with the number of new lesions (rate ratio periventricular
new lesions, 1.089; p value, < 0.001; rate ratio new juxtacortical lesions,
1.013; p-value < 0.001). For infratentorial lesions, a negative correla-
tion with the risk of no new lesions was observed (odds ratio 0.674; p
value, 0.004). In addition, the risk of new periventricular lesions was
negatively associated with baseline subcortical lesions (rate ratio, 0.980;
p-value, 0.001); the risk of new juxtacortical lesions additionally showed
a positive association with the number of baseline periventricular le-
sions (rate ratio, 1.042; p-value < 0.001) and a negative association with
the number of baseline infratentorial lesions (rate ratio, 0.923; p-value
0.006). New subcortical lesions did not show an autocorrelative
behaviour; they were positively associated with baseline periventricular
lesions (rate ratio, 1.050; p value, < 0.001) and negatively with baseline
infratentorial lesions (positive correlation with the risk of no new le-
sions; rate ratio 0.961; p-value, 0.011).
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Fig. 4. The association between the number of new lesions in the different locations and age is illustrated by scatter plots. Linear regression line was superimposed in
black. The y-axis is noted on a logarithmic scale. To improve visualization, the y-axis was adapted for infratentorial lesions.
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Table 4
Parameter estimates zero-inflated Poisson models.

new PVL new JCL new SCL new ITL
Rate Ratio Odds Ratio Rate Ratio Odds Ratio Rate Ratio Odds Ratio Rate Ratio Odds Ratio
95 % KI 95 % KI 95 % KI 95 % KI 95 % KI 95 % KI 95 % KI 95 % KI
p-value p-value p-value p-value p-value p-value p-value p-value

BL PVL *1.089 0.932 *1.042 0.934 *1.050 0.953 1.041 0.984
1.064; 1.113 0.871; 0.996 1.017; 1.068 0.865; 1.009 1.035; 1.065 0.895; 1.015 0.965; 1.122 0.871;1.111
< 0.001 0.039 < 0.001 0.083 < 0.001 0.136 0.299 0.791

BL JCL 1.001 0.969 *1.013 0.986 1.006 0.990 0.998 0.928
0.990; 1.012 0.929; 1.012 1.006; 1.021 0.953; 1.021 1.001; 1.011 0.949; 1.033 0.961; 1.037 0.845; 1.018
0.83 0.155 < 0.001 0.426 0.027 0.638 0.921 0.115

BL SCL **0.980 1.030 1.013 1.015 1.007 0.994 1.009 1.093
0.968; 0.992 0.997; 1.065 1.001; 1.024 0.985; 1.047 1.000; 1.014 0.967; 1.022 0.963; 1.058 1.007; 1.186
0.001 0.079 0.029 0.32 0.051 0.663 0.697 0.034

BL ITL 0.998 1.022 **0.923 0.956 **0.961 0.939 0.953 *0.674
0.955; 1.043 0.892; 1.172 0.872; 0.977 0.808; 1.130 0.932; 0.991 0.812; 1.086 0.864; 1.051 0.515; 0.882
0.943 0.753 0.006 0.596 0.011 0.395 0.333 0.004

age 0.976 1.045 0.959 0.986 0.968 1.005 0.961 0.959
0.965; 0.988 1.015; 1.075 0.945; 0.973 0.950; 1.024 0.960; 0.977 0.978; 1.033 0.921; 1.003 0.895; 1.028
< 0.001 0.003 < 0.001 0.474 < 0.001 0.706 0.065 0.236

gender (male) 0.873 1.081 0.705 1.267 0.815 1.493 1.534 1.453
0.699; 1.089 0.603; 1.938 0.517; 0.963 0.640; 2.509 0.681; 0.975 0.875; 2.547 0.789; 2.982 0.504; 4.191
0.229 0.795 0.028 0.497 0.025 0.141 0.207 0.489

Significant (after FDR-correction) positive correlations of baseline lesions with new lesions (positive correlation with the number of lesions or negative correlation with
the risk of no new lesion) are notified with *. Significant (after FDR-correction) negative correlations of baseline lesions with new lesions (negative correlation with the
number of lesions or positive correlation with the risk of no new lesion) are notified with **.

baseline MRI

periventricular lesions

>

juxtacortical lesions

subcortical lesions

infratentorial lesions

new juxtacortical lesions
>l
new subcortical lesions

I

new infratentorial lesions

follow-up MRI

Positive association:
[l pos. correlation with new lesions

new periventricular lesions [f| neg. correlation with no new lesions

Negative association:
[l neg. correlation with new lesions
B pos. correlation with no new lesions

Percentage of patients with
(new) lesion number >0
(new) lesion number =0

Fig. 5. The results of the zero-inflated Poisson models investigating the association between lesions in the different diagnostic regions at baseline and new lesions at
follow-up MRI are illustrated. The blue arrows indicate a positive association between baseline lesions and new solitary lesions (positive correlation with the number
of lesions or negative correlation with the risk of no new lesion); red arrows indicate negative associations (negative correlation with the number of lesions or positive
correlation with the risk of no new lesion). The arrow heads containing a zero indicate results of the zero-part. Only significant correlations (after FDR-corrections)
are shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.6. Association of baseline and new solitary lesions with EDSS

The cohort was clinically relatively stable and mildly affected. The
median EDSS (1.5) did not change between baseline and follow-up MRI.
Score on the EDSS was between 0 and 2 in 85 % of the patients at
baseline and 86 % of the patients at follow-up (Table 1). The association
of baseline and new solitary lesions with EDSS at baseline and follow-up
is given in Table 5. Follow-up EDSS correlated with total lesion numbers
in all regions but not with the number of new lesions. EDSS at baseline
correlated with baseline periventricular lesion volume only.

4. Discussion

In this study of patients with MS, we thoroughly investigated white
matter lesions by high-resolution conventional MRI. We demonstrated
that, over time, spatial lesion patterns across diagnostic brain regions
are not random; instead, there is a significant autocorrelative behavior
of periventricular, juxtacortical, and infratentorial lesions. We will
discuss our findings with special attention to subcortical lesions.

The distribution of lesion volumes in our study demonstrated the
characteristic central to peripheral gradient in the supratentorial brain
that had been described before in numerous studies (Altermatt et al.,
2018; Di Perri et al., 2008; Giorgio et al., 2020; Giorgio et al., 2013; Lee
et al., 1999). In our study, subcortical lesions were found in more than
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Table 5
Correlation of lesion numbers with EDSS.
EDSS BL EDSS FU
BL PVL Pearson correlation 0.175 0.215
significance 0.003 0.000
N 284 321
BL JCL Pearson correlation 0.091 0.181
significance 0.125 0.001
N 284 321
BL SCL Pearson correlation 0.119 0.196
significance 0.045 0.000
N 284 321
BL ITL Pearson correlation 0.105 0.160
significance 0.077 0.004
N 284 321
new PVL Pearson correlation 0.041 0.021
significance 0.496 0.715
N 283 320
new JCL Pearson correlation —0.040 —0.042
significance 0.507 0.449
N 283 320
new SCL Pearson correlation 0.020 0.013
significance 0.735 0.813
N 283 320
new ITL Pearson correlation 0.008 0.024
significance 0.898 0.673
N 283 320

Significant (FDR-corrected) positive correlations are highlighted in blue.

90 % of MS patients and substantially contributed to overall lesion
burden. We hypothesize that the lower periventricular lesion number
compared to subcortical lesions despite the largest lesion volume is due
to a higher proportion of confluent lesions in the periventricular region.
The high percentage of lesion changes abutting another lesion in the
periventricular region (Table 3) supports this hypothesis. The high
number of subcortical lesions may be a consequence of the high-
resolution and field strength of the sequences used in our study (1x 1x
1.5 mm at 3 Tesla) enabling the assignment of subcortical lesions as
such, even in case they are located near the cortical ribbon or close to the
ventricles. In contrast, this may not have been possible in the studies
(3-5 mm slice thickness at 1.5 Tesla) having substantiated the current
diagnostic criteria (Swanton et al., 2007). In our study, subcortical le-
sions were less likely to show gadolinium enhancement compared to
lesions in the diagnostic regions. One possible explanation for this
finding is that also in MS patients, some subcortical lesions are caused by
accompanying cardiovascular or neurological diseases like migraine or
normal ageing (Awad et al., 1986; Geraldes et al., 2018; Hunt et al.,
1989; King et al., 2014; Lapucci et al., 2019; Scharf et al., 2019).
However, arterial hypertension was present in 30 and diabetes mellitus
in 3 of our patients; further, after exclusion of these 33 patients, we
observed virtually the same lesion distribution over the 4 investigated
areas (data not shown) indicating that these effects were not driven by
few cases of overt cardiovascular comorbidity. Along the same line, we
found that subcortical lesions less frequently occurred with increasing
age as do lesions in the diagnostic regions (Li et al., 2006). Taken
together, we believe that in our cohort most subcortical lesions are due
to MS. This supports the current handling of subcortical lesions: At the
earliest timepoint, when alternative causes come into consideration,
subcortical lesions do not contribute to the diagnosis of MS whereas later
they are an established marker of disease activity as important as lesions
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in the diagnostic regions. This seems justified as the a-priori likelihood
of a subcortical lesion being caused by MS should considerably increase,
once the diagnosis of MS is established. It remains open for study
whether dividing the subcortical region into subregions helps to better
characterize subcortical lesions with regard to their specificity for MS.

Finally, our study demonstrated that, intraindividually, the location
of new solitary lesions is not random, but shows a significant auto-
correlative behavior of periventricular, juxtacortical and infratentorial
lesions. However, these associations were relatively weak and it seems
unlikely that lesion load across these four brain regions alone can serve
as a basis for clustering of patient groups to better address the hetero-
geneity of MS in research or clinical practice.

In summary, our study demonstrated that, when assessed with high
resolution at 3 Tesla, subcortical lesions are found in the majority of MS
patients and represent the lesion type most often found as new solitary
lesion in follow-up brain MRI scans. Across diagnostic regions, brain
white matter lesion formation does not occur in a spatially random
manner.
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