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Introduction

Multiple sclerosis (MS) is an inflammatory demyelinating
disease' associated with neurodegeneration.> MS-related dis-
ability is prevalent and can be substantial.’ The diagnostic
hallmark of MS is focal demyelinating lesions® that appear as

Abstract

Objective: To enable use of clinical magnetic resonance images (MRIs) to
quantify abnormalities in normal appearing (NA) white matter (WM) and gray
matter (GM) in multiple sclerosis (MS) and to determine associations with
MS-related disability. Identification of these abnormalities heretofore has
required specialized scans not routinely available in clinical practice. Methods:
We developed an analytic technique which normalizes image intensities based
on an intensity atlas for quantification of WM and GM abnormalities in stan-
dardized MRIs obtained with clinical sequences. Gaussian mixture modeling is
applied to summarize image intensity distributions from T1-weighted and 3D-
FLAIR (T2-weighted) images from 5010 participants enrolled in a multinational
database of MS patients which collected imaging, neuroperformance and dis-
ability measures. Results: Intensity distribution metrics distinguished MS
patients from control participants based on normalized non-lesional signal dif-
ferences. This analysis revealed non-lesional differences between relapsing MS
versus progressive MS subtypes. Further, the correlation between our non-
lesional measures and disability was approximately three times greater than that
between total lesion volume and disability, measured using the patient derived
disease steps. Multivariate modeling revealed that measures of extra-lesional tis-
sue integrity and atrophy contribute uniquely, and approximately equally, to
the prediction of MS-related disability. Interpretation: These results support
the notion that non-lesional abnormalities correlate more strongly with MS-
related disability than lesion burden and provide new insight into the basis of
abnormalities in NA WM. Non-lesional abnormalities distinguish relapsing
from progressive MS but do not distinguish between progressive subtypes sug-
gesting a common progressive pathophysiology. Image intensity parameters and
existing biomarkers each independently correlate with MS-related disability.

white matter (WM) hyperintensities on T2-weighted (or
FLAIR) magnetic resonance images (MRIs).>” WM lesions
(WMLs) have prognostic value in individual patients.® How-
ever, lesion burden correlates poorly with clinical disability.’
Non-lesional abnormalities are also of critical importance in
MS, yet are difficult to discern on routine MRIs.'°
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MS leads to histopathological abnormalities and micro-
glial activation in WM that are not evident on routine
clinical imaging.'"' These abnormalities partially predict
clinical disability.'* Gray matter (GM) pathology in both
cortical and subcortical structures often begins early in
MS'!* and also partially correlates with disability.'?
However, neither normal-appearing WM (NAWM) nor
GM pathology is readily detectable on routine clinical
imaging. Atrophy, including thalamic atrophy, strongly
predicts future disability.'® However, atrophy is a down-
stream manifestation of neurodegeneration that reflects
the sum of multiple pathologic processes. Specialized
techniques such as magnetization transfer imaging,'” dif-
fusion tractography,'® and quantitative relaxometry'> are
useful in the study of MS, but these techniques require
lengthy MRI acquisitions and specialized analyses. Conse-
quently, assessing the contribution of non-lesional pathol-
ogy to disability has previously been possible only in
research applications.

Thus, development of non-lesional imaging biomarkers
is of critical importance for assessing disease severity and
improving our understanding of the pathological basis of
disability. We developed a novel approach based on mul-
timodal voxel intensity normalization that can be applied
to standard clinical MRI datasets. This approach enables
measurement of abnormalities in non-lesional tissue that
are theoretically informationally equivalent to quantitative
relaxometry.'” We evaluated this technique in a large,
previously collected dataset of T1-weighted and T2-
weighted FLAIR images with regard to differentiating
individuals with MS from non-MS controls, distinguish-
ing between relapsing versus progressive MS subtypes,
and determining correlations with disability measures. We
hypothesized that T1-weighted and T2-weighted images,
following appropriate transform, would contain quantita-
tive measures of tissue integrity allowing for the identifi-
cation of abnormal non-lesional tissue. We tested this
hypothesis in a large observational dataset and assessed
the extent to which the information provided by our
novel analysis methodology is complimentary to conven-
tional biomarkers of MS pathology (i.e., WML burden
and atrophy).

Methods

Standard protocol and patient enroliment

Data were obtained from the MS PATHS network, com-
prising 10 sites in the United States and Europe. The MS
PATHS database contains clinical and imaging data col-
lected from a large, heterogenous MS population as part
of routine patient care. MS PATHS participants agree to
share pseudoanonymized data with the research sponsor

Diffuse Abnormalities in MS

and the network investigators under the auspices of indi-
vidual Institutional Review Boards after providing written
informed consent. The MS PATHS database includes clin-
ical performance measures and 3D Tl-weighted and 3D
FLAIR images (both 1-mm isotropic voxels) acquired on
3T Siemens scanners using a standardized imaging proto-
col. After local approval by the Institutional Review Board
at Washington University in St. Louis, data used in the
present analyses were drawn from Data Cut 6 (Down-
loaded 12/5/2018).

MS PATHS inclusion and exclusion criteria

Inclusion criteria for all MS PATHS participants included
clinically confirmed MS and ability to provide informed
consent. Additional criteria applied in the present analysis
are detailed below.

Clinical characterization in MS PATHS

Clinical measurements closest to the imaging session were
used. Many (1206) were performed the same day. In all
cases, <180 days separated sessions (mean 43 days, st. dev
50 days).

MS subtype

Patients characterized themselves as having one of the fol-
lowing types of MS: relapsing—remitting (RR), secondary
progressive (SP), primary progressive (PP), or progressive
relapsing (PR). The nomenclature regarding subtypes is
based on the original MS PATHS study design. All four
subtypes were initially analyzed separately, but statistical
analysis revealed that progressive subtypes were indistin-
guishable. Accordingly, subsequent analyses focused on
relapsing remitting versus progressive subtypes.

Patient determined disease steps

The patient determined disease steps (PDDS) is a self-re-
ported disability score with a strong correlation
(r=10.78) to the Expanded Disability Status Scale.”
Patients rate their disability from 0 to 8, with 0 corre-
sponding to normal, (1) — mild disability, (2) — moderate
disability, (3) — gait disability, (4) — early use of a cane,
(5) — late use of a cane, (6) — bilateral support, (7) —
wheelchair or scooter dependent, and (8) — bedridden.

Objective performance testing

Performance tests were administered during clinical visits
on an iPad using the Multiple Sclerosis Performance Test
(MSPT).2!  Measures were designed to simulate
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components of the multiple sclerosis functional composite
and include the processing speed test, a digital version of
the symbol digit modalities test*’; the manual dexterity
test, simulating the 9-hole peg test’’; and the walking
speed test, a timed 25-foot walk.** Results from the test-
ing session closest to the MRI date were used in the pre-
sent analysis.

Quality of life evaluation

Patients ranked their subjective symptoms using the com-
puter adapted version of the Neuro-QoL.* This instru-
ment assesses 12 domains of health-related quality of life
such as cognitive function and upper extremity use.
Results from the questionnaire closest to the scanning ses-
sion were used.

Healthy controls data collection

Healthy control data were collected at MS PATHS institu-
tions as part of an ongoing concurrent substudy. Subjects
aged 21-60 were recruited to be age, gender, and race
matched to the clinical MS PATHS population. Exclusion
criteria included comorbid neurological conditions (e.g.,
stroke, epilepsy, and Alzheimer’s disease), migraine
requiring medication, autoimmune disease, pregnancy, or
history of human immunodeficiency virus. Healthy con-
trol subjects underwent the same data collection proce-
dures (MSPT and MRI) as the MS patients.

Image processing and analysis

Basic image processing steps are described here; more
detail is available in the Supplemental Material. T1 MP-
RAGE and 3D FLAIR (1-mm’ voxels) underwent affine
alignment, brain extraction, and bias field correction.®
The fundamental principle underlying the present anal-
yses is standardization of bivariate intensity (Tlw X
FLAIR) histogram shape to match normative data. This
is a statistical approach to analysis of image intensity dis-
tributions. Differences in alignment owing to atrophy do
not affect this analysis. Normative data from 101 age-
and sex-matched controls imaged using identical proce-
dures were generated. Bivariate histograms were created
representing T1w/FLAIR voxel intensities on the horizon-
tal/vertical axes, respectively. Histogram peaks occurred at
specific loci in intensity space corresponding to distinct
tissue classes (GM, WM, CSF; Fig. 1). Individual partici-
pant histograms exhibited grossly similar shapes in
healthy controls and MS patients but subtly varied in
scale and skew across individuals (dashed lines in Fig. 1).
Intensity normalization of all participants (n = 5038)
was achieved by affine registration of individual bivariate
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histograms to the reference histogram. This normalization
facilitates tissue classification and comparison. Figure 1
illustrates bivariate histograms in two example partici-
pants (1 control, 1 MS patient) before and after intensity
normalization. Histogram alignment error in each indi-
vidual was compared to a fixed criterion determined by
visual inspection of a representative sample (Figure S1).
Individuals with histogram alignment error above this
threshold (n = 28, 0.6%) were excluded. Histogram nor-
malization parameters obtained in each participant were
applied voxelwise to the Tlw and FLAIR data, thereby
generating images whose bivariate histograms closely
approximated the normative reference.

Intensity normalization generated Tlw and FLAIR
images in which tissue classes (CSF, WM, GM, lesion)
were represented as partially overlapping distributions
about centroids in a bivariate intensity space. Tissue seg-
mentation was achieved by implementing a procedure
similar to k-means clustering (described in the Supple-
mental Material) to compute voxelwise tissue class assign-
ments (Figure S2). Each voxel was classified as either GM,
WM, CSF, or WML. A conservative methodology was
adopted to identify unconfounded NA voxels, with
ambiguous or borderline voxels classified as lesion for this
analysis. A separate procedure was used to quantify GM
and WM volumes (see Brain atrophy measures below;
“MSPie” and Figure S2 and S3).

In principle, statistical measures could be extracted
directly from the bivariate histograms. However, MS
pathology is commonly described in terms of Tlw and
FLAIR images. Therefore, to preserve the interpretability of
the present findings, we adopted a univariate approach
whereby T1 and FLAIR intensity histograms were modeled
separately. The normalized data were split into two univari-
ate histograms representing normalized Tlw and FLAIR
image intensity distributions. These univariate, normalized
histograms were subsequently subjected to comparisons of
interest, for example, MS patients versus controls. Group
comparisons were computed by analysis of normalized,
univariate T1lw and FLAIR intensity distributions within
tissue classes determined by Gaussian mixture modeling
(GMM). GMMs applied to T1w and FLAIR intensity distri-
butions provide a signal intensity mean (u) and standard
deviation (o) for each tissue class, CSF, GM, WM, and
lesion (Fig. 2A and B). These parameters (u, 6) from GM
and WM derived from the T1w and FLAIR data were ana-
lyzed further. GMM fitting was carried out twice, once with
lesions included and again with lesions excluded.

Brain atrophy measures

MS PATHS Image Evaluation (MSPie) automatically
segments GM and WM structures and delivers estimates
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Figure 1. Demonstration of intensity alignment in control and MS patients. (A) Univariate histogram for a randomly selected control participant
demonstrates T1w intensity in blue, with highest voxel counts for intensity at approximately 200 (for CSF), 600 (for gray matter), and 1000 (for
white matter). Flair intensity in red indicates highest voxel numbers were at approximately 200 (for CSF), 700 (for white matter), and 1100 (for
gray matter). (B) The same control, bivariate, voxel-wise intensity histogram (higher voxel counts are bright) demonstrates a clustering of voxels at
T1w intensity of approximately 600 and FLAIR intensity of approximately 1100 (gray matter, left arrowhead), and another clustering of voxels at
FLAIR intensity of approximately 700 and T1w intensity of approximately 1000 (white matter, right arrowhead). (C and D) Histograms from a
randomly selected RRMS patient demonstrate abnormalities in location and distribution of peaks. Alterations in location and distribution of T1w
and FLAIR in the bivariate plot (in D) are not just due to the disease but also due to lack of normalized signal intensities owing to uninteresting
scan parameters. In (A and C), the dashed lines indicate the nonalignment of the peak loci in the T1w distribution (blue line). Based upon the
normal reference created from 101 healthy controls (E and F), intensity alignment was affine transformed for the control participant (G and H),
and the MS patient (I and J). The MS patient marginal histogram now demonstrates better normalization of T1w intensity (blue line) and
broadening of the FLAIR peak (red line) which corresponds to T2-weighted abnormalities in MS.

of brain parenchymal fraction (BPF), WM fraction
(WMF), GM fraction (GMF), and thalamic volume.?”
These metrics, included in the MS PATHS repository,

Statistical procedures

Evaluating differences in mean GMM parameters

were used to estimate atrophy. Of note, lesion masks
derived from MSPie and the present lesion score
approach are strongly similar (Supplemental Results,
Figures S2 and S3).

between Controls and MS patients

The first investigated question was whether GMM param-
eters differ between MS patients and controls; the second
question was whether GMM parameters differ among MS
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Figure 2. Histogram parameters differentiate MS patients from controls. The top panels (A, B) display simulated data to demonstrate the
application of Gaussian mixture models (GMMs) to univariate histograms. Solid blue and red lines correspond to the hypothetically observed T1w
and FLAIR intensity histograms, respectively. GMM attempt to model these observed distributions as a sum of Gaussians, these Gaussians are
indicated by dashed lines. Each Gaussian is described by a mean (u) and standard deviation (6). These parameters are calculated for each
individual participant in WM and GM on the T1w and FLAIR image. The Gaussian corresponding to the CSF is not analyzed. The mean (standard
error) of each parameter across participants is shown in the bottom panels (C-J). Dark gray bars correspond to estimates calculated across the
entire brain mask; light gray bars correspond to estimates calculated across the brain mask with discrete WM lesions excluded. The principle
impact of lesion exclusion on GMM parameters was to reduce within-tissue class variability (). As a rule, MS (all subtypes) are associated with
increase o in all measures indicating increased signal variability (wider histograms). For u parameters, the direction varies. TTw WM and FLAIR WM
and GM appeared darker in MS patients and T1w GM appeared brighter in MS patients.

subtypes. ANOVA models were fit with group (control,
RRMS, SPMS, PPMS, PRMS) as factor. Each of 8 GMM
parameters was fit separately. Thus, the significance level
was set as P < 0.05/8 = 0.00625. In cases of significant
ANOVA models, post hoc pairwise contrasts were
extracted to determine between which groups there were
significant differences.

Evaluating the relationship between biomarkers
and disability

We next sought to quantify the relationships between
biomarkers (e.g., GMM parameters, lesion volume, and
atrophy) and disability as measured by the PDDS.
Biomarkers were Z scored, thereby facilitating direct

1100

comparison of regression f values. Each biomarker was
separately fit in a linear regression model with intercept
and PDDS as modeled factors. The f (slope) values
were of key interest as they directly reflect the strength
of the statistical relationship between biomarkers and
PDDS.

Identification of unique contributors to disability

The preceding analyses established a relationship between
PDDS and biomarkers of interest. A LASSO regression
model was fit to isolate variables uniquely contributing to
PDDS. LASSO regression eliminates variables contributing
redundant information from the model.”® To verify the
validity of the fit, a hold-out analysis was performed

© 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association
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wherein the model trained on 90% of available data was
applied to the previously unseen 10%.

Data availability statement

MS PATHS data are currently accessible to Biogen or par-
ticipating healthcare institutions in the MS PATHS pro-
gram. Analysis code will be made available to qualified
researchers upon request.

Results

Participant demographics

Complete datasets were acquired in 5038 participants (101
healthy controls and 4937 MS patients). Of these, 5010,
including all 101 healthy controls, passed quality control
procedures based on alignment of the bivariate intensity his-
togram. MS patients comprised 68% RRMS, 18% SPMS,
6.5% PPMS, and 8% PRMS groups. Patients with RR sub-
type were more likely to be younger, female, and less dis-
abled compared to progressive subtypes (Table 1). Rates of
disease modifying therapy were similar across subtypes.

Gaussian mixture models measure
differences between MS patients and
controls

Figure 2C-J shows u and o corresponding to GM and
WM, in normalized Tlw and FLAIR data, in healthy con-
trols, RRMS, SPMS, PPMS, and PRMS. ANOVA found
significant MS versus control differences in all but four
out of 16 combinations of image type X measure, with or
without lesions included (dark or light bars in Fig. 2;
Table S1). In particular, Tlw mean WM intensity (u) was
significantly lower in all MS subtypes (Fig. 2C) compared
to controls, indicating diffuse, WM changes in MS. Addi-
tionally, Tlw WM o was larger (wider distribution) in all
MS subtypes compared to controls (Fig. 2G), indicating
increased heterogeneity of Tlw WM signal. Similarly,

Table 1. Participant demographics.

Diffuse Abnormalities in MS

FLAIR WM ¢ was wider in all MS subtypes compared to
controls (Fig. 2I). These outcomes were the same whether
or not lesions were included in the WM measure, indicat-
ing that NAWM is abnormally heterogenous in MS. In
the case of controls, differences owing to the inclusion or
exclusion of lesions are due to the presences of nonspeci-
fic WM hyperintensities classified as lesions likely owing
to small vessel disease or a similar process. The FLAIR
GM p parameter performed best for discriminating con-
trol versus MS (Fig. 2F).

Figure 3 shows results obtained by post-hoc extraction
of comparisons from the ANOVA model, with lesions
excluded; u and ¢ comparisons are listed above and below
the diagonal, respectively. The most significant differences
were between healthy controls and all MS subtypes (first
row or column of Fig. 3); the next most significant were
between RRMS and progressive MS subtypes (second row
or column of Fig. 3). Almost no significant differences were
found between the three progressive MS subtypes (shaded
area of each matrix). Thus, GMM analysis of normalized
intensity distributions distinguished patients with MS from
healthy controls and RR MS from progressive MS but did
not distinguish among progressive MS subtypes.

Differences in mean values are difficult to generalize to
the individual subject. We investigated the sensitivity and
specificity of the GMM parameters for determining two
comparisons: (1) control versus MS and (2) RRMS versus
progressive subtypes. Comparisons within progressive sub-
types were excluded on the basis of no mean differences
being found in the above analysis (Fig. 3). For each GMM
parameter and comparison, we calculate the ROC AUC
parameter, sensitivity, and specificity (Table 2). Overall, the
GMM parameters with the most significant differences in
mean value also had the most discriminative value as mea-
sured by the ROC. As regards discriminating controls versus
MS patients, FLAIR WM o had the largest AUC (0.84). The
AUC of FLAIR WM pu was only 0.55 indicating that this
parameter was minimally discriminative of MS versus con-
trols. The biological interpretation of GMM parameters with
near-chance AUC is uncertain.

Controls RRMS SPMS PPMS PRMS

N 101 3340 877 321 399

N excluded 0 17 8 2 1

Gender, %F 75% 75% 73% 64% 64%

Age in years (SD) 41.1 (11.8) 452 (11.9) 49.8 (11.1) 50.3 (12.5) 47.0 (12.4)
PDDS (SD) N/A 1.13 (1.53) 3.54 (1.96) 3.36 (2.29) 2.97 (2.27)
Age at diagnosis (SD) N/A 34.0 (10.4) 34.8 (11.0) 39.1(12.3) 33.1(11.3)
On disease modifying therapy (%) N/A 76% 69% 77% 67%

Note. Demographic information for MS PATHS participants and healthy controls. Mean (standard deviation) of selected demographic variables by

group and MS subtype. PDDS, patient determined disease steps.
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Figure 3. Parametric differences separate MS from controls and relapsing MS from progressive MS. Matrices show the results of post hoc
contrasts extracted from the models shown in Table 3. Pairwise comparisons were made between each of the five groups (controls, RRMS, SPMS,
PPMS, PRMS) for each parameter. Contrasts relating to the u parameter are shown above the diagonal and contrasts relating to the ¢ parameter
are shown below the diagonal. The logarithmic magnitude of the P value for the corresponding contrast is represented by number of “*” with
P < 0.05; *P < 1072, ¥¥P < 1073, #k¥p < 1074 FrExp < 107, Empty boxes indicate nonsignificant contrasts. The most significant differences
were between controls and all MS subtypes (first row or column) and between RRMS and progressive MS subtypes (second row or column),
whereas differences among the three progressive subtypes were unapparent.

Table 2. GMM parameter ROC AUC.

T1 WM g T1 GM u T1 WM o T GM ¢ FL WM p FL GM u FLWM o FLGM ¢

Control versus MS

AUC 0.77 0.72 0.66 0.65 0.55 0.82 0.84 0.54

Sensitivity 0,45 0.56 0.68 0.40 0.90 0.76 0.77 0.28

Specificity 0.83 0.77 0.60 0.82 0.13 0.77 0.72 0.82
RRMS versus progressive subtypes

AUC 0.58 0.55 0.61 0.58 0.53 0.63 0.69 0.51

Sensitivity 0.65 0.31 0.63 0.52 0.66 0.72 0.55 0.74

Specificity 0.49 0.77 0.52 0.62 0.42 0.49 0.66 0.28

Note. ROC AUC, sensitivity, and specificity for the discrimination of controls versus MS patients and RRMS versus progressive subtypes based on the eight
GMM parameters. GMM, Gaussian mixture modeling; MS, multiple sclerosis.

displayed as in Figure 4. Several GMM measures exhibited
close associations with PDDS. FLAIR GM y (Fig. 5D) and
FLAIR WM o (Fig. 5G) yielded regression values

Relations between lesion-burden and
atrophy biomarkers and disability

Figure 4 relates existing lesion-based biomarkers and
brain volume-based biomarkers to PDDS evaluated over
all MS subtypes. The Z score (across the entire cohort) of
each biomarker was entered into regression analysis with
PDDS as the independent variable. The obtained regres-
sion coefficients () quantitate magnitude of the imaging
biomarker relation to disability and allow comparison
between alternative biomarkers. Among the six evaluated
imaging biomarkers, lesion volume (Fig. 4A) exhibited
the weakest relation to PDDS. BPF (Fig. 4C), followed by
GMF (Fig. 4E), thalamic volume (Fig. 4D), and WMF
(Fig. 4F), all out-performed lesion volume.

Relations between Gaussian mixture model
measures and disability

Figure 5 relates GMM measures in GM and WM to PDDS
in all MS subtypes (with discrete lesions excluded),

1102

(f = —0.13 and 0.12, respectively) that were threefold to
fourfold greater than the regression value for lesion volume
(Fig. 4A) and approximately equivalent to BPF (Fig. 4C).
Results describing the relationship between GMM measures
and PDDS separated by MS subtype are shown in Table S2
and discussed in Supplemental Results. The relationships
between GMM measures and PDDS were predominantly
constant across MS subtypes, but when differences emerged,
which were small, the relationship was strongest in RRMS.
The PDDS corresponds closely to the EDSS but remains a
subjective measure. Accordingly, to enhance the reliability
and interpretability of the PDDS results, we evaluated these
imaging biomarkers in relation to the neuroperformance
tests (NPT) within the MSPT and Neuro-QoL. Concordant
results were obtained with the NPT and Neuro-QoL. The
NPT and Neuro-QoL have three and 12 measures, respec-
tively. Each was reduced to a single composite score using
principal component (PC) analysis (individual measures are

© 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association
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Figure 4. Relationship between established MS imaging biomarkers and MS disability. The relationship between imaging measures of MS
patients and the patient-determined disease steps (PDDS) score are shown graphically, along with linear regression g values (shaded areas
correspond to 1 SD around the mean predicted value). Imaging measures were Z transformed such that different metrics are on the same scale,
making $ values comparable across measures. The first column (A, B) shows the relationship with two measures of WM lesion burden. WM lesion
volume is the sum of voxels identified as lesions. WM lesion intensity is WM lesion volume weighted by the lesion intensity (G =1/n. Y, u},
where v, is the lesion score and L is the set of voxels within a lesion). The remaining panels (C-F) show the relationship between PDDS and brain
parenchymal fraction (BPF), thalamic volume, WM fraction (WMF), and GM fraction (GMF). Of note, in all cases the lesion based measures are
outperformed by the brain volume based measures. Asterisks indicate P values. *P < 1072; ¥FP < 1073; #FEP < 1074 FRERp £ 1070,

listed in Table S3). The first PC explained 82% and 60% of
the variance of NPT and Neuro-QoL, respectively. As with
PDDS, FLAIR GM p and FLAIR WM o exhibited the stron-
gest relationships with NPT and Neuro-QoL (Table 3).
Moreover, the ¢ scores for FLAIR GM y and FLAIR WM 6
associations with NPT and Neuro-QoL were approximately
five times larger than the ¢ score relating WML volume and
NPT and Neuro-QoL. WML-based measures showed no sig-
nificant relation to NPT or Neuro-QoL.

Accounting for both brain volume and
Gaussian mixture model parameters
improves correlation with disability

A subset of GMM parameters as well as volume-based mea-
sures was strongly correlated with PDDS. Specifically, this

© 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association

was true of BPF (f = —0.16), FLAIR GM u (f = —0.13),
and FLAIR WM ¢ ( = +0.12). To address the question of
whether these parameters provide unique versus redundant
information, we performed LASSO regression,”**® which
assigns weights to factors contributing to an outcome mea-
sure (i.e., PDDS) under a constraint (formally, L1-penalized
regression) that eliminates weak or, critically, redundant
contributions. An important consideration of LASSO
regression is the biological interpretability of the resulting
model. Inclusion of a variable in the model indicates that,
compared to other included variables, a given variable con-
tains additional explanatory power. Exclusion of a variable
does not necessarily imply that it lacks predictive power,
only that the added predictive power is less than some tun-
ing penalty. Importantly, given two equally predictive and
highly correlated variables subject to different sampling
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Figure 5. Abnormalities in white matter and gray matter intensity and variability in non-lesional GM and WM correlate with MS disability. The
relationship between imaging measures of MS patients and the patient-determined disease steps (PDDS) score are shown graphically, along with
linear regression g values. Imaging measures were Z transformed such that different metrics are on the same scale, making g values comparable
across measures. The panels demonstrate the relationships between PDDS and intensity and variability parameter measures of non-lesional GM
and WM. Asterisks indicate P values. *P < 1072; ¥*p < 1073; ¥%¥p < 1074 *k¥kp < 107>,

error, LASSO will include the variable with less sampling
error. The LASSO model was computed using 90% of ran-
domly selected participants and tested in the remaining
10%. Two lesion metrics (Fig. 4A and B), 4 brain volume
metrics (Fig. 4C-F), and eight GMM metrics (Fig. 5) were
included in the model, which identified two significant pre-
dictors of PDDS: BPF (f = —0.26) and FLAIR GM u
(f = —0.12). All other variables were eliminated. This result
indicates that brain volume and FLAIR GM y independently
contribute to correlations with disability. Applying the opti-
mized model to the 10% held-out data revealed a significant
correlation between predicted and measured PDDS
(R* =0.36,P < 107").

Discussion

MRIs are performed routinely in MS patients. We
hypothesized that, by utilizing T1lw and FLAIR intensities,
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additional impactful information could be obtained from
routine clinical MRIs. We developed a technique to stan-
dardize Tlw and FLAIR intensity histograms derived
from images obtained with clinically available MRI
sequences. This technique was applied to data from previ-
ously acquired datasets from over 5000 MS patients and
identifying relationships with clinical disability. GMM of
the standardized histograms yielded measures that sepa-
rated MS patients from healthy controls and distinguished
between relapsing MS versus progressive MS. The two
GMM measures most correlated with disability measures
were GM mean intensity (¢#) and non-lesional WM inten-
sity variability (o) in FLAIR images. Since WM o was
evaluated outside of discrete lesions, this measure pertains
to NAWM. LASSO regression demonstrated that GMM
analysis of standardized intensity histograms contributed
information relating to disability that was independent of
lesion burden and atrophy measures. Specifically, LASSO
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Table 3. Neuroperformance and Neuro-Qol statistical results.

NPT Neuro-QolL
t P t P

Tiw WM p +7.27 <1073 +0.65 -
Tiw GM u -11.59 <1076 -1.76 -
Tiw WM & -0.11 - +0.28 -
Tlw GM ¢ -12.26 <107'° +1.01 -
FLAIR WM +6.47 <107? +1.02 -
FLAIR GM y +26.45 <107'® +3.50 <1073
FLAIR WM & -26.16 <107"® —-4.52 <107°
FLAIR GM ¢ —-4.09 <107 +0.46 -
WM Les Vol -5.28 <107® —1.31 -
WM Les Intens -8.45 <107"® -1.99 -

Note. Main effects derived by linear regression of GMM parameters
on first principal components of neuroperformance tests (NPT) in the
MSPT and Neuro-Qol scores. t values indicate the strength and direc-
tion of the relation. Only significant P values (uncorrected for multiple
comparisons) are listed. The effect size of several GMM parameters
was larger than the effect size of lesion burden metrics. Significant
effects of ¢ generally were negative, indicating that greater signal
variability is related to greater impairment. The direction of the effect
of u on performance was not consistent. GMM, Gaussian mixture
modeling.

identified FLAIR GM p which may reflect sensitivity to
cortical lesions not readily appreciable on visual inspec-
tion of the images. This novel analysis technique provides
quantitative insights into non-lesional WM pathology in
MS and its relation to disability. Moreover, this powerful
technique provides a practical method that can be used to
derive quantitative information from clinical brain
images, including those acquired previously such as MRIs
done in prior clinical trials.

T1 and T2 are intrinsic physical properties of neural
tissue®® that depend on cellular composition.”>>" Absolute
measurement of T1 and T2 can be obtained using multi-
echo MRI sequences.'> Such quantitative measures can
serve as biomarkers of disease.”> MS-related changes in
T1 and T2 are well documented in both the WM and
GM, within®® and outside®® discrete lesions. For example,
T2 is prolonged in MS NAWM.** T1 and T2 are propor-
tionally reflected in Tlw and T2w (FLAIR) images in a
manner that depends on sequence parameters (i.e., TR,
TE, presence of suppression pulses, etc.). Variations in
these parameters among clinical scans preclude direct
recovery of absolute T1 and T2 from Tlw and T2w
images. The present histogram normalization technique
overcomes this barrier by representing T1lw and T2w data
in a standard bivariate intensity space. Standardized
intensities are informationally equivalent to absolutely
measured T1 and T2' assuming that Tlw and T2w
images encode a linear combination of Tl and T2. In
practice, this assumption is only approximate as

Diffuse Abnormalities in MS

reconstructed image intensities depend on T1 and T2
nonlinearly.35 Nevertheless, we have demonstrated the
utility of our approach using Tlw and FLAIR imaging
data. The fundamentals underlying this approach easily
accommodate additional imaging contrasts (e.g., suscepti-
bility-weighted images).

The present results using our novel analysis method are
concordant with results obtained using quantitative relax-
ometry but without the technical challenges of the latter
procedure. Our results recapitulate that WM T2 (FLAIR)
heterogeneity is increased in MS compared to controls™
and in progressive MS compared to relapsing MS.”” Thus,
results derived from the present method parallel results
obtained with quantitative T1 or T2 imaging,®® while
being accessible in clinically acquired data standardized
imaging data.

The present findings provide several insights. Intensity-
based measures derived from the GMM approach sepa-
rated RRMS from progressive disease but did not distin-
guish between progressive disease subtypes (PPMS vs.
SPMS vs. PRMS). This result is consistent with the con-
cept that all progressive subtypes have similar underlying
tissue damage, likely representing the same underling
pathologic process. Second, we compared the GMM
intensity-based method to lesion volume metrics and esti-
mates of atrophy using BPF, WMF, GMF, and thalamic
volume, head to head. The present intensity-based mea-
sures and volume-based measures were independently
correlated with MS-related disability. Hence, considera-
tion of both could enhance tracking of disease dynamics.
Third, the variability in FLAIR signal intensity in NAWM
was strongly correlated with disability. T2 (FLAIR) corre-
lates with myelin content, axon count and other histologi-
cal features in post-mortem MS tissue.”” T2 changes are
not homogenously distributed across NAWM.?” The most
abnormal areas are prone to developing lesions in the
future.*® One possible contributor to this observation
could be small, subresolution discrete lesions which mani-
fest as signal variability in NAWM. Speculatively, the pre-
sent normalized T2 (FLAIR) signal properties may reflect
this same histopathological variability evident in quantita-
tive relaxometry and ex vivo imaging. FLAIR signal vari-
ability was approximately fourfold more strongly
correlated with disability compared to FLAIR mean inten-
sity. This result motivates future study of the pathological
basis of this finding.

Focal WMLs remain the imaging hallmark of MS diag-
nosis.*’ However, lesion burden is known to be a poor
predictor of disability’ especially at later stages of the dis-
ease.”> Models that incorporate lesion location are moder-
ately more predictive.*’ Pathology outside of discrete
lesions is increasingly recognized as important in MS.**
Thus, it is noteworthy that the GMM parameter FLAIR
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WM o (Table 2) exhibited an AUC of 0.84 for discrimi-
nating controls versus MS patients. From a statistical per-
spective, an AUC of 0.84 is significant. However,
nonunity is congruent with the observation that NAWM
abnormalities are variably present at least partially related
to level of disability (Fig. 5). Whereas immune-mediated
inflammation is a critical component of lesion pathol-
ogy,45 abnormalities in NAWM may be more related to
injury and repair.*® We observed a less strong relationship
between GMM parameters and disability in progressive
patients compared to relapsing patients, in agreement
with prior studies.” This result may reflect different
pathologies in relapsing versus progressive MS, and it
may also reflect the contributions of spinal cord pathol-
ogy to disability in progressive MS,*® which was not
assessed in this study.

The present analysis method provides estimates of GM
integrity as well as WM measures. GM damage is increas-
ingly recognized as a driver of MS-related disability.*’ In
parallel to WM abnormalities, GM can contain discrete
lesions, detectable only with specialized sequences, as well
as diffuse abnormalities. GM pathology may affect neuron
cell bodies, axons, dendrites, myelin, glia, and extracellu-
lar matrix."> GM disease has been related to WML bur-
den,®® but the causal mechanism underlying this relation
remains unclear. Quantitative GM Tlw signal abnormali-
ties have been associated with clinical status.®® We
demonstrated that changes in Tlw and FLAIR signal
intensity within GM significantly correlate with clinical
disability. It is possible that the present technique can
quantify subtle changes in T1 and FLAIR associated with
GM lesions as well as diffuse abnormalities.

Limitations of the present study include that the analy-
ses were cross-sectional and drawn from an observational
cohort. Longitudinal, prospective analyses are planned to
clarify the short- and long-term correlates and predictive
power of abnormalities in GMM parameters. The MS
PATHS protocol does not include spinal imaging; thus,
we could not assess contributions of spinal cord pathol-
ogy to MS-related disability. In MS PATHS, clinical sub-
type is self-reported, and the PDDS is a subjective
patient-reported outcome. However, the MSPT was
included in the present work and provided objective sup-
port for the results.

These analyses used a standard MRI protocol at 3T.
Theoretically, this approach can be applied to other data-
sets obtained at lower field strengths or nonstandardized
imaging acquisition. If confirmed, it may be possible to
use this technique to analyze archival clinical trial data
and other large, pre-existing databases. This method
might be particularly promising in the reanalysis of prior
trials of progressive MS in which results were equivocal
or only benefited subgroups of patients. The present

M. R. Brier et al.

intensity normalization technique does have some limita-
tions. First, it relies on the alignment of a measured his-
togram to a reference which can be affected by subtle
movement impacting numeric results in subtle ways. In
the present work, there were no strong correlations
between alignment error and outcomes of interest (see
Supplemental Methods). Additionally, while intensity
alignment transforms images to a standard intensity
space, the numerical values remain arbitrary precluding
direct comparison to prior quantitative relaxometry
results. Since this study uses standardized imaging proto-
cols, comprehensive evaluation of interprotocol analysis is
reserved for future work.

Conclusions

We report a novel technique for quantification of non-le-
sional abnormalities in WM and GM in MS using data
obtained with clinically available MR sequences. Using
this new approach, we demonstrate diffuse changes in
GM and WM in MS patients compared to healthy con-
trols and differences between relapsing versus progressive
disease. Importantly, these changes were more strongly
correlated with disability than conventional lesion-based
metrics and comparably correlated with volume-based
metrics, reinforcing that non-lesional abnormalities are a
critical component of MS pathophysiology. Our results
also support the notion that progressive non-lesional
pathology is similar across progressive subtypes. The pre-
sent approach enables quantification of abnormalities
using conventional MRI protocols, allowing this tech-
nique to be used in clinical populations. Future work will
investigate the power of this approach to predict disease
progression and monitor response to therapy.

Acknowledgments

MS PATHS is funded by Biogen. Computations were per-
formed using the facilities of the Washington University
Center for High Performance Computing, which were
partially funded by National Institutes of Health grants
1S10RR022984-01A1 and 1S100D018091-01. MRB is sup-
ported by National Institutes of Health-NINDS grant
2R25NS090978-06. AZS is supported by National Insti-
tutes of Health-NINDS grant P30NS098577. AHC was
supported by the Manny & Rosalyn Rosenthal - Dr John
L Trotter MS Center Chair in Neuroimmunology.

Author Contributions

MRB and AZS conceived of the study, developed the ana-
lytical tools, analyzed the data, and drafted the manu-
script. AT and JS developed analytical tools and analyzed

1106 © 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association



M. R. Brier et al.

the data. RAR, EF, and S] conceived of the study, oversaw
the acquisition and distribution of the data, and assisted
in interpreting the data. AHC, TLSB, and RTN oversaw
the study, interpreted the data, and drafted the manu-
script. All authors revised the final manuscript.

Conflict of Interest

MS PATHS is funded by Biogen. MRB, AZS, AT, and ]S
have no disclosures. RAR and EF are employees of Bio-
gen, Inc. SJ received honoraria from Siemens, RadNet
and St Jude Children’s Research Hospital as well as
research support from Biogen, St Jude, National Institutes
of Health and performed consultation services for Mon-
teris and Eisai. AHC was supported by the Manny & Ros-
alyn Rosenthal — Dr. John L. Trotter MS Center Chair in
Neuroimmunology and has consulted for or received
honoraria from Biogen, Celgene, EMD Serono/Merck,
Genentech, Novartis, Greenwich Biosciences, Janssen
Pharmaceuticals, and Roche, and is a site principal inves-
tigator in contracted research from Genentech and EMD
Serono. TLSB is funded by the NIH, Alzheimer’s Associa-
tion, Barnes-Jewish Hospital Foundation and Avid Radio-
pharmaceuticals, is a site investigator in clinical trials
sponsored by Avid Radiopharmaceutical, Eli Lilly, Biogen,
Janssen and Roche, and is on the Speaker’s Bureau for
Biogen. RTN has consulted for Alexion, Biogen, EMD
Serono, Celgene, Genentech, Genzyme, NervGen Pharma,
Novartis, Third Rock Ventures, Viela Bio. The above dis-
closures do not have direct bearing on this work, and the
authors report no other conflicts of interest.

References

1. Dobson R, Giovannoni G. Multiple sclerosis—a review
[Internet]. Eur J Neurol 2019;26:27—40. Available from:
http://doi.wiley.com/10.1111/ene.13819 (accessed 12
August 2019).

2. Frischer JM, Bramow S, Dal-Bianco A, et al. The relation
between inflammation and neurodegeneration in multiple
sclerosis brains [Internet]. Brain 2009;132:1175-1189.
Available from: https://academic.oup.com/brain/article-ab
stract/132/5/1175/358661 (accessed 19 August 2019).

3. Campbell JD, Ghushchyan V, Brett McQueen R, et al.
Burden of multiple sclerosis on direct, indirect costs and
quality of life: National US estimates [Internet]. Mult Scler
Relat Disord 2014;3:227-236. Available from: https://www.
sciencedirect.com/science/article/pii/S2211034813001120
(accessed 19 August 2019).

4. Frohman EM, Racke MK, Raine CS. Medical progress:
multiple sclerosis—the plaque and its pathogenesis. N Engl
] Med 2006;354:942-955.

5. Miller DH, Grossman RI, Reingold SC, McFarland HF.
The role of magnetic resonance techniques in

© 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association

10.

11.

12.

13.

14.

15.

16.

Diffuse Abnormalities in MS

understanding and managing multiple sclerosis. [Internet].
Brain 1998;121(Pt 1):3-24. Available from: https://acade
mic.oup.com/brain/article-lookup/doi/10.1093/brain/121.1.
3 (accessed 12 August 2019).

. Polman CH, Reingold SC, Edan G, et al. Diagnostic

criteria for multiple sclerosis: 2005 revisions to the
“McDonald Criteria” [Internet]. Ann Neurol
2005;58:840—846.Available at: http://doi.wiley.com/10.1002/
ana.20703 (accessed 19 August 2019).

. Filippi M, Rocca MA, Ciccarelli O, et al. MRI criteria for

the diagnosis of multiple sclerosis: MAGNIMS consensus
guidelines [Internet]. Lancet Neurol 2016;15:292-303.
Available from: https://www.sciencedirect.com/science/artic
le/pii/S1474442215003932 (accessed 19 August 2019).

. Rotstein D, Montalban X. Reaching an evidence-based

prognosis for personalized treatment of multiple sclerosis
[Internet]. Nat Rev Neurol 2019;15:287-300. Available
from: http://www.nature.com/articles/s41582-019-0170-8
(accessed 19 August 2019).

. Davis FA. The clinico-radiological paradox in multiple

sclerosis: novel implications of lesion size [Internet]. Mult
Scler J 2014;20:515-516. Available from: https://journals.sa
gepub.com/doi/pdf/10.1177/1352458513498949 (accessed
12 August 2019).

Cauley KA, Fielden SW. A radiodensity histogram study of
the brain in multiple sclerosis. Tomography
2018;4:194-203.

Moll NM, Rietsch AM, Thomas S, et al. Multiple sclerosis
normal-appearing white matter: pathology-imaging
correlations. Ann Neurol 2011;70:764-773.

MacKay AL, Vavasour IM, Rauscher A, et al. MR
relaxation in multiple sclerosis. Neuroimaging Clin N Am
2009;19:1-26.

Sanfilipo MP, Benedict RHB, Weinstock-Guttman B,
Bakshi R. Gray and white matter brain atrophy and
neuropsychological impairment in multiple sclerosis.
[Internet]. Neurology 2006;66:685-692. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/16534104 (accessed
19 August 2019).

Chu R, Kim G, Tauhid S, et al. Whole brain and deep
gray matter atrophy detection over 5 years with 3T MRI
in multiple sclerosis using a variety of automated
segmentation pipelines [Internet]. PLoS One 2018;13:
€0206939. Available from: http://dx.plos.org/10.1371/
journal.pone.0206939 (accessed 19 August 2019).

Fisher E, Lee J-C, Nakamura K, Rudick RA. Gray matter
atrophy in multiple sclerosis: a longitudinal study
[Internet]. Ann Neurol 2008;64:255-265.Available at:
http://doi.wiley.com/10.1002/ana.21436 (accessed 19
August 2019).

Cifelli A, Arridge M, Jezzard P, et al. Thalamic
neurodegeneration in multiple sclerosis [Internet]. Ann
Neurol 2002;52:650—653. Available from: http://doi.wiley.c
om/10.1002/ana.10326 (accessed 8 November 2019).

1107


http://doi.wiley.com/10.1111/ene.13819
https://academic.oup.com/brain/article-abstract/132/5/1175/358661
https://academic.oup.com/brain/article-abstract/132/5/1175/358661
https://www.sciencedirect.com/science/article/pii/S2211034813001120
https://www.sciencedirect.com/science/article/pii/S2211034813001120
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/121.1.3
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/121.1.3
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/121.1.3
http://doi.wiley.com/10.1002/ana.20703
http://doi.wiley.com/10.1002/ana.20703
https://www.sciencedirect.com/science/article/pii/S1474442215003932
https://www.sciencedirect.com/science/article/pii/S1474442215003932
http://www.nature.com/articles/s41582-019-0170-8
https://journals.sagepub.com/doi/pdf/10.1177/1352458513498949
https://journals.sagepub.com/doi/pdf/10.1177/1352458513498949
http://www.ncbi.nlm.nih.gov/pubmed/16534104
http://dx.plos.org/10.1371/journal.pone.0206939
http://dx.plos.org/10.1371/journal.pone.0206939
http://doi.wiley.com/10.1002/ana.21436
http://doi.wiley.com/10.1002/ana.10326
http://doi.wiley.com/10.1002/ana.10326

Diffuse Abnormalities in MS

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

1108

Pike GB, De Stefano N, Narayanan S, et al. Multiple
sclerosis: Magnetization transfer MR Imaging of white
matter before lesion appearance on T2-weighted Images
[Internet]. Radiology 2000;215:824—830. Available from:
http://pubs.rsna.org/doi/10.1148/radiology.215.3.
r00jn02824 (accessed 24 October 2019).

Klistorner A, Wang C, Yiannikas C, et al. Evidence of
progressive tissue loss in the core of chronic MS lesions: a
longitudinal DTI study [Internet]. Neuroimage Clin
2018;17:1028-1035.

Kullback S. Information theory and statistics. Garden City,
NY: Dover Publications; 1959.

Learmonth YC, Motl RW, Sandroff BM, et al. Validation
of patient determined disease steps (PDDS) scale scores in
persons with multiple sclerosis. BMC Neurol 2013;13:37.
Rhodes JK, Schindler D, Rao SM, et al. Multiple sclerosis
performance test: technical development and usability.
Adv Ther 2019;36:1741-1755.

Parmenter BA, Weinstock-Guttman B, Garg N, et al.
Screening for cognitive impairment in multiple sclerosis
using the Symbol Digit Modalities Test [Internet]. Mult
Scler J 2007;13:52—57. Available from: http://journals.sage
pub.com/doi/10.1177/1352458506070750 (accessed 8
October 2019).

Kragt JJ, van der Linden FA, Nielsen JM, et al. Clinical impact
of 20% worsening on timed 25-foot walk and 9-hole peg test
in multiple sclerosis [Internet]. Mult Scler ] 2006;12:594-598.
Available from: http://journals.sagepub.com/doi/10.1177/
1352458506070768 (accessed 8 October 2019).

Motl RW, Cohen JA, Benedict R, et al. Validity of the
timed 25-foot walk as an ambulatory performance
outcome measure for multiple sclerosis [Internet]. Mult
Scler J 2017;23:704-710. Available from: http://journals.sa
gepub.com/doi/10.1177/1352458517690823 (accessed 8
October 2019).

Gershon RC, Lai JS, Bode R, et al. Neuro-QOL: quality of
life item banks for adults with neurological disorders: item
development and calibrations based upon clinical and
general population testing. Qual Life Res 2012;21:475-486.
Jenkinson M, Beckmann CF, Behrens TE]J, et al. FSL
[Internet]. Neuroimage 2012;62:782-790. Available from:
https://www.sciencedirect.com/science/article/pii/
§1053811911010603 (accessed 20 August 2019).

Tsang A. Quantitative MRI metrics in routine clinical
practice: a validation study from a large heterogeneous
cohort of multiple sclerosis patients. ISMRM 2020.

Hastie T, Tibshirani R, Friedman J. The elements of
statistical learning: data mining, inference and prediction.
2nd ed. New York, NY: Springer; 2009.

Plewes DB, Kucharczyk W. Physics of MRI: a primer
[Internet]. ] Magn Reson Imaging 2012;35:1038-1054.
Available from: http://doi.wiley.com/10.1002/jmri.23642
(accessed 16 August 2019).

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

M. R. Brier et al.

Wen J, Goyal MS, Astafiev SV, et al. Genetically defined
cellular correlates of the baseline brain MRI signal. Proc
Natl Acad Sci USA 2018;115:E9727—E9736.

Zhao Y, Raichle ME, Wen J, et al. In vivo detection of
microstructural correlates of brain pathology in preclinical
and early Alzheimer disease with magnetic resonance
imaging [Internet]. Neuroimage 2017;148:296-304.
Available from: https://www.sciencedirect.com/science/artic
le/abs/pii/S1053811916307492 (accessed 26 September
2019).

Xiang B, Wen J, Cross AH, Yablonskiy DA. Single scan
quantitative gradient recalled echo MRI for evaluation of
tissue damage in lesions and normal appearing gray and
white matter in multiple sclerosis. ] Magn Reson Imaging
2019;49:487-498.

Traboulsee A, Dehmeshki ], Peters KR, et al. Disability in
multiple sclerosis is related to normal appearing brain
tissue MTR histogram abnormalities [Internet]. Mult Scler
2003;9:566—-573.

Neema M, Goldberg-Zimring D, Guss ZD, et al. 3 T MRI
relaxometry detects T2 prolongation in the cerebral
normal-appearing white matter in multiple sclerosis.
Neuroimage 2009;46:633—-641.

Bernstein M, King K, Zhou X. Handbook of MRI pulse
sequences. Burlington, MA: Elsevier; 2004.

Whittall KP, MacKay AL, Li DKB, et al. Normal-appearing
white matter in multiple sclerosis has heterogeneous,
diffusely prolonged T2. Magn Reson Med
2002;47:403-408.

Grenier D, Pelletier D, Normandeau M, et al. T2relaxation
time histograms in multiple sclerosis. Magn Reson
Imaging 2002;20:733-741.

Vrenken H, Knol DL, van Dijk LN, et al. Whole-brain T1
mapping in multiple sclerosis: global changes of normal-
appearing gray and white matter [Internet]. Radiology
2006;240:1-10.

Mottershead JP, Schmierer K, Clemence M, et al. High
field MRI correlates of myelin content and axonal density
in multiple sclerosis: a post-mortem study of the spinal
cord [Internet]. ] Neurol 2003;250:1293—-1301. Available
from: https:/link.springer.com/article/10.1007/s00415-003-
0192-3 (accessed 11 January 2021).

Goodkin DE, Rooney WD, Sloan R, et al. A serial study of
new MS lesions and the white matter from which they
arise. Neurology 1998;51:1689-1697.

Thompson AJ, Banwell BL, Barkhof F, et al. Diagnosis of
multiple sclerosis: 2017 revisions of the McDonald criteria
[Internet]. Lancet Neurol 2018;17:162—173. Available from:
https://www.sciencedirect.com/science/article/pii/
S1474442217304702 (accessed 19 August 2019).

Li DKB, Held U, Petkau J, et al. MRI T2 lesion burden in
multiple sclerosis: a plateauing relationship with clinical
disability. [Internet]. Neurology 2006;66:1384—1389.

© 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association


http://pubs.rsna.org/doi/10.1148/radiology.215.3.r00jn02824
http://pubs.rsna.org/doi/10.1148/radiology.215.3.r00jn02824
http://journals.sagepub.com/doi/10.1177/1352458506070750
http://journals.sagepub.com/doi/10.1177/1352458506070750
http://journals.sagepub.com/doi/10.1177/1352458506070768
http://journals.sagepub.com/doi/10.1177/1352458506070768
http://journals.sagepub.com/doi/10.1177/1352458517690823
http://journals.sagepub.com/doi/10.1177/1352458517690823
https://www.sciencedirect.com/science/article/pii/S1053811911010603
https://www.sciencedirect.com/science/article/pii/S1053811911010603
http://doi.wiley.com/10.1002/jmri.23642
https://www.sciencedirect.com/science/article/abs/pii/S1053811916307492
https://www.sciencedirect.com/science/article/abs/pii/S1053811916307492
https://link.springer.com/article/10.1007/s00415-003-0192-3
https://link.springer.com/article/10.1007/s00415-003-0192-3
https://www.sciencedirect.com/science/article/pii/S1474442217304702
https://www.sciencedirect.com/science/article/pii/S1474442217304702

43.

44.

45.

46.

47.

48.

49.

© 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association

. R. Brier et al.

Available from: http://www.ncbi.nlm.nih.gov/pubmed/
16682671 (accessed 12 August 2019).

Tobyne SM, Ochoa WB, Bireley JD, et al. Cognitive
impairment and the regional distribution of cerebellar
lesions in multiple sclerosis. Mult Scler J
2018;24:1687-1695.

Laule C, Vavasour IM, Leung E, et al. Pathological basis of
diffusely abnormal white matter: insights from magnetic
resonance imaging and histology. Mult Scler J
2011;17:144-150.

Frischer JM, Weigand SD, Guo Y, et al. Clinical and
pathological insights into the dynamic nature of the white
matter multiple sclerosis plaque. Ann Neurol
2015;78:710-721.

Lassmann H. The pathologic substrate of magnetic
resonance alterations in multiple sclerosis. Neuroimage
Clin N Am 2008;18:563-576.

Baranovicova E, Mlynarik V, Kantorova E, et al.
Quantitative evaluation of cerebral white matter in
patients with multiple sclerosis using multicomponent T2
mapping [Internet]. Neurol Res 2016;38:389-396.

Filippi M, Rovaris M, Rocca MA. Imaging primary
progressive multiple sclerosis: the contribution of
structural, metabolic, and functional MRI techniques
[Internet]. Mult Scler ] 2004;10(3_suppl):S36-S45.
Available from: http://journals.sagepub.com/doi/10.1191/
1352458504ms10290a (accessed 24 October 2019).
Eshaghi A, Prados F, Brownlee W], et al. Deep gray matter
volume loss drives disability worsening in multiple
sclerosis. Ann Neurol 2018;83:210-222.

Diffuse Abnormalities in MS

50. He Y, Dagher A, Chen Z, et al. Impaired small-world
efficiency in structural cortical networks in multiple
sclerosis associated with white matter lesion load. Brain
2009;132:3366-3379.

Supporting Information

Additional supporting information may be found online
in the Supporting Information section at the end of the
article.

Supplemental Methods. Detailed accounting and alge-
braic description of analysis methods summarized in the
main text.

Supplemental Results. Complementary results to the
main text that perform PDDS ~ GMM analyses by each
MS subtype.

Table S1. Numerical statistical results corresponding to
results shown in Figure 3.

Table S2. Statistical results corresponding to the results
discussed in Supplemental Results.

Table S3. Correlation analysis between GMM and lesion
parameters with individual components of the MSPT and
Neuro-QoL.

Figure S1. Histogram of single subject alignment error, a
quality control measure.

Figure S2. Example images following intensity normaliza-
tion.

Figure S3. Correspondence between two lesion segmenta-
tion strategies.

1109


http://www.ncbi.nlm.nih.gov/pubmed/16682671
http://www.ncbi.nlm.nih.gov/pubmed/16682671
http://journals.sagepub.com/doi/10.1191/1352458504ms1029oa
http://journals.sagepub.com/doi/10.1191/1352458504ms1029oa

	Quantitative signal properties from standardized MRIs correlate with multiple sclerosis disability
	Authors

	Quantitative signal properties from standardized MRIs correlate with multiple sclerosis disability

