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7T MRI Differentiates Remyelinated from
Demyelinated Multiple Sclerosis Lesions
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Objective: To noninvasively assess myelin status in

chronic white matter lesions of multiple sclerosis (MS), we developed and evaluated a simple classification scheme
based on T1 relaxation time maps derived from 7-tesla postmortem and in vivo MRI.
Methods: Using the MP2RAGE MRI sequence, we classified 36 lesions from 4 postmortem MS brains as “long-T1,”
“short-T1,” and “mixed-T1” by visual comparison to neocortex. Within these groups, we compared T1 times to histo-
logically derived measures of myelin and axons. We performed similar analysis of 235 chronic lesions with known date
of onset in 25 MS cases in vivo and in a validation cohort of 222 lesions from 66 MS cases, investigating associations
with clinical and radiological outcomes.
Results: Postmortem, lesions classified qualitatively as long-T1, short-T1, and mixed-T1 corresponded to fully
demyelinated, fully remyelinated, and mixed demyelinated/remyelinated lesions, respectively (p < 0.001). Demyelination
(rather than axon loss) dominantly contributed to initial T1 prolongation. We observed lesions with similar characteristics
in vivo, allowing manual classification with substantial interrater and excellent intrarater reliability. Short-T1 lesions were
most common in the deep white matter, whereas long-T1 and mixed-T1 lesions were prevalent in the juxtacortical and
periventricular white matter (p = 0.02) and were much more likely to have paramagnetic rims suggesting chronic inflamma-
tion (p < 0.001). Older age at the time of lesion formation portended less remyelination (p = 0.007).
Interpretation: 7-tesla T1 mapping with MP2RAGE, a clinically available MRl method, allows qualitative and quantita-
tive classification of chronic MS lesions according to myelin content, rendering straightforward the tracking of lesional
myelination changes over time.

ANN NEUROL 2021;90:612-626

Magnetic resonance imaging (MRI) is an invaluable
tool in the diagnosis and monitoring of multiple
sclerosis (MS)," accurately measuring disease activity and
facilitating assessment of disease-modifying therapies.
However, MRI has not yet achieved its potential as a clin-
ically applicable approach to estimate myelin content in
chronic MS lesions, a prerequisite for assessing endoge-

nous and exogenous lesion repair.

Histopathologically, chronic MS lesions can
be broadly classified according to the extent of inflam-
mation, myelin, and viable axons.? Lesions are typically
described as chronic active (or “smoldering”),
chronic inactive, or repaired/remyelinated,” though
mixed demyelinated/remyelinated lesions are common.

A corresponding, in vivo classification is currently not

feasible.
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For chronic lesions, arguably the most successful
approach to subclassification has been visualization of iron-
laden phagocytes at the edge of chronic active lesions, best
seen on gradient-echo phase MRI at both 7 T and 3 T4
Atrophy measures capture neuroaxonal loss® and have grad-
ually been incorporated into clinical research and practice,®
but they tend to be either global or restricted to structures
other than lesions.” With respect to remyelination, however,
no approach has been accepted as the gold standard or
adopted in widespread clinical practice.® Thus, imaging
remyelination in MS lesions with high fidelity and at high
resolution remains an unmet need.

The longitudinal MRI relaxation time constant
(T1) is heavily determined by lipid-water interactions,
strongly dominated by myelin in white matter.”'® While
T1 prolongation (“black hole”) has been considered to
mark neuroaxonal loss within lesions, MRI physics sug-
gests that changes in T1, which scales with field strength,
might rather be a particularly good noninvasive marker of
MP2RAGE

sequence is an efficient method of calculating approximate

demyelination and remyelination. The
T1 times that can easily be implemented at high spatial
resolution on clinical scanners."' Previous studies have
found that MP2RAGE improved detection of MS-
induced tissue damage in vivo, at both 3 T and 7 T."*"
The automatic inclusion of MP2RAGE T1 maps that are
naturally coregistered to T1-weighted images in the set of
images produced by the scanner renders feasible a qualita-
tive MRI biomarker based on a simple visual rating scale.
This is an important advantage over other myelin-sensitive
techniques, particularly in the clinical setting, where off-
line image postprocessing and prolonged acquisition times
present a challenge.

Here, we aim to define the contribution of myelin
loss to lesional T1 on 7T MP2RAGE scans and to
explore how this technique might be used as a myelin-
sensitive biomarker for application to individual patients
in clinical practice. We first carried out a postmortem
study with ex vivo, high-resolution scans to characterize

chronic MS lesions both qualitatively (using a heuristic
classification) and quantitatively. Guided by the ex vivo
MRI data, we performed a variety of stains to correlate
key pathological processes, which are present to varying
degrees in both repaired and unrepaired chronic MS
lesions, with the MRI findings. Finally, we conducted an
exploratory study to investigate the potential applicability
of our visual classification to in vivo scans at 7 T and to
assess the characteristics of lesions grouped by T1 time.

Materials and Methods

Our in vivo study was approved by the NIH Institutional
Review Board. Informed consent was obtained from living
participants and from next of kin for autopsies.

Postmortem Study

Whole brains from 4 MS cases were collected (Table 1). Brains
were preserved in 10% formalin for 2 weeks and then underwent
postmortem MRI prior to tissue processing using customized,
3D-printed cutting boxes.'® Lesions selected based on postmor-
tem MRI were identified and blocked, embedded in paraffin,
and cut into 7-10-pm thick sections.

Postmortem MRI used a Siemens 7 T system equipped
with a birdcage transmit coil and a 32-channel receive coil.
T1-weighted (T1w) images and quantitative T1 maps were
obtained with a 3D magnetization-prepared 2 rapid acquisition
gradient echoes (MP2RAGE) sequence11 with the following
parameters:  0.35 mm  isometric  voxels; repetition time
(TR) = 4000 ms; echo time (TE) = 4.6 ms, inversion time 1
(TT;) = 350 ms, TI, = 1350 ms, flip angle (FA) = 4°. Well-
demarcated lesions were manually identified and selected on
postmortem T1 maps. A representative sample of lesions was
included, including lesions that were hyperintense, hypointense,
or of mixed signal intensity relative to cortex.

Intensity-based, qualitative classification of lesions was per-
formed, independently, by two experienced raters, a neurologist
(HK) and a neuroradiologist (DSR), who were masked to histo-
logical findings. Discrepancies were discussed and resolved. On
postmortem T1 maps, lesions were classified visually into 3 groups,
denoted “long-T1,” “short-T1,” and “mixed-T1.” Long-T1
lesions were substantially hyperintense to cortex and appeared as

TABLE 1. Autopsy Cases
Age Clinical Disease EDSS prior Cause of Post-mortem
Case Sex  (years) phenotype  duration (years) to death death delay Blocks (n)
1 F 78 SPMS 54 7 Pneumonia 12h 7
2 M 76 SPMS 46 9.5 Pneumonia 12h 7
3 F 60 SPMS 16 7 Sepsis 7h 3
4 F 78 SPMS 24 9.5 Pneumonia 26 h 3
EDSS = Expanded Disability Status Scale; SPMS = secondary progressive multiple sclerosis.
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“black holes” on Tlw images, and short-T1 lesions were iso-
intense or hypointense to cortex. Lesions with well-defined long-
T1 and short-T1 areas were categorized as mixed-T1.
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diaminobenzidine (DAB)-enhanced Turnbull stain for iron. For
immunostaining, sections underwent heat-induced antigen retrieval
and protein-blocking steps for 20 minutes and were then incubated
with primary antibodies for 1 hour at room temperature. Primary
antibodies anti-myelin proteolipid protein (PLP; AbD Serotec
MCAS839G; 1:500) and anti-CD68 (PGM1; Dako GAG61361-2;
1:100) were used to identify myelin and microglia/macrophages,
respectively. Immunoreactions were visualized with DAB or alka-
line phosphatase.'” Sections were then counterstained with 10%
hematoxylin or LFB. All stained sections were scanned (magnifica-
tion 10X; Zeiss Axio Observer Z.1).

Lesions were histopathologically classified into three
groups: remyelinated/shadow plaques, mixed remyelinated/
demyelinated  lesions, and homogenously demyelinated
lesions.>'® Demyelinated lesions showed marked absence of nor-
mal myelin on all relevant myelin stains. Remyelinated lesions
were identified as well-defined, homogenously pale areas of
reduced LFB-PAS staining in comparison to normal-appearing
white matter (NAWM). Mixed demyelinated/remyelinated
lesions required discrete areas of both types of myelin staining
within the lesion.'"® Two raters with experience in MS histopa-
thology (HK and MA) classified lesions independently and sub-
sequently achieved consensus. Lesions were further classified as
active, chronic active, or chronic inactive,”'® and axon loss was
graded as mild, moderate, or severe based on intensity and cover-
age of the Bielschowsky stain.

Figure 1A provides an overview of the imaging and his-
tology processing and analysis workflow. All image processing
and quantification steps were performed using Image]/Fiji*’
and Medical Image Analysis and Visualization (MIPAV).*! For
each slide, regions of interest (ROI) were placed over lesions
and the surrounding areas of NAWM and normal-appearing
cortex. Before quantification, all double staining went through
color deconvolution using a custom vector to isolate each
individual stain.?* Quantification of histochemical staining
involved computing optical density (OD) from all ROIL. For
MRI quantification, median T1 times were obtained for

all ROLI.

In Vivo Study

A retrospective cohort of 25 patient participants in an MS nat-
ural history study (NCT00001248) was selected. Inclusion
required confirmed MS,? > 1 enhancing lesion on an archival
scan (1992-2018), and a follow-up 7 T MP2RAGE. Table 2
provides demographic and clinical details, collected by experi-
enced research clinicians. Expanded Disability Status Scale

(EDSS)?* and MS Severity Scale (MSSS)?® scores were available
for all cases, Paced Auditory Symbol Addition Test (PASAT,
3-second version) for 19, and Symbol Digit Modality Test
(SDMT, paper-based) for 20. MSSS normalizes EDSS for dis-
ease duration, which has been linked to remyelination
efficiency.?

In vivo MRI was performed on the same 7T MRI
scanner used for the postmortem scans and incorporated the
following sequences: (1) 3D MP2RAGE, providing uniformized,
denoised, T1lw images (“UNIDEN”) and estimated T1 maps:
TR = 6000 ms; TE = 3.02 ms; TI; = 800 ms, TI, = 2700 ms,
FA, = 4° FA, = 5°; acquisition time (AT) = 10 minutes; 224
sagittal slices; 0.7 mm isometric voxels. (2) 2D dual gradient-
echo providing T2*w magnitude and phase images: TR =
1300 ms; TE; = 15 ms; TE, = 32 ms; 25 axial slices; FA =
50°; AT = 8:36; in-plane resolution = 0.2 X 0.2 mm; slice
thickness = 1 mm. Three minimally overlapping slabs covered
most of the supratentorial brain. Phase unwrapping and initial
postprocessing were previously described.”” Figure 1B summa-
rizes the in vivo workflow. Image analysis was conducted in
MIPAV. To allow accurate determination of the age of each
lesion, only lesions demonstrating contrast enhancement on 1
prior scan in the archive, more than 3 months prior to the 7 T
scan, were analyzed. Included lesions needed to be discrete and
visible on 22 contiguous axial slices on postcontrast T1w images,
where they were classified as juxtacortical, periventricular, deep
white matter, or infratentorial, and their pattern of enhancement
was classified as homogenous, nodular, or ring-like. All available
7 T MP2RAGE scans were analyzed. For quantitative analysis of
T1 times, only lesions hypointense to NAWM on unenhanced
7T Tlw images and visible on at =2 contiguous slices were
included. MR images, including T1w with and without contrast,
as well as 7' T MP2RAGE T1 maps and T1w images, were line-
arly registered to the latest 7 T MP2RAGE scan using custom-
ized scripts (MATLAB, The Mathworks). Identified lesions were
manually segmented from all scans. Paramagnetic rim lesion
(PRL) status (present/absent) was based on the T2%*w phase
images.27

1.5 or 3T FLAIR and Tlw sequences were used to
compute total white matter lesion and brain volumes. To
estimate total lesion and brain volumes for the 7T
MP2RAGE scans, we used the closest available 3 T scan, as
long as it was acquired within 6 months of the 7 T. Since the
scans used for volumetric analysis occurred over 16 years,
acquisition parameters varied. T2-FLAIR and Tlw images
were coregistered, and lesion and brain volumes were

FIGURE 1: Schematic outline of key steps in the magnetic resonance imaging (MRI) and histology processing and analysis. Top
panel (A): matching ex vivo MRI with histology. Lesions of interest were identified on ex vivo MRI (A). Based on anatomical
landmarks, each brain slab was then visually matched with the corresponding MRI slice (B), and tissue blocks were excised and
embedded in paraffin. MRI slices were cropped and oriented to best match the corresponding histological section (C). Tissue
samples were processed, stained for myelin (LFB-PAS, Luxol fast blue-periodic acid Schiff) and axons (Bielschowsky's silver
stain), digitized at 10x magnification, and then cropped in a similar fashion (D). Stained sections and MRI were coregistered
using a 2D nonrigid thin-plate spline approach (E). Scale bar: 1 cm. Bottom panel (B): in vivo workflow. Gadolinium-enhancing
lesions were identified on T1-weighted images and confirmed on 3 T FLAIR images. Three tesla images were coregistered with
7 T MP2RAGE images. Hypointense lesions were manually segmented on 3 T T1-weighted images. Finally, lesions were assessed
visually for qualitative classification, and regions of interest were manually delineated for T1 time computation.
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Validation
cohort

66

50 (76%)
16 (24%)
48 (12.5)

0 (0%)

47 (71%)
15 (23%)
4 (6%)
12 (14.7)

21 (32%)
5 (8%)
8 (12%)
8 (12%)

1(1%)

12 (18%)
6 (9%)
3 (5%)
2 (3%)
2 (4)

1.8 (3.8)

50 (17)

49 (19)

NA

NA

17 (32.9)

NA

TABLE 2. In Vivo Cohort: Main Clinical and
Demographic Characteristics
Original
cohort
Participants, n 25
Sex, n (%)
Female 19 (76%)
Male 6 (24%)
Age (years), mean (SD) 39 (9.5)
Clinical phenotype, n (%)
Clinically isolated 2 (8%)
syndrome
Relapsing—remitting 22 (88%)
Secondary progressive 1 (4%)
Primary progressive 0 (0%)
Disease duration (years), 4.5 (8)
median (IQR)
Disease-modifying treatment
Untreated 14 (56%)
Glatiramer acetate 5 (20%)
Interferon beta 4 (16%)
Dimethyl fumarate 1 (4%)
Daclizumab 1 (4%)
Anti-CD20 0 (0%)
Fingolimod 0 (0%)
Teriflunomide 0 (0%)
Natalizumab 0 (0%)
EDSS score, median (IQR) 1.5 (1)
MSSS score, median (IQR) 2 (2.8)
PASAT score, median (IQR) 53 (16)
SDMT score, median (IQR) 54 (16)
# of CEL lesions per scan, 2(3)
median (IQR)
# of scans with CEL per case, 2 (3)
median (IQR)
Total lesion volume (ml), 11.4 (12.5)
median (IQR)
Follow-up time (years), 4.2 (9.8)
median (IQR)
All values except for contrast-enhancing lesions are computed at the
time of 7-tesla scanning.
CEL = contrast enhancing lesion; EDSS = Expanded Disability Sta-
tus Scale; IQR = Interquartile range; MSSS = Multiple Sclerosis
Severity Score; PASAT = Paced Auditory Serial Addition Test;
SDMT = Symbol Digit Modalities Test.
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obtained using Lesion-TOADS.?® Segmentation results were
manually reviewed and corrected.

Because T1 times change with tissue fixation, and classifi-
cation of postmortem lesions identified on 2D images differs
from classification of in vivo lesions identified on 3D images, the
3-group, T1 time-based lesion classification was adjusted for
in vivo application: long-T1 lesions were isointense to CSF,
short-T1 lesions were isointense to cortex, and a heterogenous
group of “mixed-T1” lesions included lesions with well-defined
long-T1 and short-T1 areas as well as lesions with intermediate
signal intensity (higher than cortex but substantially lower than
CSF) throughout. All lesions were classified by a single investiga-
tor (HK). To determine interrater agreement, a subset of
110 lesions was randomly selected, and two raters (MA and
ESB), both neurologists, performed independent lesion classifica-
tions that were then compared with those of HK. To determine
intrarater agreement, HK reanalyzed the same 110 lesions
6 months after the initial rating.

For validation, in a second set of 66 MS cases scanned
with the same protocol, 222 lesions (3—5 per case) were ran-
domly selected on 3D FLAIR images and delineated on
7 T T1-images by HK. The same classification procedures were
applied to categorize the lesions both visually and quantitatively,
using the T1 relaxation time cutoffs from the original cohort.

Statistical Analysis

For clinical variables, descriptive statistics included mean/
standard deviation (SD) for normally distributed data, other-
wise median/interquartile range for data. Normality was inves-
tigated by Shapiro—Wilk testing and visual inspection. A
linear mixed-effects model compared myelin OD, axon OD,
and T1 times across the three lesion groups while accounting
for multiple lesions per case and per slide. Pairwise compari-
sons were Bonferroni-corrected. Linear mixed-effects models
described the relationships between log-transformed myelin
and axon OD and T1 time (the dependent variable). An F-test
was used for pairwise comparisons of variance. Receiver oper-
ating characteristic (ROC) curves assessed the predictive effi-
ciency of T1 time for myelin content and axon loss, and the
optimal cutoff was determined with Youden’s index (J). To
investigate misclassification, outlier observations were identi-
fied as those more than 1.5*interquartile range (IQR) below
the 1%, or 1.5*IQR above the 39 T1 time quartile. Outliers
falling within the corresponding 1.5*IQR range of a different
lesion group were considered as potentially misclassified and
carefully reviewed.

For in vivo lesion classification and characterization, linear
mixed-effects models with lesion-specific random intercepts were
used to account for correlations between lesion measures within
the same participant. Initial models were fit to test potential asso-
ciations of various covariates, including participant age, sex,
enhancing lesion volume, enhancement pattern, lesion location,
and PRL status. To describe predictors of lesion T1 time, models
were also fit with predictors of participant age, disease duration,
normalized gray matter and CSF volume, baseline PASAT,
baseline MSSS, and follow up MSSS (separately). Paired-sample
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t-tests were used to assess differences in lesion T1 time for a sub-
set of participants with more than one 7 T MP2RAGE. Differ-
ences in volume, PRL status, and location among lesions in the
three lesion groups were assessed with analysis of variance
(ANOVA) and chi-squared tests. ROC curves were used to esti-
mate the predictive efficiency of T1 time-based visual classifica-
tion. Intrarater and interrater reliability for the in vivo lesion
classification was computed using Cohen’s kappa (2 raters) and
Kendall’s coefficient of concordance (3 raters). P-values are
reported dirc:ctly.29 Statistical analysis used R (version 1.1.463,
https://cran.r-project.org/) and Prism (version 8.4.3, GraphPad).

Kolb et al: 7T MRI Differentiates Remyelinated from Demyelinated

Results

Forty-six lesions from four MS cases were identified on
postmortem MP2RAGE MRI and included in the patho-
logical study. Seven blocks (10 lesions) were excluded
from further analysis due to partial lesions, failure to locate
lesions identified on postmortem MRI, and/or technical
problems. Based on the absence or presence of a CD68+
inflammatory infiltrate at the lesion border, 35 lesions
were classified as chronic inactive and 1 as chronic active.
The chronic active lesion was fully demyelinated. Of the

A
13
(36%)
[] Remyelinated lesions
|:| Mixed/Partially remyelinated lesions
I Demyelinated lesions
C

True positive (sensitivity %)

0 4 T T T T
0 20 40 60 80 100
False positive (100% - Specificity%)

FIGURE 2: Postmortem 7-tesla T1 mapping is sensitive to both myelination level and axon loss in multiple sclerosis (MS) lesions.
(A) Myelination status of lesions studied in postmortem samples, n (%). (B) Exemplary postmortem MRI and histopathology images
of representative chronic MS lesions from a 78-year-old woman with secondary progressive MS. Ex-vivo 7 T MP2RAGE recapitulates
myelin status in longstanding MS lesions that are fully demyelinated (asterisk), with a “black hole” appearance on T1w images;
partially demyelinated (dashed arrow); and fully remyelinated (arrowheads). Top row: MRl T1 map; second row: corresponding
T1-weighted (T1w) MRI; third row (myelin): Luxol fast blue-periodic acid Schiff (LFB-PAS) stain; fourth row (myelin): Sudan black
(SB) stain; fifth row (myelin): myelin proteolipid protein (PLP) immunohistochemistry; sixth row (axons): Bielschowsky’s silver stain
(Biel). Scale bar: 1 cm. (C) Receiver operating characteristic (ROC) curve demonstrating the sensitivity and specificity of T1 time
cutoffs for differentiating fully demyelinated and fully remyelinated (circles) or severe vs. mild axon loss (stars).
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35 chronic inactive lesions, 13 were fully remyelinated/
shadow plaques, 15 were fully demyelinated, and 7 were
mixed (containing both demyelinated and remyelinated
areas) (Fig 2A). Histological assessment revealed variable
axon loss, most prominent in severely demyelinated
lesions.

Figure 2B shows examples of the MRI and histo-
pathological appearance of representative lesions. In all
lesions, myelin and axon OD were tightly related
(#=0.67, p <0.001). T1 time was longer in demyelinated
(mean 951 ms, SD 181ms) than remyelinated (mean
634, SD 47, p <0.001) or mixed (mean 743, SD 187,
p =0.001) lesions. There was no difference in T1 time
between mixed and fully remyelinated lesions (p =0.34).
T1 time was longer in lesions with severe (mean 982, SD
188) compared to moderate (mean 798, SD
206, p <0.001) or mild (mean 642, SD 57, p <0.001)

axon loss. There was no difference in T1 time between
lesions with moderate and mild axon loss (p = 0.14).

Based on ROC curves, the optimal T1 time thresh-
old for differentiating lesions with complete or partial
remyelination from fully demyelinated lesions was
779 ms, with 94% sensitivity and 95% specificity (AUC
0.94, p < 0.001). For axons, the same cut point of 779 ms
optimally differentiated lesions with mild-to-moderate
axon loss from lesions with severe axon loss, with 100%
sensitivity and 86% specificity (AUC 0.90, p < 0.001)
(Fig 2C).

Visual classification of lesions using 7 T MP2RAGE
T1 maps successfully differentiated remyelinated (OD:
mean 0.23, SD 0.07), partially remyelinated (mean 0.14,
SD 0.05), and severely demyelinated (mean 0.07, SD
0.01) lesions (p < 0.001) (Fig 3A). Whereas OD of the
axon stain was lower in long-T1 (mean 0.21, SD 0.05)
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FIGURE 3: Postmortem 7-tesla T1 mapping more effectively discriminates myelination status than axon loss in remyelinated and
mixed multiple sclerosis lesions but quantifies axon loss in fully demyelinated lesions. (A) Visual classification of ex vivo MRI
clustered lesions into 3 groups with significantly different myelin content. Mean lesion T1 relaxation time, mean myelin stain
optical density (OD), and mean axon stain OD for the three qualitatively assigned lesion groups (horizontal axis). (B) Correlation
of mean T1 relaxation time with myelin and axon stains for the 3 lesion groups. Although well separated from other lesions,
severely demyelinated lesions (low OD) showed a relatively large range of T1 relaxation times, suggesting a floor effect in the
contribution of myelin to T1 time in this lesion group, and a regime in which T1 time is a more effective marker of axon loss.
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than short-T1 (mean 0.38, SD 0.14; p < 0.001) or mixed-
T1 (mean 0.31, SD 0.11, p = 0.004) lesions, there was
no difference between short-T1 and mixed-T1 lesions.
Long-T1 lesions clustered in a relatively narrow
range of myelin OD (mean 0.07, SD 0.01, range 0.05—
0.09) (Fig 3B). In contrast, the ranges of myelin OD for
short and mixed-T1 lesions were substantially larger
(“short-T1”: mean 0.23, SD 0.07, range 0.13-0.41;
“mixed-T1”: mean 0.14, SD 0.46, range 0.08-0.21). The
variance for axon OD (0.0026) was >20-fold larger than
for myelin OD (0.00012) (p < 0.001) in long-T1 lesions,
and the same was true, to a lesser degree, in mixed-T1
lesions (0.012 vs. 0.0021, p = 0.03). There was no appar-
ent difference in the variance between axon and myelin
OD within short-T1 (0.019 vs. 0.0056,
p =0.051). Three lesions met our prespecified outlier

lesions

criteria, of which 2 were reclassified from short-T1 to
mixed-T1 and 1 from mixed-T1 to long-T1. Following
outlier reclassification, there were differences between the
variance of axon and myelin OD for all 3 lesion groups
(short-T1: 0.02 vs. 0.002, p = 0.004; mixed-T1: 0.014 v.
s 0.01, p = 0.006; long-T1: 0.003 vs. 0.0001, p < 0.001).

Twenty-five adults with MS were studied in vivo
(Table 2). After reviewing the natural history database,
78 postcontrast T1w scans, containing 268 gadolinium-
enhancing lesions, were analyzed in detail. On follow-up
7 T MP2RAGE, 36 lesions were not visible, 7 were diffi-
cult to differentiate from surrounding abnormal white
matter, and 10 were confluent at follow-up. Lesions were
confirmed on T2w images (2 scans) or pre- and post-
contrast T1w images (6 scans) when FLAIR images were
not available. Median time interval from lesion formation
to assessment on 7T MP2RAGE was 4.2 years (IQR:
7.9, range: 0.3-25).

Figure 4A shows examples of visual classification of
chronic MS lesions, the characteristics of which were simi-
lar to lesions studied postmortem. Assessed in a randomly
selected subset of 110 lesions, interrater reliability was
substantial (Kendall W, = 0.88, p < 0.001) and intrarater
reliability was excellent (Cohen k = 0.96, p < 0.001). The
three lesion groups differed in mean T1 time (p < 0.001)
(Fig 4B). Separation between short-T1 (mean 1617 ms,
SD 156 ms) and long-T1 (mean 2774, SD 274) lesions
was excellent (p < 0.001), with no overlap of T1 time
between groups.

Based on ROC curves, the optimal T1 time thresh-
old for differentiating short-T1 from mixed-T1 lesions
was 1800 ms (sensitivity 91%, specificity 93%, AUC
0.96, p < 0.001), very similar to the average cortical T1
time of 1844 ms (SD 219 ms). For the mixed-T1 and
short-T1 lesions, the optimal T1 time threshold was
2433 ms (sensitivity 91%, specificity 91%, AUC 0.96,
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2 <0.001), approximately 2.5 SD above the average corti-
cal T1 time. Interrater agreement between the two
methods (visual and quantitative lesion clustering) was
substantial (W, = 0.90, p < 0.001). In a validation cohort
of 222 lesions randomly selected from 66 MS cases
(Table 2), interrater agreement between the visual and
quantitative  lesion  classification  was
(W, = 0.87, p < 0.0001).

On 7 T phase images, 23 (8.6%) of the lesions were
PRL; 11 of these (48%) were long-T1, 11 (48%) mixed-
T1, and 1 (4%) short-T1 (chi-squared test, p < 0.001;
Fig 5A). In the model controlling for covariates, only PRL

very  good

status was associated with T1 time (p < 0.001), though it
did not modify the relationship between T1 lesion group
and T1 time. Thus, the final model included only PRL
status as a covariate and explained 78% (marginal R of
the variance in T1 time (p < 0.001).

For a subset of 80 lesions from 14 patients, two
MP2RAGE 7 T scans were available for analysis (mean inter-
val 1.6, SD 0.4 years). For 67 lesions, classification was
unchanged. Seven short-T1 lesions were no longer identified
on the follow-up 7 T MP2RAGE: 5 lesions were difficult to
differentiate from surrounding abnormal white matter, and
2 small lesions were not clearly visible. The remaining 6 lesions
were all mixed-T1 lesions on the earlier scan, of which 5 were
reclassified as long-T1 and 1 as short-T1 at follow-up.

A higher proportion of subcortical lesions had short
T1. Long-T1 lesions were almost all found in the per-
iventricular or juxtacortical white matter, with very few in
the deep white matter, and mixed-T1 lesions were found
in all supratentorial regions (chi-squared test, p = 0.02,
Fig 5B). Isointense and small hypointense lesions on base-
line Tlw images, corresponding to shorter T1 time,
showed disproportionally more repair, than large
hypointense lesions (chi-squared test, p < 0.001, Fig 5C),
and ring-enhancing lesions were associated with both
mixed-T1 and long-T1 lesion outcomes (p < 0.001). The
total number of enhancing lesions per case did not corre-
late with T1 time and did not differ among the three
lesion groups.

At the participant level, a strong predictor of lesion
T1 was age at the time of lesion formation. For every
10-year increase in age at the time of lesion formation,
there was a 185 ms increase in mean lesion T1 time at
7 T follow-up (p = 0.007), an association that remained
strong after accounting for disease duration and disease-
modifying treatment status (treated vs. untreated). There
was no association between mean T1 time and length of
follow-up or disease duration at time of enhancement or
follow-up. Mean lesion T1 time at follow-up was associ-
ated with proportional gray matter (f= — 179 ms,
p =0.046) and cerebrospinal fluid-space (=318 ms,
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FIGURE 4: (A) Representative examples of the in vivo T1 relaxation time spectrum within MS lesions on high resolution MP2RAGE
MRI at 7 T. Each panel includes T1-weighted images (T1w, left) and quantitative T1 maps (qT1, right), scaled consistently across
panels, and the insets show magnified views. Top row: Long-T1 lesion in the left parietal white matter (arrow) and short-T1 lesion in
the right periventricular white matter (arrowhead). Bottom row: Spatially heterogenous, mixed-T1 juxtacortical lesion in the left
frontal lobe (asterisk) and left opercular subcortical lesion expressing intermediate signal intensity throughout (dashed arrow).
(B) Violin plots showing the distribution of T1 times in the 3 lesion groups in vivo. The solid dot indicates the mean, and the vertical
line the associated standard deviation. [Color figure can be viewed at www.annalsofneurology.org]

» = 0.02) volumes at the time of lesion formation. For
every 10-point decrease in PASAT score at baseline, there
was a 151 ms increase in mean lesion T1 time at follow-
up (p = 0.008). There was no association between mean
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lesion T1 time and any other measure of physical or cog-
nitive disabilicy (MSSS, EDSS, SDMT, 9HPT) at base-
line. MSSS was the only clinical measure at the time of
7 T scanning that was associated with T1 time: each
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FIGURE 5: Small subcortical and periventricular lesions, and lesions that do not develop paramagnetic rims, are more likely to
have T1 times associated with remyelination when evaluated a median of 4.2 years (range: 0.3-25) after lesion formation.
(A) Paramagnetic rim lesions (PRL; n = 23) were nearly always categorized as “long-T1” or “mixed-T1” (chi-squared test,
p < 0.001). (B) Lesion location affects the relative proportions of lesion types (chi-squared test, p = 0.02): long-T1 lesions are
most common in periventricular and juxtacortical regions, whereas short-T1 lesions predominate in subcortical white matter but
are also common in the periventricular region. (C) Histogram of sizes of lesions that were T1-hypointense at the time of
gadolinium enhancement showing that smaller lesions were more likely to evolve into ‘“short-T1” lesions, suggesting
remyelination. Pie chart shows the fate of lesions that were T1-isointense at the time of gadolinium enhancement; only 5 (14%)
of these 42 lesions were in the long-T1 group at follow-up 7 T MRI. [Color figure can be viewed at www.annalsofneurology.org]

72 ms increase in mean lesion T1 time was associated
with a 1-point increase in MSSS (p = 0.02). There was

based on postmortem 7 T T1 time recapitulates histo-
pathologically ~assigned lesion status (remyelinated,

no association between lesion T1 time and any structure
volume or disability score at the time of 7 T scanning.

Discussion

Key findings of this research can be summarized as fol-
lows: (1) myelin strongly determines T1 time in MS
lesions; (2) visual assignment of lesions into three groups
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demyelinated, mixed); (3) a similar in vivo classification
is robust, with high interrater and intrarater reliability,
and may be combined with susceptibility-based MRI to
differentiate chronic active, chronic inactive, and
remyelinated lesions; (4) lesion remyelination may be
predicted on the basis of clinical and radiological factors,
especially patient age at the time of lesion development

and lesion location.
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White matter lesion T1w signal intensity is an important
clinical trial outcome measure in MS, and hypointensity (“black
hole,” defined on 1.5 T spin-echo MRI) is generally taken to
indicate irreversible axon loss.*® However, since the introduc-
don of high-resolution, gradient-echo T1w sequences, it has
become clear that T1w hypointensity is a graded phenomenon;

simple binary classifications are not appropriate.***

Lesion
Characteristics

Prior studies have shown the correlation of myelin
and T1 signal, and proposed T1 relaxation time as a
marker of lesion repair.>> Our results suggest that mye-
lin status is especially relevant at high magnetic field
strength. Considering all lesions, the variance of OD mea-
surements, which quantify staining intensity, was smaller
for myelin than for axons, suggesting a more heterogenous

Patient
Characteristics

I
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) - —t
-

FIGURE 6: Schematic illustrating the lesion and patient characteristics that associate with remyelination in vivo. Younger age,
higher cognitive function, and higher brain volume at the time of lesion formation predict shorter follow-up lesion T1 time a
median of 4.2 years (range: 0.3-25) later. [Color figure can be viewed at www.annalsofneurology.org]
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relationship between axons and T1 time, especially for
remyelinated and mixed lesions. Interestingly, in
demyelinated lesions, myelin OD clustered in a narrow
range, whereas T1 time varied widely, suggesting a floor
effect in myelin’s contribution to T1 time. Thus, the mye-
lin/T1 time relationship may dominate in short-T1/
remyelinated and mixed lesions, and as such may be par-
ticularly useful for monitoring remyelination. On the
other hand, in long-T1 lesions, which are fully
demyelinated, axons (and potentially other factors, such as
gliosis, which was not studied here) may be determinative.
These observations suggest that it may be possible to use
T1 time to identify lesions with better repair potential.
Longitudinal studies, including in the context of clinical
trials of putatively remyelinating drugs, should test this
possibility.

Adapting our postmortem visual lesion classification
to in vivo MRI scans was straightforward, using the cortex
as a suitable reference. Classification performance was
robust in two datasets, recapitulating the postmortem
results and highly consistent with results based on

Short -T1

Mixed-T1

Kolb et al: 7T MRI Differentiates Remyelinated from Demyelinated

quantitative T1 time cutoffs. However, T1 quantification
in individual lesions requires regions of interest or image
segmentation, which is time-consuming, subjective, and
potentially inaccurate. Visual classification, on the other
hand, is quick and amenable to the clinical neuroradiolog-
ical workflow.

Several imaging approaches have been proposed as
remyelination biomarkers, chiefly the semiquantitative
magnetization transfer ratio (MTR).>® MTR shows good
sensitivity but questionable specificity for myelin and is
limited by suboptimal signal-to-noise ratio and sensitivity
to acquisition parameters and field inhomogeneities. An
advantage of MP2RAGE is that it generates high-quality
images that allow lesion identification and delineation
without additional dedicated acquisition. Direct compari-
son of the two methods with respect to quantification at
clinical field strengths was beyond the scope of this study.

To understand determinants of lesion remyelination
in vivo, we queried our long-term natural history database
to identify cases where age of individual lesions later stud-
ied at 7T could be reliably defined on the basis of

Long-T1
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FIGURE 7: 7 T T1 mapping and susceptibility-based (phase) MRI allow noninvasive classification of most chronic white matter MS
lesions: lesions with uniformly long T1 (relative to cortex) may be chronic active (paramagnetic rim) or chronic inactive
(no paramagnetic rim), whereas lesions with uniformly short T1 (similar to or shorter than cortex) suggest remyelination. Mixed-T1
lesions are more difficult to classify and may contain elements of all three pathological lesion types.
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gadolinium enhancement. We then extracted clinical and
radiological variables at the time of lesion development
and assessed their contribution to lesion outcomes (Fig 6).
Large lesions with ring enhancement had poor long-term
repair and fell into the long-T1 group.’” This is consistent
with our prior work, which showed that larger, centripe-
tally enhancing lesions were more likely to evolve into
chronic active lesions, in which remyelination is
impaired.”® On the other hand, smaller lesions and those
that were isointense to white matter at the time of lesion
enhancement appear to remyelinate more effectively, also
consistent with prior work.>’ Additionally, some anatomi-
cal locations may favor remyelination more than others. Sub-
cortical lesions were more likely to evolve into short-T1/
remyelinated lesions, whereas juxtacortical and periventricular
lesions were more likely to be long-T1/demyelinated lesions.
This comports with published human pathological stud-
ies'®* and the notion that periventricular lesions are less
amenable to remyelination.*!

At the patient level, lesions forming at an older age
were more likely to evolve into long-T1/demyelinated
lesions, consistent with our prior work® and with preclinical
studies demonstrating that remyelination efficiency declines
with age, similar to other regenerative processes.*> Because
remyelination mainly occurs within the first few months after
lesion formation, age at the time of the acute insult seems
critical and highlights the importance of early treatment. We
also found that baseline cognitive impairment and higher
brain atrophy predicted unfavorable lesion outcomes. Since
cognitive impairment is consistently found to correlate with

- 43,44
brain atrophy,™”

our observation may be interpreted as
suggesting that newly formed lesions in patients with lower
cognitive performance are less likely to remyelinate, possibly
because of preexisting substantial axonal loss.

Predictably, PRL, which correspond to chronic

. . 4
active lesions,>*

were almost exclusively classified as long-
T1 or mixed-T1. This is consistent with previous reports,
which showed the destructive nature of these lesions and
noted their association with long T1 times.>®4%% Our
results imply that the combination of 7 T T1 mapping
with MP2RAGE and PRL detection with susceptibility-
based MRI allows in vivo classification of most white mat-
ter lesions into the broad categories of chronic active,
chronic inactive, and remyelinated lesions (Fig 7).
Limitations. Our postmortem study included four
brains with a limited number of lesions from each group
available for analysis, but those lesions included examples
of MS lesion pathology described in the literature. Our
in vivo study was performed in a research institution as
part of natural history protocol, and as such may be
affected by referral and enrollment biases that are common

in this setting; thus, generalization awaits population-
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based studies. Similarly, the long follow-up of individual
lesions means that measurement of some of our predictors
used heterogeneous MRI methodology, and we did not
attempt to correct for such variation. Additionally, one
investigator (HK) analyzed both in vivo and histopatho-
logical data, but risk of unblinding was mitigated by a gap
of at least 6 months between these analyses.

Prospective studies are needed to validate the predic-
tors of remyelination we have identified and to determine
the association with mediators of disability not explored
here, including cortical, infratentorial, and spinal cord
lesions. It will also be important to characterize individuals
according to the relative proportion of different lesion
types and to assess their medium- and long-term clinical
and radiological progression.

To conclude, we propose a straightforward approach
for estimating tissue repair and remyelination in chronic MS
lesions. Our results suggest that a qualitative classification of
lesions on MP2RAGE T1 maps may be combined with
susceptibility-based MRI into a useful way to characterize
MS lesions, identify individuals at risk for worse outcomes,
and potentially stratify (and even track) participants in clini-
cal trials for remyelination. Extension of the results to 3 T
MRI systems that are far more prevalent in clinical practice
will be an important next step.
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