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Abstract

Background and Objectives

Key findings in people with multiple sclerosis (MS) with progressive motor disability are spinal
cord (SC) atrophy signifying irreversible axonal loss and SC demyelinated lesions. This study
aimed to identify neurodegenerative changes and assess the clinical impact and pathologic
characteristics of SC lesions.

Methods

A cross-sectional study was performed using postmortem cervical cord segments from the
Cleveland Clinic MS Rapid Autopsy Program. Inclusion included proximity to our center,
absence of transmissible infections, and lack of prolonged hypoxia. In situ MRIs were per-
formed before tissue removal and fixation followed by 7T MRI and immunohistochemistry.
Quantitative T2* relaxation times were correlated with myelin, axons, and activated microglia/
macrophages (major histocompatibility complex II [MHCII]) using Tukey comparison of
means and a linear mixed-effects model; T2* was correlated with clinical disease characteristics
using Wilcoxon rank sum.

Results

The study included 40 MS cases (median age 58, female 55%) and 9 controls (median age 69,
female 89%). A T2* threshold reliably discriminated demyelination (accuracy 89.7%, sensitivity
95.5%, and specificity 87.0%). Myelin content (95% CI —0.82 to —0.58, estimate —0.70) was the
only significant predictor of T2 T2* hyperintensities within the segments ranged from 0% to
100% (median 33.6, interquartile range 12.9-64.3) with only 57.1% demyelinated. T2*-hy-
perintense/myelinated regions had increased T2* relaxation time (19.2 ms, 95% CI19.97-28.4),
reduced myelin content (-8.3%, 95% CI —12.1 to —4.4), increased MHCII (3.6%, 95% CI
0.45-6.7), reduced axonal counts (-349.8, 95% CI —565.4 to —134.1), and increased axonal
area (2.0 ym?, 95% CI 1.0-3.1) compared with normal-appearing MRI regions. These regions
occurred adjacent to T2*-hyperintense/demyelinated lesions (periplaque) or along tracts
(tract-based). 7T postmortem T2* hyperintensities were subtle on clinical 1.5T axial T2, and
only 43% were detected sagittally. T2*-hyperintense/demyelinated lesions correlated with
Expanded Disability Status Scale (EDSS) (rho = 0.61, p < 0.0001) and upper cervical cord area
(rho = -0.64, p < 0.0001) while T2*-hyperintense/myelinated regions did not.

Discussion

Thresholding 7T T2* postmortem MRI can effectively discriminate demyelinated lesions
which correlate with clinical disability and cord atrophy. T2*-hyperintense/myelinated regions
exhibit myelin and axonal pathology in periplaque or tract-based distributions suggestive of
neurodegeneration. Limitations include sampling of 2-cm of SC across participants making
conclusions about proximal and distal pathology difficult.
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Glossary

DAB = diaminobenzidine; EDSS = Expanded Disability Status Scale; FA = flip angle; GM = gray matter; IHC =
immunohistochemistry; IQR = interquartile range; MHCII = major histocompatibility complex II; MS = multiple sclerosis;
NAWM = normal-appearing white matter; PLP = proteolipid protein; ROC = receiver operating characteristic; ROI = regions
of interest; SC = spinal cord; TE = echo time; TR = repetition time; UCCA = upper cervical cord area; WM = white matter.

Introduction

Although highly efficacious disease modifying therapies in
multiple sclerosis (MS) can prevent clinical relapses/
inflammatory disease activity, most disability accumulation
occurs independent of relapses.* Spinal cord (SC) involvement
is a predictor for patients at risk for or those who have already
developed a progressive disease course and contributes to lower
extremity impairment, bladder/bowel dysfunction, sexual dys-
function, and altered sensation.>* These manifestations often
appear insidiously in progressive disease, without a defined re-
lapse or detectable interval change on clinical MRIs.

Studies investigating MRI-based detection of SC MRI T2
hyperintensities and atrophy point to the significant contribu-
tion of these factors to clinical disability;”6 Some individuals have
asymptomatic SC involvement or experience near-complete re-
covery after a SC clinical relapse. Others experience a progressive
decline culminating with severe disability, even from a solitary
lesion, particularly when involving the lateral corticospinal tract.””

SC atrophy is more strongly associated with clinical disability
than T2 hyperintensities alone and is predictive of a pro-
gressive disease course.'”'" Focal atrophy at the site of lateral
cord hyperintensities (termed “critical”) is more common in
progressive MS and is associated with unilateral motor pro-
gression, likely because of loss of corticospinal tract axons.>!?

Some limitations with clinical SC imaging include greater dis-
tance from the tissue to the coil (including bone/fat), motion
artifact, field-strength, and resolution. Improvements have in-
cluded long axial coverage of the SC to increase detection of
T2-hyperintensities by 150% and 3D gradient echo."*"> While
current imaging consensus recommendations do not favor 3T
over 1.5T for MS diagnosis, 7T detects 52% more white matter
(WM) cord hyperintensities per case than 3T because of re-
duced partial volume effects and improved contrast-to-noise
ratio.'* ' High-field MRI (4.7T/7T) with high image resolu-
tion in excised postmortem SC segments have identified areas
with variable T2 or proton density signal intensity (in-
termediate or high) correlating with myelin density and char-
acterized as partially or totally demyelinated.w’23 Axonal
content shows weaker MRI correlation than myelin density,
likely due to reduced axonal density in both normal-appearing
and demyelinated regions compared with controls.****>°

Owing to the late appearance of cord atrophy after axonal loss,
and limitations with clinical imaging, we aimed to better
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characterize SC MRI pathology to identify neurodegenerative
changes. We hypothesized combining 7T MRI with immuno-
histochemistry (IHC) would detect heterogeneous cord pa-
thology not apparent with clinical in vivo imaging or with
pathologic analysis alone. Our objectives were to evaluate the
(1) effectiveness of 7T MRI in discriminating heterogeneity of
SC pathology characterized by IHC, (2) relationship of distinct
SC hyperintensities with clinical disease characteristics, and (3)
differences between clinical and postmortem SC MRIs scans.

Methods

Postmortem Program

SC tissue was obtained from the Cleveland Clinic MS Rapid
Autopsy Program.”” Inclusion criteria include a diagnosis of
MS, proximity within 75 miles of the center, and ability to
obtain a postmortem MRI within 6 hours of death. Exclusion
criteria include prolonged hypoxia or greater than 72 hours of
mechanical ventilation, recent CNS infection, HIV, or hepa-
titis B/C. After a postmortem in situ MR, the brain and SC
are removed and fixed. The MS brain/SC donation program
is approved by the Cleveland Clinic Institutional Review
Board, and informed consent was obtained either from
patients before their death or by their next of kin after death.>’
Electronic medical records for cases used in the study were
reviewed to abstract demographic information and clinical
disease characteristics including disability, disease course, and
disease modifying treatment history. eFigure 1 in the Sup-
plement provides an overview of the number of MS cases used
for MRI and immunohistochemistry in the study.

Nine controls without MS or known SC pathology were also
used to characterize axonal and microglial/macrophage pa-
thology; details in the Supplement.

Postmortem in Situ MRI Acquisition

and Analysis

Postmortem in situ brain imaging was performed on 1.5 or 3-
tesla (T) MRI with T1-weighted 3D Magnetization Prepared
Rapid Acquisition of Gradient Echo, T2-weighted image,
fluid-attenuated inversion recovery, and paired proton
density-weighted images with and without magnetization
transfer pulse.”” Volumes of T1 hypointensities and T2
hyperintensities were calculated using a semiautomated
technique as previously described.”® Volumetric measures of
brain structures were completed after filling T1 hypo-
intensities. Brain parenchymal, gray matter (GM) WM
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fractions were obtained using Statistical Parametric Map-
ping.” Upper cervical cord area (UCCA) was measured with
in-house atlas-based segmentation. Cases with poor image
quality (e.g., temperature effects) or coverage (upper cervical
cord) were excluded from analysis; number of cases for each
measure are provided in Table.

Postmortem in situ cervical spine imaging was performed in 11
cases on a 3T Siemens Prisma with axial T2*-Multiple Echo
Data Image Combination (T2*-MEDIC) (T2% 0.35 x 0.35 x

Table Demographics, MS Clinical Disease Characteristics,
and MRI Measures

Demographics and disease characteristics, n = 40

Age, median (IQR) 58.0(19.8)
Female sex (%) 22 (55.0)
Race/ethnicity (%)
White, non-Hispanic 35(90.0)
White, Hispanic 1(2.5)
Black 4(10.0)
EDSS, median (IQR) 7.0(1.6)
Disease duration, median (IQR) 19.5(18.5)
Disease course (%)
Secondary progressive 28 (70.0)
Primary progressive 7(17.5)
Relapsing remitting 5(12.5)
Disease-modifying therapy (within 3 y of death) (%)
None 18 (45)
Interferon beta 1a/1b 8 (20)
Unknown 5(12.5)
Methotrexate 4(10)
Glatiramer acetate 2(5)
Dimethylfumarate 1(2.5)
Natalizumab 1(2.5)
Ocrelizumab 1(2.5)
Postmortem in situ measures from brain MRI Median (IQR)
Brain parenchymal fraction, n = 36 0.79 (0.10)
T2-hyperintensity volume (cm3®),n=36 55.5(62.7)
T1-hypointensity volume (cm3®),n=36 19.7 (18.6)
T2T1MTR volume (cm?), n = 32 14.4 (11.8)
Upper cervical cord area (mm?), n=35 70.8 (19.7)

Abbreviations: EDSS = Expanded Disability Status Scale; IQR = interquartile
range; MS = multiple sclerosis; MTR = magnetization transfer ratio; T2TTMTR
= hyperintense on T2, hypointense on T1, low on magnetization transfer
ratio (MTR).
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1.5 mm, echo time [TE] 8.6 ms, repetition time [TR] 1240 ms,
flip angle [FA] 30°, averages 2), sagittal T2-weighted (0.6 x 0.
6 x 3.3 mm, TE 83 ms, TR 4000 ms, FA 160°, averages 2).

SC Segment Selection and Postmortem Ex Vivo
7T Imaging

SCs were removed as previously described”’; gross exami-
nation was conducted to document the location of the cervical
enlargement. Alternate 2 cm segments were fixed in 4%
paraformaldehyde in scintillation vials or flash-frozen at the
time of autopsy. The following day, the specimens were
placed into fresh 4% paraformaldehyde. Three days after au-
topsy, the specimens were rinsed in 0.4M Sorenson’s phos-
phate buffer and placed in cryoprotection solution (20%
glycerol, 80mM Sorenson’s buffer, and 0.02% sodium azide in
MilliQ water). The cervicothoracic junction was an identifi-
able landmark to select a fixed segment rostrally for MRI-
pathology correlations. A custom 3D-printed holder retained
each specimen while imaging in a Bruker Biospec 7T scanner
with a 23 mm coil. Sequences included T2*-weighted multiple
gradient echo (T2*); 0.100 x 0.100 x 0.800 mm, TE = 4.8 ms,
echo spacing S ms, 8 echoes, TR 2225 ms, FA 50, averages 2,
acquisition time 14 minutes, up to 32 slices acquired, and
T2-Turbo-Rapid Acquisition with Relaxation Enhancement
(T2; 0.100 x 0.100 x 0.800 mm, TE 33 ms, TR 3370 ms,
averages 6, acquisition 10 minutes). T2* hyperintensities in
each of the ~ 2 cm lower cervical cord SC segments were
manually segmented by 2 raters by consensus to obtain the
mean cord area, cord volume, T2*-hyperintensity volume,
and WM fraction.

Seven cases had 1.5T cervical SC MRI acquired clinically
before death.

T2* of non-MS controls could not be compared with MS
because they were imaged using a different 3D printed holder
and MRI coil.

Postmortem SC MRI

T2*-Hyperintensity Segmentation

FSLView (v3.2.0) was used to label MRI regions of
interests (ROIs) on the T2* slice corresponding to the
myelin (proteolipid protein [PLP]) stained tissue section:
T2* normal-appearing on MRI—myelinated on PLP, T2*
hyperintense on MRI—myelinated on PLP, or T2* hy-
perintense on MRI—demyelinated on PLP.** Quantitative
T2* values for the regions were derived from the multiple
gradient echoes as a monoexponential decay.

Immunohistochemistry of SC Sections

SC was dissected in the region corresponding with T2*
hyperintensities and cut using a sliding microtome to 30-um
thick sections. Segments without T2* hyperintensities had ~
0.5 cm of either end removed for sectioning and character-
ization. IHC techniques for 3,3’-diaminobenzidine (DAB)
staining of 30 pm free-floating sections were as described
previously and included eMethods in the Supplement.’
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Based on myelin staining, ROIs were identified in normal-
appearing and demyelinated WM/GM; additional ROIs in
myelinated areas that were T2* hyperintense were added
after reviewing both myelin and MRI images conjunctively:
(1) normal-appearing—myelinated (normal-appearing white
matter [NAWM]/normal-appearing GM), (2) T2*-hyperin-
tense/myelinated (termed “intermediate”), and (3) T2*-hy-
perintense/demyelinated. Each ROI was imaged at 20X in
DAB-stained sections to quantify percent area occupied by
myelin, axons, and microglia/macrophages. To quantify ax-
onal size and counts, 3 images per ROI were captured at 40X
in DAB sections; 110 locations-regions (e.g., ventral, dorsal,
and lateral locations/NAWM, intermediate, demyelinated
regions) across 28 MS cases were suitable for analysis. Three
images at 40X were also analyzed in the same region of 9
control cases as MS (ventral). Cases were excluded if axons
were cut obliquely in the plane of sectioning, tissue was torn,
or staining artifacts existed rendering images unsuitable for
analysis. Images were analyzed using a custom script using
NIH Fiji.*”

Confocal microscopy was conducted on SC segments with
a Zeiss confocal laser scanning microscope 800 at 63X (1.4
aperture) with secondary antibodies Alexa-Fluor goat anti-
mouse 488 A11029 and goat anti-rat 594 A11007 (Life
Technologies Corporation, Eugene, OR) from 4 cases that
contained all 3 ROIs (NAWM, intermediate, demyelinated)
on the same section. A Z-stack of three 63X fields were im-
aged per ROI; representative images shown.

To evaluate the association of microglia with myelinated
axons within an intermediate region, a SC segment with an
identified intermediate region was sectioned longitudinally,
stained for myelin and microglia/macrophages, and imaged
using confocal microscopy.

Statistical Methods

Statistical analysis was performed using R Statistical Software
(RStudio 2024.09.0 + 375/R 4.4.1).** Tukey honestly sig-
nificant difference for multiple comparisons of means was
used to compare normal-appearing, intermediate, and
demyelinated regions within MS WM and GM independently
for T2*, percent occupied by PLP, SMI312, major histo-
compatibility complex II (MHCII), axonal size and counts. A
linear mixed effects model was used to describe T2* with PLP,
SMI312, and MHCII as fixed effects and the case as a random
effect. As the postmortem cohort was overall older with
greater disability, the Wilcoxon rank-sum test was used to
evaluate differences in disease characteristics and MRI brain
measures with extremes in the percentage of cord segment
containing MRI hyperintensities, age, and EDSS. Wilcoxon
rank sum was also used to (1) compare axonal measures
between the same anatomical location across regions (e.g.,
ventral intermediate vs ventral NAWM); (2) percent area
occupied by microglia between MS and control; and (3) ax-
onal measures between MS and control; data in eAppendix 1
in the Supplement.
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Data Availability

Deidentified data that support the findings of this study are
available from the corresponding author on reasonable re-
quest by qualified researchers whose proposal of data use has
been approved by an independent review committee after
publication of this article and up to 4 years after publication.
Datasets include demographics, clinical disease character-
istics, immunohistochemistry, MRI measures, and statistical
code used for analysis.

Results

Demographics, Disease Characteristics, and in
Situ MRI Measures

Demographics, disability measured by EDSS, MS disease
course before death, disease-modifying therapies used within
3 years of death, and in situ brain MRIs were obtained im-
mediately after death for the 40 cases used for MRI-pathology
correlations (Table). The cohort median age was S8 years,
White non-Hispanic (90%), female (55%), with a long disease
duration (median 19.5 years), progressive disease course
(87.5%), and severe disability requiring a wheelchair (median
EDSS 7.0). Most cases were either on low efficacy (35%) or
no treatment (45%) within 3 years of death.

Overview and Comparison of Lesions Between
1.5T Clinical, 3T Postmortem in Situ, and 7T

Ex Vivo MRI

Figure 1 demonstrates an overview of the cervical SC in vivo
(Figure 1, A and B), postmortem in situ (Figure 1, C and D),
selection of a cervical SC segments for imaging (Figure 1, E
and F), 7T postmortem imaging (Figure 1G), and IHC to
identify demyelination (Figure 1, J-L). T2* hyperintensities
were thresholded after performing receiver operator curve
analysis (ROC: Figure 2) corresponding to demyelination;
outlined thresholded regions in Figure 1H and 3-dimen-
sional (3D; MRIcroGL 1.2.20220720) rendering in red
(Figure 11).>* Seven cases who had postmortem 7T fixed SC
segment WM T2 hyperintensities also had clinical cervical
spine MRIs available. A demyelinated lateral cord lesion
(Figure 1J) is faintly apparent on postmortem axial in situ 3T
(Figure 1D) and clinical 1.5T (Figure 1B). The T2*hyper-
intense/myelinated (intermediate) region on the contralat-
eral side is not. Neither regions are perceptible on sagittal
planes (Figure 1, A and C). To identify whether postmortem
7T MRI could identify these regions more conspicuously than
clinical imaging, we compared 7T with a clinical 1.5T scan
which could have been prone to motion artifact and a 3T
postmortem in situ scan. WM hyperintensities identified on
postmortem 7T T2* were conspicuous on clinical 1.5T in 3/7
(42.9%) cases on sagittal short tau inversion recovery and 7/7
on axial T2. Altogether, postmortem 7T MRI identified WM
T2* hyperintensities, corresponding to demyelination, more
conspicuously than clinical 1.5T and postmortem 3T scans,
with the lesions being visible on axial but not sagittal planes in
most cases.

Neurology.org/N

€210259(4)


http://neurology.org/n

Figure 1 Overview of In Vivo, In Situ, and Postmortem MRI; Immunohistochemistry; and MRI Analysis

Rostral

In some cases, a clinical 1.5T (A sagittal, B axial) and postmortem in situ 3T (C, D) cervical spine MRIs were available. Representative autopsy photograph of the
postmortem spinal cord with a right lateral cord plaque visible grossly (E; black scale bar 2 cm) with the caudal end of the lesion 6.5 cm distal from cervical level
1(C1). Afixed cord segment (~2 cm) was selected at the site of the cervical enlargement for postmortem 7T MRI; 3D-printed spinal cord segment holder (F).
T2-weighted 7T MRI of a cord segment (G). Based on myelin staining, ROIs were identified in normal-appearing and demyelinated white and gray matter;
additional ROIs in myelinated regions that were T2* hyperintense were added after reviewing both myelin and MRl images conjunctively (H). A 3D rendering
of T2* hyperintensities above the T2* threshold for demyelination are depicted in red; the right lateral cord lesion is labeled (I). Immunohistochemistry (IHC)
using 3',3'-diaminobenzidine (DAB) of myelin (proteolipid protein; PLP, J-L), and activated microglia/macrophages (major histocompatibility complex II), MHCII
(M). Demyelinated and myelinated hyperintense regions stained for myelin are shown in (K) and (L), respectively. The right lateral cord lesion is apparent on
axial (B, D) but not sagittal T2 (A, C); yellow vertical scale bar in “A” denotes location of right lateral cord lesion observed grossly and with postmortem imaging
and IHC. The demyelinated right lateral cord lesion is hyperintense on postmortem 7T MRI (G, H) and is slightly perceptible on in vivo axial 1.5T (B) and
postmortem axial in situ 3T (D). The myelinated region in the left lateral cord is T2-hyperintense on postmortem 7T MRI (G, H) but is not visible on axial or
sagittal postmortem in situ or clinical cervical spine imaging (A-D). Both myelinated and demyelinated cord regions exhibit increased MHCII (M). [HC =

immunohistochemistry; ROC = receiver operating characteristic.

Cervical Cord MRI T2* Hyperintensities Are
Variable and Extensive

The percentage of the segment that was T2* hyperintense
ranged from 0% to 100% (median 33.6, interquartile range
[IQR] 12.9-64.3). eFigure 2 in the Supplement demonstrates
variability of hyperintense regions across 2 cases. We observed
that while some T2* hyperintensities on MRI corresponded
with demyelination (eFigure 2B; red dots), others appeared
myelinated or had decreased myelin content compared with
normal-appearing WM/GM (eFigure 2B; yellow asterisks).
Opverall, the extent of T2*-hyperintense regions varied widely
across segments, with some regions corresponding to de-
myelination and others showing preserved or reduced myelin
content.

Identifying SC Demyelination Using 7T
Postmortem MRI

To determine whether T2* measures can discriminate be-
tween a binary classification of myelinated (normal-appearing
and intermediate) and demyelinated regions, we performed
receiver operating characteristic (ROC) analysis and de-
termined a T2* cutpoint of 47.0 ms above which discrimi-
nated WM demyelination with accuracy 89.7%, sensitivity

Neurology.org/N

95.5%, and specificity 87.0% in the WM (Figure 2, A and B
left). Similar analysis in the GM was performed with a cut-
point of 44.6 ms, accuracy 84.3%, sensitivity 76.2%, and
specificity 90% (Figure 2, A and B right).

SC T2* hyperintensities were automatically segmented using
the higher T2* cutpoint of 47.0 ms (for WM demyelination)
and correlated with manually segmented T2* hyperintensities
(rho = 0.59, p = 0.0008). The percentage of the cord hyper-
intense above a T2* cutpoint of 47.0 ms was lower (median
9.0%, IQR 28.8%, range 0.19%-82.8%), representing a subset
of the total manual hyperintensity mask, by sparing regions that
were subtly T2* hyperintense but myelinated (intermediate;
eFigure 2B yellow asterisk vs red dots and eFigure 2C).

The WM T2* hyperintensity mask for each cord segment was
subclassified by the T2* relaxation time that was above (T2*
hyperintense/demyelinated) or below (T2*hyperintense/
myelinated; intermediate) the cutpoint (47 ms). The distri-
bution of T2*hyperintensity thresholded as myelinated or
demyelinated varied across cases (Figure 2C). Figure 3, A and
D, demonstrate a representative cord segment with putative
T2*hyperintense/myelinated (green) and T2*-hyperintense/
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Figure 2 Discriminating Spinal Cord MRI Hyperintensities With Pathologic Characterization
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(A) Receiver operating characteristic (ROC) analysis plotting sensitivity (true positive rate [TPR]) vs 1-specificity (false-positive rate [FPR]) for WM and G. (B) The
optimal cutpoint from ROC analysis was a T2* of 47.0 ms to discriminate demyelinated lesions vs myelinated regions (including both NAWM and intermediate
WM regions) by immunohistochemistry for myelin for WM and 44.6 ms for GM. (C) A T2* threshold was used to subclassify WM T2* hyperintensities into
a putative T2*-hyperintensity/myelinated (intermediate) and T2*-hyperintense/demyelinated masks. A stacked and rank-ordered bar plot of the percentage
of each cord segment that was T2*-hyperintense in the WM is shown. GM = gray matter; NAWM = normal-appearing white matter; WM = white matter.

demyelinated (red) regions in 3D (Figure 3D).>* The dorsal
cord has a subtle T2*-hyperintensity (intermediate) extending
throughout the cord segment, is myelinated (Figure 3, B and
F), and has increased microglia/macrophage content relative
to NAWM (Figure 3E). The lateral cord hyperintense (red)
region is demyelinated (Figure 3, B and C) with increased
microglia/macrophages (Figure 3E) in the periplaque WM
(blue arrowhead) with reduced myelin density and within
the demyelinated GM. T2* measures from 7T postmortem
MRI accurately distinguish myelinated and demyelinated SC
regions.

7T MRI-Immunohistochemistry Correlates of
SC Regions

Initially MRI T2* regions were identified as myelinated or
demyelinated based on myelin staining of the respective MRI
slice/THC tissue section. Later, regions noted to be myelin-
ated (by PLP) but appeared abnormal on T2* were classified
as T2*-hyperintense/myelinated regions while T2 regions
that were demyelinated were classified as T2*-hyperintense/
demyelinated. We obtained quantitative T2* in each of these
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regions along with the percentage of area occupied by myelin,
activated microglia/macrophage, and axonal staining
(Figure 4, A-D). Demyelinated WM and GM regions ex-
pectedly had greater T2* intensity and lower myelin content
(Figure 4A). T2*-hyperintense/myelinated regions (in-
termediate) had T2* and myelin measures between NAWM
and demyelinated regions (Figure 4, A and B). Intermediate
regions also had more activated microglia/macrophages than
normal-appearing and demyelinated regions (Figure 4C).
Total area occupied by staining for axons did not vary be-
tween the groups; axonal size and counts described below
however did vary (Figure 4D). Only myelin content (95%
CI -0.82 to —0.58, estimate —0.70) was a significant predictor
of T2* when including myelin, activated microglia/
macrophage, and axonal measures in a linear mixed effects
model; for every 0.70 ms increase in WM T2* relaxation time,
the area occupied by PLP decreased by 1%. GM regions fol-
lowed similar trends. Collectively, T2* intensity was highest in
demyelinated regions with myelin content being the strongest
predictor of T2* values, while intermediate regions also
exhibited increased microglia/macrophage activity.

Neurology.org/N
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Figure 3 Periplaque and Tract-Based Distribution of Intermediate Regions
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Representative images of MRI and IHC from a cervical spinal cord segment. Putative subtypes of regions are denoted by red (T2*-hyperintense/demyeli-
nated), green (T2*-hyperintense/myelinated, intermediate), and black (NAWM) dots. (A) lateral demyelinated intermediate lesions are evident. (B) Lateral
hyperintensity is demyelinated while the dorsal region is myelinated. (C) Myelin is reduced adjacent to the lateral demyelinated lesion at higher magnification
(blue arrowhead). (D) 3D rendering of putative T2*-hyperintense myelinated and demyelinated regions along the 2 cm cord segment derived from the T2*
threshold; dashed line corresponds to the location of the MRI and IHC slice. Intermediate regions follow the dorsal gracile fasciculus or are adjacent to
demyelinated lesion (periplaque; blue arrowhead). (E) The gracile fasciculus and periplaque region have increased microglia/macrophages and is myelinated

(F). IHC =
PLP = proteolipid protein (myelin).

immunohistochemistry; MHCII = major histocompatibility complex Il (activated microglia/macrophages); NAWM = normal-appearing white matter;

Axonal Characteristics of T2*-Hyperintense/
Myelinated (Intermediate) Regions

Confocal microscopy was performed to visualize whether
regions with decreased myelin content had demyelinated
axons or other axonal pathology. Figure S shows images from
NAWM, intermediate WM, and demyelinated WM (left to
right, respectively). We observed axons within intermediate
regions were myelinated. The inset in Figure 5 demonstrates
an intermediate region with a myelinated axon (white ar-
rowhead), mostly demyelinated axon (cyan arrowhead) and
a myelin sheath without an axon (yellow arrowhead).

Axonal size and counts (Figure 5) were measured using DAB
free-floating sections. Axonal size was increased in in-
termediate (7.99 + 2.01 y.mz) and demyelinated (8.24 +
2.29 y.mz) regions compared with NAWM (5.96 + 1.31 y.mz) ;
all p < 0.001; details across different anatomical SC locations
in eTables 1 and 2 in the Supplement.

In aggregate, intermediate regions exhibited signs of neuro-
degeneration with increased axonal size and reduced axonal
counts compared with NAWM.

Clinical and in Situ MRI Brain Correlations of
Cord Segment Pathology

Because cord atrophy and T2 hyperintensities have been
previously shown to correlate with clinical disability and risk
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of progression, we evaluated the relationship of SC segment
MRI T2* hyperintensity burden, age, EDSS, disease duration,

. 5,10,12
and MRI brain measures.”

The total T2* hyperintensity burden was used to compare the
first quartile (0-25th percentile) (lower T2* hyperintensity
burden; n = 10; median percentage cord segment with a T2*
hyperintensity 4.9% [IQR 6.4%]) and 4th quartile
(75th—100th percentile) (higher T2* hyperintensity burden;
n = 10; 87.6% [17.6]). Only age (61.0 [IQR 13.3] vs 43.0
[15.5] years; p = 0.02) was significantly different. Similarly,
the youngest cases (first quartile; age; n = 10) in the cohort
(38.5 [5.8] vs 71.0 [6.8] years) had higher cord segment T2*
hyperintensity burden (66.2% [34.7] vs 20.7% [26.8]; p =
0.005) than the oldest cases (fourth quartile, n = 10).

Cases with the greatest disability [80th-100th percentile, n =
9; EDSS 9.0 (0.5)] had greater T2* hyperintensity burden
(85.2% (38.8) vs 16.6% (14.0), p < 0.001], brain T2LV (112.3
[42.6] vs 24.8 [16.8] cm®, p = 0.008), TILV (35.7 [8.6] vs
12.8 [6.7] em’, p = 0.008), and hyperintense on T2, hypo-
intense on T1, low on magnetization transfer ratio LV (22.6
[24.2] vs 10.7 [6.1] cm?, p = 0.01) compared with those with
the least disability (0-20th percentile, n = 9, EDSS 4.0 [3.0]).

We next sought to determine whether the effect of T2*
hyperintensity burden on disability and cord atrophy varied
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Figure 4 Pathologic Correlates of Intermediate Regions
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White matter (WM) and gray matter (GM) regions were characterized by (A) T2* measures, (B) myelin (PLP, proteolipid protein), (C) activated microglia/
macrophages (MHCII, major histocompatibility complex I1), and (D) axons/dendrites (SMI312) in each respective region of interest. Each spinal cord segment
varied on the presence of NAWM, intermediate, or demyelinated regions. Tukey HSD was used to compare groups within WM/GM; *p < 0.05, **p < 0.005,
**¥%p < 0.0005, NS—not significant. D_GM = demyelinated GM; D_WM = demyelinated WM; |_GM = intermediate GM; |_WM = intermediate WM; NAGM =

normal-appearing GM; NAWM = normal-appearing WM.

based on the T2* intensity based on our T2* threshold for
demyelination. EDSS correlated modestly with the total T2*
hyperintensity burden within the cord segment (Spearman
tho = 0.48, p = 0.001) and better with the putative T2*-
hyperintense/demyelinated lesion burden (rho = 0.61, p <
0.0001); intermediate regions did not correlate (rho = 0.24,
p = 0.14). Similarly, UCCA obtained from the postmortem
in situ MRI brain correlated modestly with total T2*
hyperintensity burden within the cord segment (rho = —0.46,
p = 0.006) but best with the putative T2*-hyperintense/
demyelinated lesion burden (rho = -0.64, p < 0.0001); the
intermediate regions did not correlate (rho = —0.19, p = 0.28).

Because individuals with MS can have lesions present in the
brain and SC proportionately or disproportionately, we
evaluated whether distinct SC T2* hyperintensities correlate
with in situ MRI brain measures. We found T2*-hyperin-
tense/demyelinated SC volume weakly correlated with in situ
brain T2-lesion volume (rtho = 0.39, p = 0.03), but T2*
hyperintense/myelinated volumes did not (rho = -0.07, p =
0.70). Neither T2*-hyperintense/myelinated or T2*-hyper-
intense/demyelinated SC lesion volumes correlated with
in situ MRI brain T1-lesion volume (rho = —0.02, p = 0.92;
tho = 029, p = 0.09, respectively) or brain parenchymal
fraction (rho = —0.009, p = 0.96; rho = —0.20, p = 0.27).

Taken together, T2*-hyperintense/demyelinated lesion bur-
den correlated more strongly with clinical disability, cord at-
rophy, and brain T2-lesion volume than T2*-hyperintense/
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myelinated regions, highlighting the clinical relevance of dis-
criminating demyelinated lesions.

MS SC T2*-Hyperintense Regions Have Variable
Microglia/Macrophage Activity

Although microglia/macrophages
(MHCII) were seen in some demyelinated lesion centers
(Figure 6A) and borders (Figure 6B), their expression varied.
Figure 6C shows a dorsal demyelinated lesion with decreased
MHCII while Figure 6D demonstrates a region with decreased
myelin content. Sections from the 40 cases were characterized
based on MHCII and PLP staining, and 112 T2* hyperintense
were identified (Figure 6). Most regions were classified as in-
termediate (34/112; 30.4%), followed by demyelinated lesions
with increased MHCII (27/112, 24.1%), greater MHCII at the
lesion border (19/112, 17.0%), and decreased MHCII ex-
pression (18/112, 16.1%). Some demyelinated lesions had
similar MHCII density compared with normal-appearing
regions (14/112, 12.5%). Distally to an intermediate region,
microglia appeared in association with myelin sheaths
(Figure 6E). The diverse patterns of activated microglial/
macrophage observed here underscore their potential for dis-
tinct functions within intermediate or demyelinated regions.

increased  activated

Discussion

SC involvement in MS particularly leads to disability given the
presence of critical motor and sensory pathways. Here we
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Figure 5 Decreased Axonal Density and Increased Axonal Size Within Spinal Cord Intermediate WM Regions

Intermediate WM

NAWM

Demyelinated WM

Confocal microscopy was performed on 4 cases with all 3
regions of interest. Representative confocal images of
T2*-isointense/myelinated (NAWM), T2*-hyperintense/

myelinated WM (Intermediate; enlarged inset shown), and
T2*-hyperintense/demyelinated WM (Demyelinated). En-
larged inset of the intermediate region with a myelinated
axon (white arrowhead), enlarged axon with reduced
myelin (cyan arrowhead), and a myelin sheath without an
axon (yellow arrowhead). Axonal size and counts were

obtained from 3,3-diaminobenzidine (DAB) stained sections
from a mean of 3 images taken at x40 from 110 locations-

regions (e.g., lateral, dorsal cuneate fasciculus, dorsal

gracile fasciculus, ventral/NAWM, intermediate, demyeli-
nated) across 28 cases. Axonal size in intermediate and
demyelinated regions were increased while axonal counts
were reduced in intermediate and demyelinated regions
relative to NAWM. Significance using Tukey honest signifi-
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cance test; *p < 0.05, **p < 0.005, NS—not significant.
NAWM = normal-appearing WM; WM = white matter.

sought to evaluate SC tissue by IHC and correlate findings
with 7T to better understand the heterogeneity of SC pa-
thology. T2* was able to discriminate demyelinated SC
lesions from T2*hyperintense/myelinated and normal-
appearing regions and demyelinated lesions correlated
strongly with EDSS and UCCA; T2*hyperintense/myelin-
ated regions did not.

Our results concur with findings by Bot et al.>° 2004 that SC
T2*-hyperintense myelinated regions had reduced myelin
content but differed because we also detected increased axo-
nal size and reduced axonal counts. The association with MRI
intensity and myelin density has also been noted in the
marmoset SC with experimental autoimmune encephalomy-
elitis.>> Axons within intermediate regions were myelinated
but with reduced myelin content overall. We speculated that
tracts within intermediate regions are undergoing neuro-
degeneration, possibly because of demyelinating lesions
present rostrally/caudally. MS neurodegenerative changes
may be akin to anterograde/retrograde changes within the
cord seen after severe traumatic SC injury.>* Our work
highlights dorsal WM tracts may particularly be susceptible to
neurodegeneration. Watershed territories supplied by non-
anastomosing end arteries may be more prone to

Neurology.org/N

demyelination such as the periventricular WM lying between
the anterior/middle cerebral arteries in both MS and cerebral
microvascular disease.’”*® The lateral SC lying between the
anterior/posterior spinal arteries and the midline dorsal cord
between the paired posterior spinal arteries are potential sites
for a hypoxic environment that may lead to a greater extent of
axonal injury after demyelination or impaired repair. Fur-
thermore, a vascular disruption of a blood-SC barrier such as
within the posterior median vein may represent another
mechanism for the prediction of the dorsal cord to
demyelination.

Because nerve roots were not individually dissected and la-
beled at the time of autopsy to identify SC levels, comparing
cord and lesion volumes across cases at the segment level was
not feasible. While MRI properties can be influenced by fix-
ation time, SC segments in our biorepository were fixed
consistently for 3 days before storage in a cryoprotection
buffer limiting differences across cases. T2* can however be
influenced by the MRI parameters and coil used, making di-
rect comparisons of a T2* value across different coils and
scanners challenging; adjusting T2* lesional/NAWM ratios
may address this limitation. We lacked the power to detect
a difference between neuroanatomical locations (ventral,
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Figure 6 Spinal Cord T2* Hyperintensities Have Variable Microglia/Macrophage Patterns

A

SMI312

MRIT2* images are shown with the inset (red outline) enlarged. Myelin (PLP) and activated microglia/macrophage (MHCIl) immunohistochemistry are shown
for the enlarged area. The gray/white matter boundary (dashed cyan line) and the ventral median fissure (green arrow) are shown for orientation. (A)
Demyelinated lesion with increased MHCII throughout. (B) Region of demyelination at the subpial cord surface with increased MHCII at the lesion border. (C)
Dorsal cord with the gracile fasciculus nearly entirely demyelinated with decreased MHCII; adjacent cuneate fasciculus has reduced myelin with greater
MHCII. (D) The dorsal cord with hyperintense gracile fasciculus appearing myelinated with greater MHCII. (E) Microglia appear in close association with
myelinated axons in a T2-hyperintense/myelinated region sectioned longitudinally (left) and axially (right). PLP = proteolipid protein.

lateral, and dorsal) for T2%; further studies may need to in-
vestigate differences in MRI properties and axonal vulnera-
bility to degeneration because axonal size varies among WM
tracts. Some locations such as the unmyelinated substantia
gelatinosa inherently has a higher T2* signal and can be

Neurology | Volume 104, Number 7 | April 8, 2025

inaccurately classified as a demyelinated lesion based on a T2*

threshold.

In addition to greater field strength, sequences such as phase
sensitive inversion recovery may improve the lesional/
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normal-appearing contrast ratio at conventional field
strengths.” Both focal (Figure 6A) and confluent (Figure 6C)
T2* hyperintensities had variable degrees of myelination. We
found similar trends with T2* and T2-weighted (Turbo-Rapid
Acquisition with Relaxation Enhancement) and T1-weighted
(modified driven equilibrium Fourier transform) sequences
suggesting these modalities may also be useful improving the
specificity for demyelination, particularly as a ratio of lesion/
normal-appearing regions. Greater field strength and a multi-
parametric approach that includes myelin-specific sequences
to better identify the extent of myelin and axonal pathology
will be important clinically to correlate with clinical disability/
outcomes and as an imaging biomarker for neuroprotective
and remyelinating therapeutic strategies. Some focal lesions
lining the periphery of the cord suggests a CSF mediated
mechanism of demyelination rather than perivenular
(Figure 6B), perhaps precipitated by dilated SC veins causing
reduced glymphatic flow at sites of spinal canal stenosis.** The
peripheral location of some lesions may also be due to sus-
ceptibility of certain peripheral tracts or inflammatory medi-
ators in the CSF-subarachnoid space/meninges.

Overall, our findings highlight the presence of distinct MRI SC
lesion subtypes characterized by demyelination and neuro-
degeneration using 7T MRI of postmortem tissue with path-
ologic characterization as a benchmark. Clear gaps in detection
of lesions from antemortem clinical and postmortem in situ
scans are apparent. Improvement of axial SC coverage may be
beneficial because some subtle lesions may be missed on sag-
ittal sequences with limited axial coverage. One could postulate
that the evaluation of SC for disease activity is particularly
imperative if the individual is not on therapy or on low or
moderately effective therapies with greater risk for disease ac-
tivity. As new/enlarging SC T2*-hyperintensities could present
with gradual worsening of symptoms rather than a clear clinical
relapse, clinicians should be cognizant of potential SC disease
activity despite stable brain imaging or SC imaging with in-
adequate resolution. There is a growing realization of the in-
clusion of SC monitoring for disease activity rather than solely
relying on brain imaging for evaluating disease modifying
therapy efficacy.*'* Automated tools under development to
segment cervical SC GM/WM compartments at 3T may detect
regional cord atrophy as an outcome measure for neuro-
protective strategies.”* Remyelinating therapeutic trials could
similarly evaluate longitudinal changes in thresholded T2*-
hyperintense lesions.

Differences in MHCII expression in demyelinated lesions and
intermediate regions (Figure 6) were observed. Reports of
iron rim lesions in the cervical cord suggest the few microglia
at the border of some demyelinated lesions may be sufficient
for MRI susceptibility change.*** Macrophage markers
are typically coexpressed in WM lesions compared with
GM lesions containing predominantly microglia.”>*” Regions
with decreased myelin relative to NAWM in the SC have
been characterized by both proinflammatory and anti-
inflammatory markers as well as differential expression of
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astrocyte genes.*® This raises the potential that chronic and
progressive inflammatory processes in periplaque SC regions
contribute to demyelination and remyelination failure.**

Future studies can determine whether (1) remyelination or
segmental demyelination are contributors to intermediate
regions, (2) thresholded T2* hyperintensities in an in vivo
cohort differentially predict clinical disability, (3) cases with
intermediate areas in the SC also have similar pathology in the
cortex and cerebral WM, (4) myelin-specific sequences cor-
roborate with T2* measures, (S) changes in phospholipid
content (e.g., Luxol fast blue), correlates with MRI measures
independent of myelin content, (6) differential SMI31
(phosphorylated; decreased in MS WM lesions) and SMI32
(non-phosphorylated; increased in damaged axons) expres-
sion of axons proximal/distal to demyelinating lesions,* and
(7) axonal pathology occurs anterograde/retrograde to focal
demyelinating lesions in specific tracts.

The detection and characterization of these intermediate
regions is a novel opportunity to detect axonal pathology
rather than measuring axonal loss by atrophy.>>*° These are
requisite steps to identify mechanisms that lead to ongoing
myelin and axonal pathology in the MS SC and develop
greatly needed neuroprotective and repair strategies.
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