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Abstract

Objective: Thalamic atrophy is among the earliest brain changes detected in patients with 

multiple sclerosis (MS) and the degree of thalamic atrophy is a strong predictor of disability 

progression. The causes of thalamic atrophy are not fully understood. Here, we investigate the 

contributions of thalamic demyelinated lesions, thalamic neuronal loss, and cerebral white matter 

(WM) lesions to thalamic volume.

Methods: We used postmortem in situ magnetic resonance imaging (MRI) scans of 95 subjects 

with MS to correlate thalamic lesion volumes with global MRI metrics. We histologically 

characterized thalamic demyelination patterns and compared neuronal loss and neuritic pathology 

in the thalami with the extremes of volume.

Results: Grossly apparent thalamic discolorations in cm-thick brain slices were T2/fluid-

attenuated inversion recovery (FLAIR) hyperintense, T1-hypointense, and appeared as 

perivascular demyelinated lesions with dystrophic neurons/axons. Subependymal demyelinated 

lesions with axonal loss and microglial/macrophage activation were also observed. The 12 subjects 

with the least thalamic volume had a 17.6% reduction of median neuronal density in the 

dorsomedial/ventrolateral and pulvinar nuclei compared with the 14 subjects with the greatest 

thalamic volume (p = 0.03). After correcting for age, disease duration, sex, and T2 lesion volume, 

the total (p = 0.20), ovoid (p = 0.31), or subependymal (p = 0.44) MRI thalamic lesion volumes 

correlated with thalamic volume. Thalamic volume correlated with cerebral T2 lesion volume 

(Spearman’s rho = −0.65, p < 0.001; p < 0.0001 after correcting for age, disease duration, and 

sex).
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Interpretation: Our findings suggest the degeneration of efferent/afferent thalamic projections 

and/or a neurodegenerative process as greater contributors to thalamic atrophy than thalamic 

demyelinating lesions.

Multiple sclerosis (MS) is an important cause of non-traumatic disability in young adults 

and affects 1 million individuals in the United States.1 MS is characterized by focal 

demyelinating lesions, axonal pathology, and brain atrophy representing features of 

inflammation and neurodegeneration. Grey matter (GM) atrophy, correlates better with 

physical disability, cognitive impairment, and fatigue than white matter (WM) lesion burden.
2,3

Preferential thalamic volume loss relative to cortical and other deep GM structures is often a 

feature of individuals with clinically isolated syndromes and radiologically isolated 

syndromes and is associated with increased risk for developing MS.4–9 Thalamic volume is a 

candidate marker for neurodegeneration as lower values confer a greater risk of physical 

disability worsening independent of the disease course (clinically isolated syndrome; 

relapsing–remitting [RR], secondary progressive [SP], or primary progressive [PP] MS).10 

Isolated thalamic atrophy also predicts the likelihood of achieving “no evidence of disease 

activity” at 2 years.11

Thalamic atrophy has received increasing attention as an outcome measure in clinical trials 

given its association with cognitive impairment, physical disability, and fatigue.12–14 

Thalamic volume loss has been examined in post hoc analyses of disease modifying 

therapies (DMTs; fingolimod and natalizumab) and was incorporated as a secondary 

outcome prospectively (eg, phase III trials of ozanimod).15–17 Patients on highly efficacious 

DMTs (eg, monoclonal antibodies) also have lower rates of thalamic atrophy compared to 

patients on lower efficacy DMTs (eg, interferon-beta and glatiramer acetate).15

The cause of thalamic volume loss is not completely understood. Potential mechanisms of 

thalamic volume loss include intrinsic injury via (1) inflammatory-mediated demyelination 

in the thalamus, (2) primary neurodegeneration of axons and neurons, or (3) antero−/

retrograde axonal degeneration caused by demyelination or transection of thalamic 

projection fibers. Using magnetic resonance imaging (MRI), thalamic volume loss has been 

speculated to be due to either focal thalamic demyelinating lesions or global WM lesion 

burden.18,19

Prior pathological studies have described thalamic lesions adjacent to the ependymal 

surface/periventricular surface in the medial and anterior thalamic nuclei, with decreased 

neuronal density, reduced neuronal size, and abnormal neuronal shape, without apoptosis of 

neurons.20–22 Several studies using ultra-high field MRI find that a majority of patients with 

MS have thalamic lesions.18,23

Using a cohort of 95 subjects with MS with postmortem in situ MRIs, we sought to 

investigate the relationship among thalamic lesion volume, global cerebral WM lesion 

volume, and thalamic volume. We hypothesized that thalamic volume could correlate with 

thalamic lesions, loss of neurons independent of demyelination, or injury to afferent/efferent 

tracts (eg, cerebral WM T2 lesion burden). We characterized the extent of thalamic 
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demyelination and microglial/macrophage activation using immunocytochemistry using 

fixed tissue from the cohort. We also determined the extent of neuronal injury and loss in 

thalamic lesions as well as in subjects with the extremes of thalamic volume.

Methods

Postmortem Program

Samples for the study were obtained from the Cleveland Clinic MS Brain Donation 

Program, as previously described.24 The program entails a postmortem in situ MRI within 6 

hours of death followed by brain and spinal cord removal and fixation. Inclusion criteria 

include: diagnosis of MS, death within 75 miles of the center, and feasibility to complete 

MRI within 6 hours of death. Cases with prolonged hypoxia or >72 hours of mechanical 

ventilation, recent central nervous system (CNS) infection, human immunodeficiency virus, 

or hepatitis B/C were excluded. The brain donation program is approved by the Cleveland 

Clinic Institutional Review Board and samples were obtained either after obtaining informed 

consent from patients before their death or by their next of kin following death (explained in 

detail in prior publications).2,24–26 Time from death to start of postmortem in situ MRI was 

available for 70 of 95 cases and to the start of brain fixation for 95 of 95 cases (Table 1).

Tissue Processing and Immunohistochemistry

Brain and spinal cord were removed as previously described.24 One cerebral hemisphere was 

fixed in 4% paraformaldehyde (PFA). Alternate slices of the opposite hemisphere were fixed 

in 4% PFA or flash frozen. Gross examination of all brain slices was conducted looking for 

thalamic lesions. The thalamic portion of thalamocapsular lesions were also counted as 

thalamic lesions. Slices containing grossly apparent discolorations were identified at the 

level of the dorsomedial/ventrolateral or pulvinar nuclei given their relatively large size of 

the nuclei and defined borders to ensure location within the thalamus. The tissue blocks 

were removed and sectioned at a thickness of 30 μm using a sliding microtome.

Methods for staining these free floating sections were followed as previously described.27 

Sections were incubated with primary antibodies for 2 to 3 days at 4°C. Primary antibodies 

included: proteolipid protein (PLP; AA3 rat clone, a gift from Wendy Macklin, University of 

Denver, CO, 1:250 dilution) for myelin, HuR (Santa Cruz Biotechnology, Dallas, TX, mouse 

IgG, SC-5261, 3A2 clone, 1:500 dilution) for neurons, major histocompatibility complex 

class II (MHCII, HLA-DR CR3/43, Dako, Santa Clara, CA, mouse monoclonal, M0775, 

1:500 dilution) for activated microglia, and SMI31 (mouse IgG1k, Biolegend, San Diego, 

CA, 801601, 1:2500 dilution) and SMI32 (mouse monoclonal, Biolegend, 801701, 1:2500 

dilution) for axons and dendrites. Sections were incubated in secondary antibodies (1:1000 

biotinylated goat anti-rat and mouse IgG heavy/light chain Vector BA-9401 and BA-9200 

[Burlingame, CA], respectively) for 1 hour at room temperature using a horseradish 

peroxidase – 3,3′-diaminobenzidine (DAB) immunohistochemistry protocol. Confocal 

microscopy was performed on a Zeiss LSM 800 with a 40× objective and numerical aperture 

of 1.4 and secondary antibodies for immunofluorescence included Alexa-Fluor goat anti-

mouse 488 A11029 and goat anti-rat 594 A11007 (Life Technologies Corporation, Eugene, 

OR).
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To characterize neuronal density (HuR) in thalamic demyelinated lesions and surrounding 

nondemyelinated normal appearing grey matter (NAGM), fixed blocks were selected by 

identifying grossly apparent thalamic lesions. Subjects with available and intact thalamic 

tissue at the level of the dorsomedial/ventrolateral or pulvinar nuclear groups with sizeable 

lesions (to permit 5 regions of interest [ROIs] at 20× magnification per section) were 

selected. Sixteen tissue blocks from 15 subjects were used to quantify neuronal density in 

demyelinated perivascular regions and adjacent NAGM. Fourteen blocks from 13 subjects in 

subependymal regions and adjacent NAGM were stained to quantify differences in neuronal 

populations but not included in the analysis as neuronal populations were not consistently 

found in subependymal regions. Five ROIs in demyelinated or NAGM regions were imaged 

at 20× magnification per 30 μm free floating section obtained from tissue blocks. Neurons 

were automatically thresholded (size >200 μm2) and counted using an in-house script using 

National Institutes of Health (NIH) Fiji (https://fiji.sc)28; neuronal density was reported as 

the number of neurons counted per area measured (mm2).

Axonal density (SMI31 + SMI32) was quantified at 40× magnification with 5 ROIs using 30 

μm free floating sections along 23 subependymal demyelinated lesions and adjacent normal 

appearing subependymal GM. Images were processed to remove the layer of subependymal 

cells and automatically thresholded using an in-house Fiji script to report percent area 

occupied by the DAB stain.

Neuronal density and percent area occupied by activated microglia/macrophages (major 

histocompatibility complex [MHC] class II) were performed in thalamic NAGM regions 

(dorsomedial/ventrolateral and pulvinar nuclei) in 5 ROIs in cases with the least and most 

thalamic volume.

MRI Acquisition

Postmortem in situ imaging was obtained on 1.5 (n = 31) and 3 Tesla (n = 65) MRI with the 

following sequences: T1-weighted 3D Magnetization Prepared Rapid Acquisition of 

Gradient Echo (MPRAGE), T2-weighted image, fluid-attenuated inversion recovery 

(FLAIR), and paired proton density-weighted images with and without magnetization 

transfer pulse.24 After MRI, subjects were transported to the autopsy suite for brain and 

spinal cord removal and processing.

MRI Analysis

T1 and T2-lesion volumes were calculated using a semiautomated technique, as previously 

described.29 Volumetric measures were done after lesion filling. Thalamic volume was 

calculated using Advanced Normalization Tools (ANTs; www.picsl.upenn.edu/software/

ants/) with postprocessing on T1 MPRAGE and normalized to intracranial volume. 

Thalamic lesion volumes were manually segmented in 93 of the 95 cases (2 cases omitted 

due to artifact and poor resolution of the thalamus) using a multimodal approach: 

hyperintense on T2/FLAIR or hypointense on T1 MPRAGE with the later having greater 

resolution. We classified thalamic lesions as subependymal or ovoid. “Periventricular” 

lesions, which are perivascular by histology or described as having a central vein sign 

radiographically, were classified as ovoid in this study, distinct from subependymal lesions. 
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The thalamic portion of thalamocapsular lesions were also classified as “ovoid.” Brain 

parenchymal (75/95 subjects), GM, and WM fractions (72/95 subjects) were obtained using 

Statistical Parametric Mapping (SPM; www.fil.ion.ucl.ac.uk/spm). Cortical thickness 

(temporal, frontal, global, parietal, and occipital) was obtained using cortical longitudinal 

atrophy detection algorithm (CLADA30) in 44 of 95 subjects and a custom in-house method 

using ANTs was used for upper cervical cord cross-sectional area (27/95 subjects); not all 

subjects were analyzed due to image quality (eg, temperature effects) or coverage (upper 

cervical cord).

Statistical Methods

Statistical analysis was performed using R Statistical Software (RStudio version 1.2.5003/R 

version 3.6.3).31 Histopathologic comparisons between thalamic demyelinated (perivascular 

and subependymal) and NAGM (adjacent to perivascular and subependymal areas) ROIs for 

neuronal density were performed using analysis of variance (ANOVA) with Tukey’s 

honestly significant difference for multiple comparisons of means (95% family-wise 

confidence interval [CI]). Axonal density was compared between demyelinated and normal 

appearing subependymal regions using a paired t-test at a 95% CI. Linear models were 

designed to test the contribution of different MRI measures to thalamic volume while 

correcting for sex and age with statistical significance set at p = 0.05. Subjects with the least 

(15th percentile) and most (85th percentile) thalamic volume were identified to compare 

differences in the number of grossly apparent lesions, and differences in neuronal density 

(size >200 μm2; Wilcoxon rank sum test with continuity correction) and microglial/

macrophage activation (Student’s t-test) in the NAGM.

Results

Postmortem Cohort

Characteristics of the postmortem cohort (n = 95) are provided in Table 1. Subjects were 

predominantly white (n = 83; 87%), women (n = 61; 64%) with mean age of 58.5 years (SD 

12.1; range = 27–97 years). Most subjects were diagnosed with secondary progressive MS 

(n = 74; 72%) with a long disease duration (median = 25.0 years; interquartile range [IQR] = 

15.0–34.0 years). Subjects received their postmortem in situ MRI at median of 4.4 hours 

after death and brain fixation was started at a median of 7.0 hours after death. Figure 1 

outlines a flowchart of the number of subjects used for the studies below.

Gross Features of Thalamic Lesions

We first examined cm-thick brain slices for thalamic lesions. Sixty-five of 95 postmortem 

brains (68%) had discoloration of the thalamus (Fig 2A). Of 107 grossly apparent lesions 

>0.5 cm (maximum diameter), 99 (93%) were confirmed on MRI (hyperintense on T2/

FLAIR or hypointense on T1 MPRAGE). Lesions <0.5 cm were less frequently identified by 

MRI (17/46; 37%). Forty-nine grossly apparent lesions from 43 subjects were removed and 

sectioned. All 49 macroscopically apparent thalamic discolorations in cm-thick brain slices 

were perivascular demyelinated lesions (Figs 2B and 3). We separated the cohort into 

subjects with the most (85th percentile, n = 14) and least MRI thalamic volume (15th 

percentile, n = 12), which represented a 1.7-fold difference in volume. There was no 
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difference between the thalami with the most and least volume in the number of grossly 

apparent lesions that were 0.5 cm or larger (20 vs 15 lesions, respectively; p = 0.49) or 

smaller than 0.5 cm (7 vs 3 lesions, respectively; n = 0.47).

Histological Features of Thalamic Lesions

Two patterns of demyelination were identified in immunostained sections: perivascular areas 

of demyelination (ovoid/perivascular) and thin band of myelin loss lining the ventricular 

surface (subependymal; see Figs 2 and 3). All of the grossly apparent hyperpigmented 

lesions in cm-thick slices were ovoid-shaped; subependymal lesions were not grossly visible 

but were observed in sections stained for myelin proteins. Subependymal lesions only 

spanned a few millimeters from the ventricular surface, whereas all ovoid lesions were larger 

and had a central vessel.

Sixty-five demyelinated perivascular lesions from 14 subjects were further characterized by 

microglial/macrophage activation patterns by MHC class II (MHCII; representative images 

in Fig 3). Five (7.7%) were active lesions with abundant MHCII-positive cells throughout 

the demyelinated area, 18 (27.7%) were chronic active lesions with a rim of MHCII-positive 

cells at the lesion border, 24 (36.9%) were chronic inactive lesions with little MHCII 

accumulation within or at the border of the demyelinated area, and 18 (27.7%) were small 

foci of perivascular microglial activation without demyelination. Subependymal regions with 

demyelination were identified in 23 subjects to quantify axonal changes (below). All of the 

23 subependymal lesions were observed to have increased MHCII-positive cells along the 

ventricular surface; 4 of 23 had a clearly demarcated rim of MHCII-positive cells at the 

NAGM border of the lesion.

Morphologically, neurons seemed dystrophic in lesions compared to a more typical 

polygonal appearance in normal appearing tissue. This finding was more marked in 

subependymal regions compared to perivascular areas (Fig 4). Neuronal density was similar 

between demyelinated perivascular lesions compared to adjacent NAGM (46.2 vs 46.0 

neurons/mm2; p = 0.95). Neuronal density in perivascular demyelinated lesions and adjacent 

NAGM were not different either at the level of the dorsomedial/ventrolateral nuclei (95% CI 

= −17.2 to 2.0) or the pulvinar nucleus (95% CI = −18.0 to 23.0). Comparison of neuronal 

density along subependymal demyelinated versus myelinated areas was unreliable as 

thalamic neurons did not consistently border the ependymal surface.

Decreased axonal/dendritic density (SMI31/32) and dystrophy was more noticeable along 

subependymal lesions (Fig 5 above). The longitudinal orientation of axons in subependymal 

regions permitted quantification of axonal density in all 23 lesions; axonal density was 

49.2% lower (95% CI = 45.3–53.0; p < 0.0001) in demyelinated versus normal appearing 

subependymal GM. Axons were relatively preserved in perivascular lesions and the multiple 

orientations of WM tracts prevented reliable quantification; however, some axons and 

dendrites appeared swollen (Fig 5 below).

MRI Features of Thalamic Lesions

Thalamic lesions were identified as areas of T2/FLAIR hyperintensity with associated T1 

hypointensity in 93 of 95 subjects (2 subjects were not analyzed for thalamic lesions due to 
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poor resolution/artifact). Thalamic lesions were manually segmented and the 2 lesion 

subtypes identified on histopathology were also evident on MRI. Similarly lesions were 

classified as: (1) ovoid lesions within thalamic GM (eg, perivascular and periventricular), 

and (2) subependymal lesions (usually a thin rim) lining the lateral or third ventricles (see 

Fig 2). Ovoid lesions were found in the majority of subjects (n = 81; 86%), whereas 

subependymal lesions were only present in 28 (29%) with significantly smaller lesion 

volumes. Median (IQR) volumes (cm3) of lesions were as follows: ovoid 0.17 ± 0.32, 

subependymal (0.00 ± 0.06), and total 0.24 ± 0.40 (range = 0–3.1 cm3).

After adjusting for age, disease duration, sex, and T2LV, neither total (standardized 

coefficient [β] = 0.11, p = 0.20), ovoid (β = 0.09, p = 0.31), nor subependymal (β = 0.07, p = 

0.44), thalamic lesion volumes correlated with thalamic volume (range = 7.7–21.9 cm3; 

median = 13.4 cm3).

Neuronal and Microglial Differences in Extremes of Thalamic Volume

As thalamic lesion burden did not correlate with thalamic volume, we speculated cerebral 

WM lesions may cause neuronal loss in NAGM as a consequence of secondary 

neurodegeneration. We evaluated neuronal density in thalamic NAGM in subjects with 

≤15th percentile thalamic volume to subjects with ≥85th percentile to determine whether 

lower thalamic volume correlated with decreased neuronal density. Table 2 summarizes 

differences between MRI features for subjects in these 2 extremes; there was a 1.7-fold 

lower median thalamic volume in subjects with the least volume.

Neuronal densities (count per mm2 of tissue; 5 ROIs in NAGM per 30 μm section; HuR 

antibody) were compared between subjects with the least (n = 12) or greatest (n = 14) 

thalamic volume (see Table 2). Median (IQR) neuronal density was 17.6% lower in subjects 

with the least volume (37.9 [29.8–46.1]) compared to the greatest volume (45.2 [33.6–56.8]) 

in all measured neurons >200 μm2 (Wilcoxon rank sum test with continuity correction p = 

0.03). Similarly, the median density of smaller neurons (200–400 μm2) was 26.1% reduced 

in subjects with the least (13.3 [7.7–18.9]) compared to the most volume (17.3 [9.6–25.1]; p 
= 0.0004). Median density of larger neurons (>400 μm2) were not significantly different 

between subjects with the least volume compared to the most (p = 0.66).

For the area occupied by activated microglia/macrophages (MHC class II), 11 subjects with 

the most thalamic volume and 12 subjects with the least volume were examined. Five ROIs 

in NAGM were thresholded for determining the percent area occupied by MHCII staining. 

The areas occupied by activated microglia/macrophages were similar in thalami with the 

most and least thalamic volume (9.2% vs 10.1%; p = 0.19).

Extra-Thalamic MRI Correlates of Thalamic Volume

In the cohort of subjects with extremes of thalamic volume used for comparison of neuronal 

and activated microglial/macrophage density in NAGM, we also compared MRI metrics (see 

Table 2). We found brain parenchymal fraction (BPF), and WM/GM fractions were 

significantly lower in subjects with the least thalamic volume and T1 and T2 lesion volume 

(T1LV and T2LV) were significantly higher in subjects with the least thalamic volume.
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Thalamic volume correlated with T2LV (Fig 6; adjusted r2 = 0.23 [p < 0.0001], Spearman’s 

rho = −0.65 [p < 0.0001]). Extra-thalamic measures were significantly associated with 

thalamic volume: BPF (rho = 0.60; p < 0.0001), temporal cortical thickness (CT; rho = 0.64; 

p < 0.0001), occipital CT (rho = 0.44; p = 0.003), T1LV (rho = −0.49; p < 0.0001), global 

CT (rho = 0.61; p < 0.0001), frontal CT (rho = 0.63; p = 0.0001), and parietal CT (rho = 

0.58; p < 0.0001); upper cervical cord cross sectional area approached significance (rho = 

0.38; p = 0.05).

Thalamic volume was modeled with either T2LV or thalamic lesion volume after adjusting 

for covariates: thalamic volume ~12.40–0.04*T2LV + 0.09 * age – 0.08*disease duration 

+0.55*thalamic lesion volume – 1.41*male sex; adjusted r2 = 0.41. T2LV was a significant 

predictor (standardized β = −0.55; p < 0.0001), whereas thalamic lesion volume was not (p = 

0.20). Covariates age (β = 0.39; p = 0.0001), male sex (β = −0.26; p = 0.003), and disease 

duration (β = −0.34; p = 0.0007) were also significant.

Discussion

Thalamic volume loss correlates with physical disability and cognitive impairment in MS 

and is becoming increasingly incorporated as an outcome measure in clinical trials. The 

underlying pathology inherent to the thalamus in MS and the mechanisms that lead to 

thalamic volume loss are poorly understood. In our study of MRI and pathological data on 

thalami from a postmortem cohort of subjects with advanced MS, we evaluate the 

contribution of thalamic lesions and extra-thalamic injury to thalamic volume and further 

characterized thalamic lesions and neuronal changes in subjects with extremes of volume. 

We detected several types of thalamic demyelination, which was associated with neuronal 

and axonal dystrophic changes in perivascular lesions and axonal loss in subependymal 

lesions. However, measures of global white and grey matter injury (particularly T2LV) 

correlated with thalamic volume better than with thalamic lesions. Additionally, neuronal 

density in NAGM was reduced at least in proportion, and perhaps in excess to thalamic 

volume loss.

Thalamic lesions showed several interesting features. Similar to prior pathological studies, 

we found areas of ovoid (perivascular) and subependymal demyelination. We also found all 

thalamic discolorations in cm-thick slices were ovoid perivascular demyelinated lesions 

upon pathological examination of tissue sections. Dilated superficial thalamic veins were 

observed on some postmortem MRIs and perivascular lesions in the anterior and 

dorsomedial nuclei were likely branches of the thalamostriate, anterior thalamic, and 

superficial thalamic veins.32,33 In contrast to others, we did not find differences in neuronal 

density in demyelinated perivascular lesions and adjacent NAGM in dorsomedial, 

ventrolateral, and pulvinar nuclei.20,21 Qualitatively, some neurons appeared to be 

dystrophic (less polygonal cell bodies), particularly in subependymal lesions relative to 

perivascular lesions, which could be a harbinger for neuronal loss. This finding could be 

explained by differences in vulnerability of neuronal populations among regions, neuronal 

subtypes, or the mechanism of demyelination.34 There is significant axonal/dendritic loss 

and axonal dystrophy in subependymal areas raising the potential for excitotoxic elements in 
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the cerebrospinal fluid (CSF) mediating injury. Axons in perivascular lesions appeared 

relatively preserved but occasional dystrophic axons were found.

Most perivascular lesions identified with MHCII for activated microglia/macrophages were 

either chronic inactive or chronic active, but some areas of active and perivascular 

inflammation without demyelination were also observed. Subependymal lesions invariably 

had increased MHCII along the ventricular surface further supporting a link to the CSF; and 

some rims were detected along the lesion edge bordering NAGM. Although “active” lesions 

could presumably be a confounder in thalamic volume if associated with edema and cellular 

infiltration, the proportion of active lesions was 7.7% and the lesions were small. In contrast, 

MRI thalamic lesion volume ranged from 0 to 3.1 cm3 with thalamic volume ranging from 

7.7 to 21.9 cm3; a subject with the greatest thalamic volume (21.9 cm3) also had one of the 

largest thalamic lesion volumes (2.7 cm3).

Although cortical lesions were not evaluated in this study, potential mechanisms for deep 

GM demyelination, may be similar to cortical demyelination with thalamic subependymal 

lesions paralleling cortical subpial lesions and perivascular lesions mimicking WM lesions. 

The mechanism for subependymal/subpial demyelination may involve toxin/chemokine 

infiltration from the CSF, whereas perivascular lesions are mediated by recruitment of 

peripheral immune cells. Common mediators that lead to cortical and deep GM lesions is 

supported by the correlation between deep GM and cortical demyelination lesion burden.9,18 

Patterns of perivascular demyelinating lesions in the cortex have been linked to the location 

of vascular territories that lie at the leukocortical junction, draining superficial layers, or 

extending through all 6 layers.35 Our observation of prominent thalamic veins on MRI and 

the distribution of perivascular lesions suggests a similar role of vasculature in mediating 

deep GM demyelination.

Histologically, thalamic neuronal density in MS compared to controls has been estimated to 

be decreased by 22%.20 We expected no statistical difference in neuronal density in subjects 

with the greatest and least volume if the loss of neurons occurred in proportion to loss of 

thalamic volume. Conversely, if neurons were lost in excess or were relatively preserved in 

relation to loss of thalamic volume, we would observe statistical differences. We compared 

neuronal densities in thalami with the least and most volume and found an overall 17.6% 

reduction in neuronal densities in those thalami with the least volume, suggesting neurons 

were lost in excess to volume loss. Loss of larger neurons (>400 μm2) seemed to be 

proportional to thalamic volume loss, whereas loss of smaller thalamic neurons (200–400 

μm2) was greater. These findings may indicate smaller interneurons could be preferentially 

lost relative to the larger relay neurons. Although activated microglia/macrophages in 

NAGM were abundant, there were no differences between subjects with the greatest or least 

thalamic volume.

In a linear regression, significant correlates of thalamic volume included age, male sex, and 

T2 lesion volume, and not thalamic lesion volume (total, ovoid, and subependymal). As the 

thalamus has extensive afferent and efferent connections, volume loss likely occurs due to 

secondary neurodegeneration associated with WM lesions along these tracts causing loss of 

neurons and axons in the thalamus. The concept of thalamic nuclear volume correlating with 
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projecting tracts has been noted recently with lateral geniculate volume correlating with 

ganglion cell inner plexiform layer using optical coherence tomography.36 As the uniform 

parallel axonal orientation in the corpus callosum facilitates quantification, axonal loss in the 

corpus callosum has been demonstrated to correlate with cerebral WM lesions.37 There is 

also a potential for lesions not routinely imaged (eg, cortical or spinal cord) or primary 

neurodegeneration as contributors to thalamic volume as its atrophy can be an early feature 

of MS.

Our study has several limitations. The cohort of patients with advanced MS may not capture 

mechanisms present with early thalamic volume loss. The contribution of pathologic 

processes in addition to MS is difficult to estimate, both related to aging as well as hypoxia 

at the time of death. We adjusted analysis for age and attempted to minimize hypoxic effects 

by excluding those with prolonged hypoxia. We also attempted to limit death-related MRI 

changes by imaging patients as quickly as possible within 6 hours of death. We have 

acquired tissue over nearly 3 decades and processed tissue for each subject with short and 

long fixation and freezing to allow for different immunohistological and genomic studies; 

this limits analysis of the entirety of a structure, such as the thalamus for each case to 

perform stereological pathologic studies. Thalamic demyelinating lesions could have 

deleterious effects to synapses and dendrites that were not measured in our study. The high 

density of axons with multiple orientations within the thalamus and around perivascular 

lesions made their quantification unreliable; we quantified axons in subependymal regions 

with a lower density and longitudinal orientation. We are unable to identify “active” MS 

lesions on MRI as the use of gadolinium for breakdown of the blood brain barrier is not 

possible in a postmortem cohort. The small size of active lesions identified on histology 

make co-registering with MRI challenging. Advanced imaging methods, including greater 

field strength, that improve detection of thalamic lesions and the study of individual thalamic 

nuclear groups may further delineate the role of deep GM pathology and its correlation with 

clinical disability.

Our results suggest thalamic volume, due to its extensive connectivity via afferent/efferent 

tracts, is better explained by WM lesion burden than by thalamic demyelination. Ultimately, 

identifying mechanisms that contribute to primary or secondary neurodegeneration will 

direct attention to therapeutics that may slow or reverse these processes or to more sensitive 

imaging biomarkers for determination of therapeutic effectiveness. As it is difficult to 

measure what is “lost” due to thalamic atrophy by immunohistochemistry, future directions 

include elaborating cell-specific genomic changes (eg, neuronal subtypes) in subjects with 

thalamic volume extremes and identifying the relationship of thalamic nuclear-specific 

changes with clinical disability.
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FIGURE 1: 
Flowchart of the number of subjects and tissue specimens used for the study. Subsets of 

tissue sections were used to stain for demyelinating lesions and characterize lesions based on 

microglial/macrophage activity and neuronal/axonal density. Subjects were also selected for 

extremes of thalamic volume identified on magnetic resonance imaging (MRI; 15th and 85th 

percentiles).
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FIGURE 2: 
Representative case of a subject with grossly apparent hyperpigmented thalamic lesions on a 

1 cm fixed coronal slice (A); enlarged lesion shown below. Both ovoid (B) and 

subependymal (C) lesions are noted using PLP immunohistochemistry for myelin; asterisk 

(*) denotes location of vessel. Magnetic resonance imaging (MRI) coronal images, with 

thalamus depicted with a white outline, (D) depict fluid-attenuated inversion recovery 

(FLAIR) and T1-Magnetization Prepared Rapid Acquisition of Gradient Echo (MPRAGE) 

sequences as well as ovoid (blue) and subependymal (Subep.; green) manually segmented 

lesions. The heart-shaped hyperpigmented lesion straddling the dorsomedial and 

ventrolateral nuclei is indicated with an arrow and an enlarged inset of the lesion is below 

(A). The lesion is demyelinated (B) and labeled as ovoid/perivascular (“Ovoid”) on MRI T1 

MPRAGE (D). Subependymal lesions (C) were not identified on gross examination (A) and 

subtle on MRI (D; labeled “Subep.”). PV, perivascular; PLP, proteolipid protein.
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FIGURE 3: 
Patterns of thalamic lesions characterized by immunohistochemistochemical staining for 

myelin (PLP) and activated microglia/macrophages (MHCII). Lesions top to bottom: chronic 

inactive (hypocellular center with asterisk*), chronic active (rim of hypercellularity; vessels 

labeled with “V”), active (hypercellular), and subependymal (Subep.) demyelination, areas 

of perivascular inflammation without demyelination (vessels labeled “>”). Scale bars are 3 

mm for all images except for “PV inflammation” (600 μm). MHC, major histocompatibility 

complex; NAGM, normal appearing grey matter; PLP, proteolipid protein; PV, perivascular.
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FIGURE 4: 
Representative images of neuronal morphology (HuR) in perivascular (top left) and 

subependymal (bottom left) areas of demyelination. Neurons appeared more dystrophic in 

areas of subependymal demyelination (labeled “^”) compared to perivascular. Adjacent 

areas of NAGM to perivascular and subependymal regions are shown on panels to the right. 

Scale bar represents 100 μm. Inset in top right of images show magnified representative 

neuronal cell bodies. NAGM, normal appearing grey matter.
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FIGURE 5: 
Representative images of axonal/dendritic morphology (SMI31 and SMI32) in thalamic 

perivascular and subependymal areas of demyelination and normal appearing grey matter 

(NAGM). Above panels represent 3,3 ′-diaminobenzidine (DAB) immunohistochemistry of 

perivascular (top left) and subependymal (bottom left) areas of demyelination and adjacent 

NAGM. A blood vessel (V) and the third ventricle (asterisk “*”) are labeled. Demyelinated 

areas have reduced axonal/dendritic density, particularly in subependymal areas compared to 

perivascular. Areas of axonal swelling/blebs are apparent. Below panel are confocal 
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micrographs of demyelinated (left) and normal appearing (right) thalamus. Some axons 

appear swollen and irregular (white arrow) in demyelinated regions.
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FIGURE 6: 
Thalamic volume plotted along with white matter T2 lesion volume. Linear model shown 

with a best-fit line (blue) and a 95% confidence interval (shaded in in grey). A significant 

correlation was found between with T2 lesion volume and thalamic volume, adjusted r2 = 

0.23 (p < 0.0001), Spearman’s rho = − 0.65 (p < 0.0001). [Color figure can be viewed at 

www.annalsofneurology.org]
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TABLE 1.

Postmortem Demographics (n = 95)

Female 61 (64%)

Race White 83 (87%)

African American 11 (12%)

Hispanic 1 (1%)

Course SP 74 (72%)

PP 14 (15%)

RR 7 (7%)

Age at death, mean yr (SD) 58.5 (±12.1)

Disease duration, median yr (IQR) 25.0 (15.0–34.0)

Time from death to MRI, median h (IQR) 4.4 (3.1–6.0)

Time from death to brain fixation, median h (IQR) 7.0 (5.7–8.9)

IQR = interquartile range; MRI = magnetic resonance imaging; PP = primary progressive; RR = relapsing remitting; SP = secondary progressive.
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