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Abstract

Background—Progressive motor impairment anatomically attributable to prominent, focally 

atrophic lateral column spinal cord lesions (“critical lesions”), can be seen in multiple sclerosis 

(MS); e.g., progressive hemiparetic MS.

Objective—To investigate whether similar spinal cord lesions are more frequent in longstanding 

MS patients with secondary progressive motor impairment (SPMS) vs those maintaining a 

relapsing-remitting course (RRMS).

Methods—We retrospectively identified Olmsted County (MN, USA) residents on December 31, 

2011 with: 1) RRMS or SPMS for ≥25 years; and 2) available brain and spine MRI. A blinded 

neuroradiologist determined demyelinating lesion burden and presence of potential critical lesions 

(prominent focally atrophic spinal cord lateral column lesions).

Results—Thirty-two patients were included: RRMS, 18; SPMS, 14. Median (range) disease 

duration (34 [27–53] vs 39 [29–47] years) and relapse number (4 [1–10] vs 3 [1–15]) were similar. 

SPMS patients more commonly showed potential critical spinal cord lesions (8/18 [44%] vs 14/14 
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[100%]), higher spinal cord (median [range]: 4 [1–7] vs 7.5 [3–12]), and brain-infratentorial 

(median [range]: 1 [0–12] vs 2.5 [1–13]) lesion number; p<0.05. By multivariate analysis, only the 

presence of potential critical lesions independently associated with motor progression (p=0.02).

Conclusion—Critical spinal cord lesions may be important contributors to motor progression in 

MS.

Introduction

We previously reported MS patients with highly restricted CNS lesion burden (≤5 lesions),

(1–3) or exclusively unilateral motor impairment,(4) in whom motor progression was 

anatomically attributable to single demyelinating lesions along critical corticospinal tract 

segments, typically in the spinal cord lateral columns (where a single demyelinating lesion 

has a higher likelihood of affecting the lateral corticospinal tract). These lesions, that we 

termed “critical lesions”, were designated as such to highlight their strong association with 

progressive motor impairment. On MRI, critical lesions are characterized by prominent 

size and severe focal atrophy.(4) In these prior studies we were able to show that motor 

progression was anatomically attributable to those lesions by analyzing patients with a 

limited CNS lesion burden or motor deficit restricted to a certain region (i.e., progressive 

unilateral hemiparesis).(4) However, in most MS patients the large number of CNS lesions 

and presence of bilateral motor impairment make it difficult to determine an anatomical 

association between individual lesions and motor progression.

While the majority of patients with relapsing-remitting MS (RRMS) develop secondary 

progressive disability (secondary progressive MS – SPMS) after many years of disease, and 

usually do so in the form of progressive motor impairment, a minority of RRMS patients 

do not develop a secondary progressive course.(5, 6) The reasons behind these different 

outcomes in patients with RRMS are unclear and the main drivers of secondary progression 

are still poorly understood. Direct comparisons between patients with RRMS and SPMS 

are often confounded by the differences in disease duration, typically shorter in patients 

with RRMS that have not yet developed secondary progressive disability. When undertaking 

a case-control study to compare patients that do develop motor progression (SPMS) to 

those that do not (and remain RRMS), it is crucial to study patients with longstanding 

disease to reduce the risk of including RRMS patients that would later convert to SPMS. 

Furthermore, when investigating the potential contributory role of severe cortical spinal 

tract lesions to motor progression, it is important to exclude patients with other types of 

secondary progressive disease (e.g., isolated secondary progressive ataxia). For this study, 

we hypothesized that spinal cord lesions with the aforementioned MRI characteristics of 

critical lesions (i.e., prominent, focally atrophic lesions in the spinal cord lateral columns) 

would be more common in longstanding MS patients who developed secondary progressive 

motor impairment than those maintaining a relapsing-remitting clinical course over a similar 

time-period.

Materials and Methods

The study was approved by the Mayo Clinic Institutional Review Board. All patients 

consented to the use of their medical records for research.

Sechi et al. Page 2

Mult Scler. Author manuscript; available in PMC 2023 September 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Patients

From a previously reported prevalent cohort (December 31, 2011) of 309 Olmsted County 

residents (Minnesota, USA; 85% Caucasian),(7) we identified those with: 1) diagnosis of 

RRMS or SPMS by 2017 revised McDonald’s MS criteria;(8) 2) ≥25 years of disease 

from MS clinical presentation; and 2) available brain and cervical (±thoracic) spinal cord 

MRI. SPMS patients without motor impairment (i.e., secondary progressive ataxia/cognitive 

impairment), or tumefactive demyelination were excluded (Figure 1). Demographics and 

clinical data were abstracted (E.S., M.B.), including number and type of clinical relapses 

(myelitis vs other), and prior disease-modifying treatments (stratified as highly effective 

[ocrelizumab, rituximab, natalizumab, alemtuzumab, mitoxantrone] vs low-moderately 

effective [interferon-β, glatiramer acetate, dimethyl fumarate, teriflunomide or fingolimod]).

Neuroimaging

A blinded neuroradiologist (S.M.) reviewed the last available brain and spinal cord MRI 

to determine: 1) total CNS demyelinating lesion burden; 2) presence/absence of potential 

critical spinal cord lesions (defined as prominent lateral column T2-hyperintense lesions 

accompanied by severe focal atrophy appreciable on axial images); and 3) spinal cord 

cross-sectional area at C3 and C7 vertebral-body levels (manually assessed on representative 

T2-images; QREADS Clinical Image Viewer 5.10.8.). The presence of severe focal lesion 

atrophy that define a potential critical lesion was visually assessed by the neuroradiologist 

as a marked, unequivocal alteration of the physiologic rounded shape of a hemi-cord on 

axial T2-weighted images at the level and side of the spinal cord lesion (typically assuming 

a triangular shape; Figure 1, B2-B4). For identified potential critical lesions, the largest 

axial T2-lesion area (manually outlined on representative images) and length on sagittal 

T2-weighted images was assessed. In situations in which there was more than one spinal 

cord lateral column lesion on MRI with prominent size and severe atrophy in the same 

patient, the neuroradiologist was asked to identify and measure the most prominent lesion.

Assessment of demyelinating lesions (of any type) was performed on all available sequences 

including fluid attenuated inversion recovery (FLAIR), T2-weighted, and T1-weighted 

sequences pre- and post-gadolinium in the brain; while for the spinal cord T2-weighted 

sequences sometimes with complementary use of short tau inversion recovery (STIR) 

sequences, and T1-weighted sequences pre- and post-gadolinium were used. Regional lesion 

burden was stratified as follows: 1) overall brain lesion burden (more or less than 15 total 

lesions); 2) number of brain infratentorial lesions; and 3) number of cervical and, when 

available, thoracic spinal cord lesions. Only lesions that were felt by the neuroradiologist to 

be unequivocally demyelinating were recorded, similar to our prior studies.(2, 4) Examined 

MRIs were obtained at Mayo Clinic, Rochester, in all but one case.

Statistics

Continuous and categorical variables were reported as median (range) and number 

(percentages), and compared by using the Wilcoxon rank sum and Fisher’s exact tests, 

as appropriate. The simultaneous association between clinical/MRI variables found to be 

significantly different between the two groups and secondary progressive motor impairment 

was explored by multivariate logistic regression (JMP Pro 14.1.0). Odds ratios (OR) and 
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95% confidence intervals (CI) were reported; p-values <0.05 were considered statistically 

significant.

Results

Thirty-two patients were included: RRMS, 18; SPMS, 14. Their clinical and MRI 

characteristics are summarized (Table 1) and examples of different spinal cord lesions 

illustrated (Figure 2). Thoracic spinal cord MRI was available in 12/18 (67%) RRMS 

patients and 10/14 (71%) SPMS patients. No statistically significant difference was observed 

between the two groups in age at MS presentation, total number and type of clinical 

relapses, and treatment with disease modifying agents over years (Table 1).

Comparison of MRI characteristics

All patients had spinal cord lesions. Potential critical lesions (severe focally atrophic lateral 

column spinal cord lesions) were more common in SPMS patients (14/14 [100%]) compared 

to RRMS patients (8/18 [44%]); p=0.001. This difference remained statistically significant 

if one imputed that all RRMS patients with missing thoracic spinal cord MRI had one 

or more potential critical lesion in the thoracic spinal cord (p=0.02). In four patients >1 

potential critical lesions were identified (SPMS, 2; RRMS, 2). SPMS patients also had a 

higher number of lesions in the cervical spinal cord (p=0.02), and infratentorial lesions 

on brain MRI (p=0.02); Table 1. On multivariate analysis controlling for the number of 

brain infratentorial lesions, number of cervical spinal cord lesions , and presence/absence of 

potential critical lesions in the cervical spinal cord, only the presence of potential critical 

lesions remained independently associated with motor progression (unadjusted OR for 

presence vs absence of potential cervical critical lesions = 15.6 [95% CI, 2.5–96]; adjusted 

OR = 8.5 [95% CI, 1.2–59.8]; p=0.02).

Location of lesions

In all SPMS patients the most prominent potential critical lesion was identified in the 

cervical spinal cord, except for two patients (one with paraparesis and one with lower limb 

monoparesis) in whom the potential critical lesion was identified in the thoracic spinal cord. 

In five patients with SPMS, the progressive motor impairment was unilateral (hemiparesis, 

2; lower-limb monoparesis, 3) and always affected the side of the identified potential critical 

lesion. All patients with bilateral motor progression had bilateral spinal cord lateral column 

demyelinating lesions of variable prominence and atrophy.

Discussion

In this population-based case-control study of patients with longstanding MS, those with 

secondary progressive motor impairment were more likely to have severe focally atrophic 

corticospinal tract lesions in the spinal cord than those maintaining a RRMS course despite 

similar disease duration, and number of clinical relapses. The presence of such severely 

atrophic corticospinal tract lesions in the spinal cord was the only variable independently 

associated with secondary progressive motor impairment.
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Numerous studies have now shown the importance of spinal cord involvement in MS,(9–

11) and that motor progression in some MS patients can be anatomically attributed to 

severe lesions located in eloquent corticospinal tract regions, which we previously termed 

critical lesions.(1–4) In this study we assessed the presence of spinal cord lateral column 

lesions with similar MRI characteristics of critical lesions (prominent size, severe focal 

atrophy) in patients with longstanding MS and showed that they are over-represented in 

those with secondary progressive motor impairment versus those that have maintained a 

relapsing-remitting course. These findings suggest that patients with RRMS who fail to 

develop corticospinal tract lesions in the spinal cord, or those in whom corticospinal tract 

lesions are smaller and do not develop severe atrophy over time, might be less likely to 

develop secondary progressive motor impairment.

In this study, we found all SPMS patients had at least one severe focally atrophic lesion 

along the spinal cord lateral columns, similar to our prior findings that all MS patients 

with unilateral motor progression had critical corticospinal tract lesions anatomically 

corresponding to their motor deficit.(4) Corticospinal tracts lesions were also detected in 

the majority (89%) of RRMS patients but many were smaller and/or not accompanied 

by focal atrophy (Figure 2). SPMS patients also had a higher number of spinal cord and 

infratentorial brain lesions, although these associations were no longer significant after 

accounting for the presence of severe focally atrophic lesions along the spinal cord lateral 

columns. These findings confirm the importance of accounting for both brain and spinal 

cord MRI variables in assessing potential associations with disability in MS, as previously 

shown.(10) A recent 30-year observational study of patients with MS found the baseline 

presence of brain infratentorial lesions to be the strongest predictor of secondary progressive 

MS, although the concomitant effect of spinal cord MRI variables was not assessed.(12)

In contrast to many prior studies showing a strong association between cervical spinal cord 

atrophy and SPMS,(13–15) the difference in cervical spinal cord atrophy in our population-

based cohorts did not reach statistical significance and the presence of focally atrophic 

lateral column lesions had a stronger association with SPMS. The retrospective design 

and analysis of MRIs obtained over two decades required a visual-based assessment for 

severe focal atrophy by an experienced neuroradiologist, rather than specialized quantitative 

imaging techniques to measure atrophy.(16) Our results are consistent with prior findings 

showing greater spinal cord lesion volume in MS (equivalent to the prominent size that 

characterize critical lesions) better correlates with disability than spinal cord lesion number 

or smaller cross-sectional area.(17) Furthermore, the motor progression of progressive 

solitary sclerosis and some MS patients with ≤5 lesions in which a single corticospinal tract 

lesion anatomically explains motor progression suggests lesion location is a more important 

contributor to motor progression than total spinal cord lesion number or global atrophy.(1, 2)

The number of clinical relapses, including myelitis, was similar in the two groups despite the 

higher spinal cord lesion burden in SPMS, indicating accumulation of asymptomatic spinal 

cord lesions in some patients. It is notable that one patient in the SPMS group developed 

motor progression without prior overt myelitis attacks, suggesting critical lesions may be 

initially asymptomatic, and become symptomatic over time in conjunction with progressive 

lesion atrophy. This resembles the occurrence of progressive disability in patients with 
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radiologically isolated syndrome transitioning to primary progressive MS, or patients with 

progressive solitary sclerosis or unilateral motor progression and a progressive course from 

onset.(1, 4, 18) This is also consistent with the recently described “silent progression” 

observed in some MS patients after years of disease despite no clinical/MRI evidence of 

disease activity.(19)

Why seemingly severe focally atrophic lesions along spinal cord lateral columns are 

also found in patients without motor progression (44% of RRMS patients in this study) 

is unclear. It is possible that these patients may develop motor progression attributable 

to that lesion with a longer follow-up duration, that they would need more than one 

lesion with similar characteristics to develop motor progression (e.g., some patients with 

unilateral motor progression in our prior study had two tandem critical lesions anatomically 

explanatory for their motor impairment),(4) or that they have a greater functional neural 

reserve that does not allow morphologic changes to become clinically overt.(20) Intra-

lesional factors as well as patient-specific factors underlying progression development 

warrant further study; the presence of chronic inflammatory changes that are undetectable 

with conventional MRI scans might explain the different evolution of certain lesions over 

time (e.g., progressive atrophy vs stabilization).(21)

Our study is limited by its retrospective nature, lack of standardized MRI parameters (i.e., 

the degree of prominent size and atrophy was variable and often dependent on the size of the 

other corticospinal tract lesions present), and the small sample size due to the relative rarity 

of population-based patients with longstanding disease. However, the selective inclusion of 

these patients allowed us to highlight major differences between the two groups despite 

the limited statistical power, that could have been less evident in patients with shorter 

disease-duration (i.e., less likely to have already developed SPMS despite the presence 

of critical lesions). The long follow-up of included patients is also consistent with the 

relatively low frequency of patients ever treated with disease-modifying agents (mostly 

low-moderately effective) during the study period (i.e., patients were required to have MS 

symptoms for 25 years or longer on December 2011) in which many drugs were being 

approved for MS treatment, and the specific effect of highly effective MS drugs on critical 

lesions development/evolution still has to be determined. Brain atrophy, always considered 

an important contributor for MS progression,(22, 23) was not analyzed in this study but 

it would be unlikely to explain asymmetric/unilateral face-sparing motor progression (five 

in this cohort). Despite the blinded assessment of MRI images, the single neuroradiologist 

could have been more prone to call a high proportion of potential critical spinal cord lesions 

as expected from the study design. However, most of the potential critical lesions were 

identified in patients with SPMS while the majority of RRMS patients did not have a single 

potential critical lesion identifiable, which is consistent with our study hypothesis. Further 

studies will clarify the frequency of potential critical lesions in RRMS patients with short 

disease-history that we excluded due to the selected study design focusing on patients with 

longstanding disease. Lastly, MS patients excluded due to lacking brain and/or cervical spine 

MRI potentially may differ from the analyzed cohort regarding disease severity and MRI 

features, but the median EDSS is typical of that of unselected patients with SPMS and 

RRMS.
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To conclude, in this rare population-based cohort of patients with longstanding MS we 

found the presence of critical spinal cord lesions to be the main discriminant factor between 

those who developed secondary progressive motor impairment and those who maintained a 

relapsing-remitting course. Preventing the development of these lesions might be crucial to 

prevent disability in MS.
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Figure 1 –. Search strategy for identification of MS patients in Olmsted County
The flow-chart illustrates the search strategy utilized to identify Olmsted County residents 

on December, 31 2011 with a diagnosis of RRMS or SPMS for ≥25 years.
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Figure 2 –. Representative MRI examples of brain lesions and spinal cord lateral column lesions 
in patients with RRMS (left column) and SPMS (right column)
Despite a similar brain lesion burden on axial fluid attenuated inversion recovery (A1-B1), 

cervical spine lateral column lesions in patients with RRMS were typically characterized 

by smaller foci of T2-hyperintensity (less likely to involve the lateral corticospinal tracts) 

without atrophy on axial images (A2-A4, arrows) that differed from the large, markedly 

atrophic lesions of SPMS patients (B2-B4, arrowheads). The asterisks (*) indicate additional 

ventral (A3) and dorso-lateral (B2) prominent demyelinating lesions similarly noted in both 
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groups, but located outside the corticospinal tracts and therefore unlikely to contribute to 

motor progression.
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Table 1 –

Comparison of clinical and MRI characteristics in RRMS and SPMS patients with longstanding disease; 

results are shown as number/total (%) or median (range).

RRMS (n=18) SPMS (n=14) P

Demographics

Female gender 15/18 (83%) 12/14 (86%) 1.0

Caucasian 18/18 (100%) 15/15 (100%) 1.0

Clinical

Age at MS onset 25 (12–43) 23 (14–51) 0.83

Age at last follow-up 60 (46–76) 65 (54–84) 0.13

Total number of relapses 4 (1–10) 3 (1–15) 0.69

Total number of myelitis relapses 2 (0–9) 2 (0–10) 0.59

DMT ever 10/18 (56%) 6/14 (43%) 0.72

 Highly effective DMT 2/18 (11%) 1/14 (7%) 1.0

EDSS last follow-up 2 (1–4) 6 (4–8) <0.001

Follow-up duration, years 34 (27–53) 39 (29–47) 0.22

Brain MRI

Brain lesions (>15 lesions) 10/18 (56%) 10/14 (71%) 0.47

Infratentorial lesion number 1 (0–12) 2.5 (1–13) 0.02

Onset to last brain MRI, years 32 (26–50) 37 (29–44) 0.34

Spinal cord MRI

Spinal cord lesion number 4 (1–7) 7.5 (3–12) 0.002

 Cervical spinal cord 2.5 (0–6) 4 (2–8) 0.02

 Thoracic spinal cord 1 (0–4) 4 (0–6) 0.01

Frequency of any CST lesion (≥1) 17/18 (94%) 14/14 (100%) 1.0

 Cervical spinal cord 14/18 (78%) 13/14 (93%) 0.35

 Thoracic spinal cord 6/12 (50%) 7/10 (70%) 0.41

Frequency of “potential critical lesions” (≥1) 8/18 (44%) 14/14 (100%) 0.001

 Cervical spinal cord 5/18 (28%) 12/14 (86%) 0.002

 Thoracic spinal cord 3/12 (25%) 3/10 (30%) 1.0

 Lesion cross-sectional area, mm2 15 (8–18.1) 13.1 (4.2–23.4) 0.9

  Lesion sagittal length, mm2 10.9 (7–22.3) 13.5 (7.4–22.1) 0.45

C3 cross-sectional area, mm2 74.2 (59.5–99.2) 71.2 (49.4–91.8) 0.3

C7 cross-sectional area, mm2 62.7 (51–82.5) 60.3 (41.3–79.5) 0.47

Onset to last cervical MRI, years 31 (21–49) 36 (27–44) 0.30

Onset to last thoracic MRI, years 30 (24–40) 38 (20–44) 0.06

Abbreviations: CST = corticospinal tracts; DMT = disease-modifying treatment; EDSS = expanded disability status scale score; RRMS = 
relapsing remitting multiple sclerosis; SPMS = secondary progressive multiple sclerosis*
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