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Background: Patient-reported outcomes (PROs) are increasingly associated with concurrent and future impairments in persons with 
multiple sclerosis (pwMS). The structural and pathological relationships with PROs in pwMS have not been elucidated.
Methods: One hundred and forty-two pwMS and 47 healthy controls (HCs) were scanned using 3T MRI and completed a PRO 
questionnaire named Lifeware® that outlines the physical and psychosocial abilities. Beck’s Depression Inventory (BDI) assessed 
levels of depression. T1- and T2-lesion volume, volumes of the whole brain (WBV), gray matter (GMV), white matter (WMV) and 
lateral ventricle (LVV) were derived using JIM and SIENAX software. Additional deep GM (DGMV) and nuclei-specific volumes of 
the thalamus, caudate, globus pallidus, putamen, and hippocampus were calculated using FIRST. Ordinal regression models adjusted 
for age and depression and mediation analyses were used.
Results: When compared to HCs, pwMS reported significantly greater limitations in mobility domains, including standing up from 
low seat (p < 0.001), climbing flight of stairs (p < 0.001), lower limb limitation (p < 0.001), limitations in bladder continence (p = 
0.001) and fatigability (p < 0.001). Patient-reported limitations related to lower extremity function were explained by age, BDI, and all 
DGM nuclei volumes (p < 0.029). No such relationships were seen in the HCs. Fatiguability and the extent of life satisfaction were 
only related to depression (BDI p < 0.001) and not associated with any MRI-based outcomes. Most relationships between structural 
pathology and PROs were mediated by BDI scores (p < 0.001). In the pwMS group, there were no significant differences in any MRI- 
based brain volumes between the levels of reported life satisfaction.
Conclusion: PRO measures of lower extremity limitations were associated with DGM structures and DGM-specific nuclei. These 
findings promote the relevance of measuring DGM structures as measures directly related to subjective well-being and walking 
limitations. Depression is a significant mediator of PROs and in particular of life satisfaction.
Keywords: patient-reported outcomes, multiple sclerosis, MRI, deep gray matter

Introduction
Multiple sclerosis (MS) is a neurodegenerative and inflammatory disease of the central nervous system (CNS) primarily 
affecting the young working population.1 Persons with multiple sclerosis (PwMS) experience a wide array of neurolo-
gical disabilities that range from cognitive to motor deficits, visual impairments, and fatigue that ultimately lead to lower 
quality of life (QoL).2 Most symptoms have an insidious start and progression, which is commonly under perceived by 
their social peers and clinicians alike.3 Additionally, living with a chronic disease such as MS is associated with higher 
incidence of psychosocial consequences like anxiety, lower life satisfaction, lower self-esteem and reoccurring feelings of 
guilt.4
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In contrast to the self-perceived limitations of pwMS, MS disability is clinically quantified by clinicians and 
researchers using standardized measures that generally focus on physical and, in particular, walking disability. The 
most commonly utilized clinical measures within the field of MS are the Expanded Disability Severity Scale (EDSS), 
Timed 25-foot walk test and 9-hole peg test, which are heavily biased towards ambulation difficulties, upper and lower 
extremity impairments, respectively.5–7 In recent decades, the measurement of cognitive performance has emerged as an 
important and clinically relevant aspect of the comprehensive assessment of pwMS.8 The cognitive concerns are 
particularly emphasized in the ever increasing and aging MS population.9 Combinations of such measures were 
attempted in creating composite disability scores with varying clinical acceptance.10,11

None of the aforementioned clinical measures incorporate potentially useful patient-reported perspectives and self- 
evaluation. In the mid-2000s, the National Institutes of Health (NIH) recognized the lack of patient-reported outcomes 
(PROs) and the initiated development of two standardized sets of questionnaires. Neuro-QoL was developed as 
a standard PRO measure that can be used in neurological conditions and PROMIS, a PRO measure developed for 
chronic health conditions.12,13 Reimbursement policy changes have contributed to greater adoption of such measures as 
part of the routine MS clinical care. PROs generally consist of subjective information disclosed by patients about their 
current symptoms, their functions and limitations, the self-perceived QoL, and aspects related to the disease management. 
Multiple MS studies suggest a clear discrepancy between objective performance-based measures and PROs.14,15 

Moreover, PROs can be used as a medium which supports and fosters patient-clinician communication.16 Lastly, 
PROs are becoming an integral part in the design of current and future large-scale clinical MS trials.17 One such 
measure is LIFEware System™, a short PRO questionnaire that has been previously validated in healthy aging 
population and in pwMS.18

One of the most commonly utilized diagnostic and prognostic paraclinical measures in MS is the use of magnetic 
resonance imaging (MRI) that allows for in vivo visualization of MS pathology and anatomical damage.19 However, 
conventional MRI-based measures of MS explain a small portion of clinical outcomes in MS.20 Better known as the 
clinico-radiological paradox, current research is looking to bridge the gap between MRI abnormalities and concurrent 
clinical presentation of MS.21 PROs may provide a plausible avenue that could rectify the discrepancy between objective 
disability measures and MS-based pathological changes. The current study aims at determining the neuroimaging 
correlates of PROs in PwMS. In particular, we hypothesized that PRO measures related to physical disability would 
be associated with previously suggested neuroanatomical drivers of disability in pwMS such as the deep gray matter 
(DGM) volume loss. On the other hand, we hypothesized that relationships between psychosocial PRO measures and 
neuroanatomy in pwMS may be significantly influenced by coexisting mood modifiers such as the level of depression.

Materials and Methods
Study Population
Both the pwMS and healthy controls (HCs) included in these analyses were part of a larger prospective study that 
investigated the role of cardiovascular, environmental and genetic factors in multiple sclerosis (CEG-MS). The inclusion 
criteria for the pwMS were: 1) 18–75 years old, 2) diagnosed as MS based on the 2010-revised McDonald criteria or as 
a person with clinically isolated syndrome (CIS), and 3) clinical visit and an MRI examination within 30 days of each 
other. Contrarily, the exclusion criteria were: 1) pregnant or nursing mothers, 2) contraindications that prevent perform-
ing a magnetic resonance imaging (MRI), 3) presence of another coexisting major neurological disorder, 4) presence of 
major psychiatric disorder such as major depressive syndrome that could influence the PRO-based outcomes and 5) 
clinically-defined relapse or use of intravenous corticosteroids 30 days before the MRI examination. Similarly, the 
inclusion criteria for the HCs were 1) 18–75 years old and 2) clinical visit and an MRI examination within 30 days of 
each other. The exclusion criteria for the HCs were 1) presence of major neurological or psychiatric disorder, 2) presence 
of major depressive disorder, and 3) pregnant or nursing mothers. The study was approved by the Institutional Review 
Board (IRB) of the University at Buffalo and all subjects signed written informed consent. All study procedures were in 
line with the Declaration of Helsinki.
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All pwMS were examined by an experienced neurologist using the current standard of EDSS and using the multiple 
sclerosis severity score (MSSS).5 The pwMS were classified into clinically isolated syndrome (CIS)/relapsing-remitting 
MS (RRMS) or progressive MS (PMS) based on the latest Lublin classification.22 All study subjects were interviewed by 
trained research personal using structured questionnaires.

Patient-Reported Outcomes
PROs were assessed using the LIFEware System™, a short, single-page Likert questionnaire that can be completed 
within several minutes. LIFEware™ queries about both physical limitations (standing up from a low seat, climbing 
a flight of stairs, upper and lower extremity limitations, vision, fatigue, and bowel/bladder limitations) and psychosocial 
limitations such as life satisfaction.18 The LIFEware questionnaire is provided in the Supplement material of the 
manuscript. The questionnaire exhibits high intra-rater stability (between 0.9 and 0.99), was validated and re- 
calibrated by using the Rasch analysis.23 Such analysis allows cross-questionnaire comparison and re-classification of 
the outcomes into categorical, ordinal or numerical output.24 In our analysis, we utilized each question as a stand-alone 
measure. Additional composite measures of general physical and psychosocial measures can be calculated. The 
LIFEware system has been previously validated in multiple neurological, cardiovascular and orthopedic populations.25,26

MRI Acquisition and Analyses
The MRI analyses were performed on scans acquired on a 3T GE Signa Excite (GE, Milwaukee, WI, USA), and 
8-channel head and neck coil. The detailed parameters of the MRI acquisition published elsewhere.27 There were no 
changes to the MRI hardware or software through the length of the study. The lesion burden in the pwMS and HCs was 
determined using a semi-automated, edge detecting contouring/thresholding technique. Both T1- and T2-lesion volumes 
were produced. The volumes of the whole brain (WBV), gray matter (GMV), white matter (WMV), lateral ventricular 
volume (LVV), and volumes of the deep gray matter (DGM) structures were obtained using SIENAX and FIRST 
software (version 2.6, Oxford, UK). In particular, the volumes of DGM nuclei of the thalamus, caudate, globus pallidus, 
putamen and hippocampus were acquired. In order to prevent tissue misclassification, lesions were in-painted on the 3D 
T1-weighted image prior to segmentation.28

Statistical Analyses
All statistical analyses were performed using SPSS version 26.0 (IBM, Armonk, NY, USA). The distribution of the data 
was determined by visual inspection of the histograms and Q-Q plots. Additional tests of normality using Kolmogorov– 
Smirnov test were performed. Comparison of categorical data was performed using chi-square test, comparison of 
parametric data was performed using Student’s t-test and analysis of variance (one-way ANOVA) and comparison of 
non-parametric data was performed using Mann–Whitney U-test and Kruskal Wallis H-test. Ordinal regression models 
determined the relationship between PRO-based limitations and MRI outcomes. After adjusting for effects derived by 
age, sex and level of depression (BDI-FS scores), a step-wise criteria determined the best MRI predictors of PROs with 
entry of 0.05 and removal of 0.1. P-values lower than 0.05 were considered statistically significant. Mediation analysis 
was performed using the PROCESS macro for SPSS (plugin version 4.0). The analysis consisted of the DGM volume as 
an independent variable, physical and psychosocial limitations as dependent variables and depression scores as the 
mediator. Total, direct, and indirect (mediating) effects were recorded and their ratios calculated.

Results
Demographic, Clinical and MRI Characteristics of the Study Groups
The demographic and clinical characteristics of the 142 patients (91 CIS/RRMS and 51 PMS) participants are shown in 
Table 1. The study population consisted of a ratio of 71.8% female, with the mean age being 53.1 years old (SD = 11.5). 
The average disease duration was 20.0 years, with a mean disease onset occurring at 32.7. The median disability score for 
the study population was an EDSS of 3.0 (interquartile range; IQR 2.0–6.0) and a median MSSS of 2.6 (IQR 1.2–5.6). 
There were 47 HCs involved in the study with a median age 51.5 years old (SD = 11.1) and a 70.2% female 
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representation. There were no statistical differences in the demographic characteristics between the pwMS and HCs (age, 
sex and body mass index p > 0.05). The pwMS reported significantly greater level of depressive symptoms when 
compared to the HCs (median BDI-FS score of 2.6 vs 1.2, p < 0.001). The pwMS were most commonly treated with 
interferon-β (29.6%), followed by glatiramer acetate (27.5%), oral DMTs (12.7%), natalizumab (5.6%) and off-label 
DMTs (4.9%), A total of 28 pwMS were not treated with any DMT (19.7%). When compared to pwCIS/RRMS, the 
pwPMS were significantly older (48.9 vs 60.4 years old, p < 0.001), had longer disease duration (16.3 vs 26.7 years, p < 
0.001) and were significantly more disabled when measureed both by EDSS (median 6.5 vs 2.0, p < 0.001) or MSSS 
(median 5.6 vs 1.6, p < 0.001). There were no differences in the age of MS onset nor in the distribution of DMTs between 
the pwCIS/RRMS and pwPMS.

Similarly, the pwPMS had significantly greater MRI-based pathology when compared to the pwCIS/RRMS in most 
MRI outcomes (T2-LV, WBV, GMV, WMV, DGM and the DGM-based nuclei). (Table 2) Only the volume of two DGM 
structures were not statistically different between the MS subtypes (globus pallidus, p = 0.137, and hippocampus, p = 
0.111).

Patient-Reported Outcomes in the Study Population
The PROs from the total pwMS population, the HCs, and each of the MS subtypes are also shown in Table 2. All PRO 
comparisons mentioned hereafter were adjusted for differences in age and depression scores. When compared to HCs, 
pwMS reported significantly greater limitations in mobility domains, including standing up from a low seat (p < 0.001), 

Table 1 Demographic and Clinical Characteristics of the Study Population

Demographic and Clinical 
Variables

MS Population 
(n=142)

CIS/RRMS 
(n=91)

PMS  
(n=51)

HCs  
(n=47)

p-value MS 
vs HCs

p-value CIS/ 
RRMS vs PMS

Female, n (%) 102 (71.8) 64 (70.3) 38 (74.5) 33 (70.2) 0.831a 0.282a

Age in years, mean (SD) 53.1 (11.5) 48.9 (11.1) 60.4 (8.0) 51.5 (14.3) 0.437b <0.001b

BMI, mean (SD) 27.9 (5.9) 27.9 (6.4) 27.9 (5.3) 26.5 (5.7) 0.201b 0.975b

BDI-FS, mean (SD) 2.6 (2.9) 2.4 (2.9) 2.8 (3.2) 1.2 (1.5) <0.001b 0.491b

Disease duration in years, mean (SD) 20.0 (10.3) 16.3 (8.5) 26.7 (9.9) – – <0.001b

Age of MS onset in years, mean (SD) 32.7 (9.7) 32.1 (9.4) 33.7 (10.2) – – 0.365b

EDSS, median (IQR) 3.0 (2.0–6.0) 2.0 (1.5–3.0) 6.5 (4.0–6.5) – – <0.001c

MSSS, median (IQR) 2.6 (1.2–5.6) 1.6 (0.9–3.4) 5.6 (2.9–6.5) – – <0.001c

Annualized relapse rate, mean (SD) 0.19 (0.41) 0.25 (0.47) 0.09 (0.25) – – 0.269d

DMT use, n (%)

Interferon-β 42 (29.6) 29 (31.9) 13 (25.5) – – 0.752a

Glatiramer acetate 39 (27.5) 22 (24.2) 17 (33.3)

Natalizumab 8 (5.6) 6 (6.6) 2 (3.9)

Oral DMTs 18 (12.7) 13 (14.3) 5 (9.8)

Off-label DMTs 7 (4.9) 4 (4.4) 3 (5.9)

No DMT use 28 (19.7) 17 (18.7) 11 (21.6)

Notes: aChi-square test, bStudent’s t-test, cMann Whitney U-test, dNegative binomial regression. All p-value lower than 0.05 were considered statistically significant and 
shown in bold. 
Abbreviations: HC, healthy control; MS, multiple sclerosis; CIS, clinically isolated syndrome; RRMS, relapsing-remitting multiple sclerosis; PMS, progressive multiple 
sclerosis; BMI, body mass index; BDI-FS, Beck Depression Inventory – Fast Screen; EDSS, Expanded Disability Status Scale; MSSS, Multiple Sclerosis Severity Scale; DMT, 
disease modifying therapy; IQR, interquartile range; SD, standard deviation.
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climbing a flight of stairs (p < 0.001), lower limb limitation (p < 0.001). Additional limitations in bladder continence (p = 
0.001) and fatigability (p < 0.001) were recorded. These features were additionally and significantly greater in the 
pwPMS population when compared to the pwCIS/RRMS. Only bowel continence was specifically higher in pwPMS 
when compared to the pwCIS/RRMS (p = 0.03).

Relationship Between MRI-Based Outcomes and Patient-Reported Outcomes
Step-wise ordinal regression models determined which clinical and MRI-based factors were associated with the reported 
limitation in each domain. The regression models in the total pwMS population are shown in Table 3. Without an 
exception, all limitations in PRO domains were significantly influenced by the depression scores assessed through BDI- 
FS (p < 0.01). Standing up from a low seat limitation was further associated with higher age (Wald = 8.642, p = 0.003), 
as well as smaller DGMV (Wald = 8.642, p = 0.003) and smaller volume of each individual DGM-based nucleus (Wald 

Table 2 Patient Reported Outcomes and MRI Measures of the Study Population

Demographic and Clinical 
Variables

pwMS 
(n=142)

CIS/RRMS 
(n=91)

PMS  
(n=51)

HCs  
(n=47)

Cohen’s 
D MS vs 

HCs

p-value  
MS vs  
HCs

Cohen’s 
D CIS/RRMS 

vs PMS

p-value 
CIS/RRMS 

vs PMS

T2-LV 14.4 (17.3) 11.2 (15.2) 20.1 (19.3) 0.7 (1.5) 1.12 <0.001 0.512 0.032

T1-LV 2.5 (6) 2 (4.5) 3.6 (8.1) 0 (0.1) 0.589 <0.001 0.244 0.165

WBV 1446.8 (91.2) 1476.9 (80.6) 1392.8 (84.5) 1522.6 (98.9) 0.797 <0.001 1.018 0.001

GMV 733.7 (59.7) 751.1 (56.6) 702.5 (52.6) 771 (62.1) 0.612 <0.001 0.889 0.039

WMV 713.1 (44.5) 725.9 (40.2) 690.3 (42.9) 751.6 (46.2) 0.849 <0.001 0.856 <0.001

LVV 52.8 (25.9) 48.4 (23.7) 60.8 (27.9) 36.6 (16.3) 0.749 <0.001 0.479 0.133

DGMV 54.2 (6.9) 56.1 (6.4) 50.7 (6.7) 59.9 (4.7) 0.966 <0.001 0.824 0.004

Thalamic volume 17.9 (2.5) 18.6 (2.3) 16.6 (2.3) 20.1 (1.9) 0.991 <0.001 0.869 0.006

Caudate volume 8.1 (1.2) 8.4 (1.2) 7.6 (1.2) 9 (1.1) 0.782 <0.001 0.667 0.017

Putamen volume 11.6 (1.6) 12 (1.6) 10.9 (1.5) 12.5 (1.3) 0.617 <0.001 0.709 0.004

Globus pallidus volume 4 (0.8) 4 (0.7) 3.8 (0.8) 4.6 (0.4) 0.946 <0.001 0.266 0.137

Hippocampal volume 8.8 (1.3) 9 (1.3) 8.2 (1.3) 9.5 (1) 0.604 <0.001 0.615 0.111

Patient-reportedoutcomes#

Standing up from a low seat 0.87 (0.97) 0.5 (0.8) 1.5 (1) 0.21 (0.46) 0.862 <0.001 1.104 <0.001

Climbing a flight of stairs 1.08 (1.4) 0.7 (1.4) 1.7 (1.1) 0.11 (0.31) 0.957 <0.001 0.582 0.001

Upper limb limitation* 1.36 (3.8) 1.1 (4.7) 1.7 (1.5) 0.11 (0.36) 0.463 0.27 0.172 0.959

Lower limb limitation* 1.81 (1.82) 1.1 (1.4) 3.1 (1.7) 0.11 (0.36) 1.296 <0.001 1.284 <0.001

Bladder continence 1.23 (1.8) 0.8 (1.3) 2.2 (2.2) 0.28 (0.88) 0.671 0.005 0.775 0.003

Bowel continence 0.69 (1.4) 0.4 (1.3) 1.2 (1.5) 0.23 (0.69) 0.399 0.272 0.996 0.04

Fatiguability 2.59 (1.99) 2.2 (2) 3.4 (1.8) 0.21 (1.0) 1.511 <0.001 0.631 0.03

Life satisfaction 2.02 (0.93) 2.1 (0.9) 1.9 (0.9) 2.4 (0.89) 0.413 0.422 0.222 0.098

Notes: #All comparisons were performed using age and depression-adjusted analysis of covariance (ANCOVA). Depression was measured using Beck Depression 
Inventory – Fast Screen. The MRI comparisons were performed age-adjusted ANCOVA. *Average score of both left and right extremity. The MRI data was not available 
in 2 pwMS. All measures are shown as mean and standard deviation (SD). The volume of all MRI-based measures is shown in milliliters (mL). P-values lower than 0.05 were 
considered statistically significant and shown in bold. 
Abbreviations: HC, healthy control; pwMS, persons with multiple sclerosis; CIS, clinically isolated syndrome; RRMS, relapsing-remitting multiple sclerosis; PMS, progressive 
multiple sclerosis; LV, lesion volume; WBV, whole brain volume; GMV, gray matter volume; WMV, white matter volume; LVV, lateral ventricular volume; DGMV, deep gray 
matter volume.
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Table 3 Relationship Between MRI and Patient-Reported Outcomes in pwMS

Disability Outcome Variable Wald p-value

Standing up from low seat Age 8.642 0.003

BDI-FS 19.518 <0.001

DGMV 9.412 0.002

Thalamus volume 6.167 0.013

Caudate volume 14.199 <0.001

Putamen volume 7.803 0.005

Globus pallidus volume 6.238 0.013

Hippocampus volume 4.962 0.026

Climbing stairs BDI-FS 13.919 <0.001

DGMV 7.314 0.007

Thalamus volume 4.958 0.026

Caudate volume 8.381 0.004

Putamen volume 6.489 0.011

Globus pallidus volume 4.778 0.029

Hippocampus volume 6.926 0.008

Lower limb limitation BDI-FS 13.249 <0.001

T1-LV 3.932 0.047

DGMV 4.968 0.026

Caudate volume 4.138 0.042

Putamen volume 5.05 0.025

Hippocampal volume 3.96 0.047

Upper limb limitation BDI-FS 21.674 <0.001

Bladder continence Age 4.634 0.031

BDI-FS 6.559 0.01

T1-LV 3.889 0.049

Bowel continence BDI-FS 10.308 0.001

Fatiguability BDI-FS 13.201 <0.001

Life satisfaction BDI-FS 29.334 <0.001

Notes: Ordinal regression models were performed where the limitations in each of the PRO questions are 
individually tested. The regression utilized 14 independent predictors including: age, BDI-FS, T1 and T2 
lesion volume, whole brain volume, gray matter volume, white matter volume, lateral ventricular volume, 
deep gray matter volume, and specific volumes of the thalamus, caudate, putamen globus pallidus and 
hippocampus. Only significant age, BDI-FS and MRI-based volumes from the model were included in the 
Table The Wald statistics demonstrate the significance of individual coefficients in the model. P-values lower 
than 0.05 was considered significant and shown in bold. 
Abbreviations: BDI-FS, Beck Depression Inventory – Fast Screen; EDSS, Expanded Disability Status Scale; 
LV, lesion volume; DGMV, deep gray matter volume.
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>4.962, p < 0.026). Similar findings were seen in climbing stairs limitation, where lower total DGMV (Wald = 7.314, p = 
0.007) and smaller volume of all DGM-based nuclei were associated with greater limitation (Wald >4.778, p < 0.029). 
Higher lower limb limitation was specifically related to higher T1-LV (Wald = 3.932, p = 0.047), lower DGMV (Wald = 
4.968, p = 0.026) and lower volume of the caudate (Wald = 4.138, p = 0.042), putamen (Wald = 5.05, p = 0.025) and 
hippocampus (Wald = 3.96, p = 0.047).

On the contrary, the extent of upper limb limitation, bladder continence, bowel continence, fatigability and general 
life satisfaction were not associated with any MRI-based measure. No significant relationships were seen in the HCs 
population. Additional analysis regarding the relationship between PROs and MRI-based measures in the CIS/RRMS and 
PMS subgroups are shown in Supplement Table 1. In the CIS/RRMS group, both BDI-FS and caudate volume were 
significant predictors of limitations in standing up from a low seat (<0.002) and limitations in climbing stairs (p < 0.039). 
For the remaining PRO measures including the psychosocial components, the BDI-FS score was the most consistent 
predictor. In the PMS group, the limitations in upper and lower limb function (including standing up from a low seat and 
climbing stairs) were most commonly explained by T1-LV, T2-LV and volumes of the putamen and globus pallidus.

The effect of depression scores on the relationship between DGMV with physical limitations and life satisfaction are 
shown in Figure 1. Depression was a significant mediator of the relationship between DGMV and reported limitations for 
“climbing stairs” (p = 0.002, indirect effect of 20%). Greater than 80% of the relationship between DGMV and lower 
extremity limitations were direct and unaffected by depression. On the other hand, depression had significant and 
opposite effect (p < 0.001) on the relationship between DGMV and reported life satisfaction rendering the association 
non-significant (total effect p = 0.878).

The absolute and depression-adjusted, MRI-based volume differences between the four levels of life satisfaction in 
the pwMS population are shown in Table 4. There were no significant differences in any MRI-based brain volumes 
between the levels of life satisfaction. In particular, a trend of smaller volumes was seen going from “very satisfied” to 
“fairly satisfied” and “more satisfied than not”. However, the “not satisfied” responders did not continue these trends and 
had numerically equal or higher volume when compared to the previous group.

Discussion
The findings from this cross-sectional study are multifold. Firstly, and as expected, pwMS report greater levels of 
depression, increased mobility limitations in areas associated with lower and upper limb function, and fatigability. 
Secondly, the lower limb-associated limitations in pwMS were significantly associated with total and nuclei-specific 
DGM structures but not with global brain volume measures or lesional pathology. Lastly, depressive feelings were 
a significant mediator of all PRO domains and the only factor associated with overall life satisfaction. The significance of 
these findings and their relationship with the existing data in the literature are discussed hereafter.

Figure 1 The mediating effect of depression on the relationship between DGM volume with limitations in “climbing stairs” (A) and life satisfaction (B). 
Notes: Section A – demonstrates the mediation analysis between DGM volume, depression score and limitations in climbing stairs. Section B – demonstrates the mediation 
analysis between DGM volume, depression score and life satisfaction. Each effect is shown as effect coefficient and (standard error). P-value lower than 0.05 was considered 
statistically significant. The analysis was performed using PROCESS macro tool for SPSS (plugin version 4.0). 
Abbreviation: DGM, deep gray matter.
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Using the Functional Assessment in MS (FAMS) questionnaire, a larger California-based study investigated the 
relationship between PROs and the same conventional MRI measures.29 While poorer scores in the Emotional Well- 
Being and Thinking/Fatigue subscales of the health-related QoL (HRQOL) have been correlated with greater lesion load 
(both T1 and T2 lesions), this HRQOL outcome does not investigate aspects related to the physical limitations.29 Similar 
findings were seen with the MSQOL-54 and Short Form-36 questionnaires, where only pain, cognition and overall QoL 
measures were correlated with greater LV and smaller global brain volumes.30 In the same sample, the walking measure 
was not associated with any global MRI measures.30 The relationship of self-reported limitations in lower extremity 
function and specifically with DGM structures seen in our study are further corroborated by corresponding objective 
data.27 In a heterogeneous group of pwMS, slower walking times measured through the timed 25-foot walk test are also 
associated with lower total DGMV and lower nuclei-specific volumes.27 The relationship between neurodegenerative 
changes and walking disability is of particular importance when determining and predicting progressive status of the 
pwMS. A recent longitudinal analysis of 5558 pwMS (164 pwMS with transition to SPMS) demonstrated greater 
worsening of PRO-based scores just prior to the SPMS transition than those who did not transition into SPMS.31 

Similarly, an age, sex, EDSS and disease duration-matched analysis showed that pwMS that are transitioning into SPMS 
report worsened physical functioning QoL, depression and fatigue scores when compared to stable pwRRMS 
counterparts.32 Using the same LIFEware questionnaire, greater self-reported fatigue was also able to predict future 
sustained disability worsening and future psychosocial limitations.33 A much larger body of literature has investigated the 
relationship between subjective and objective discrepancies of cognitive functioning and MRI measures in pwMS.34–36 

For example, hippocampal volume in the early stages of MS is associated with worse subjective memory outcomes when 
compared to lack of associations with objectively measured memory tests.37 Most importantly, PRO measures from the 
LIFEwareTM questionnaire have been recently shown to be able to predict the rate of future disability worsening in 

Table 4 Differences in MRI-Based Volumes Based on Levels of Life Satisfaction in the pwMS Population

Life Satisfaction Very 
Satisfied 
(n=12)

Fairly 
Satisfied 
(n=22)

More Satisfied 
Than Not 

(n=57)

Not Satisfied 
(n=49)

p-value BDI- 
Adjusted 
p-value

Age 51.9 (8.9) 53.6 (10.4) 52.6 (12.7) 53.0 (11.5) 0.96 –

BDI-FS 5.5 (5.1) 4.4 (2.5) 2.6 (2.9) 0.8 (1.3) <0.001 –

T2-LV 2.7 (5.2) 1.9 (3.1) 3.1 (6) 2 (7.3) 0.806 0.349

T1-LV 13.1 (14.6) 13.6 (18.6) 16.7 (19) 12.2 (15.5) 0.612 0.204

GMV 769.9 (33.6) 730.8 (60.2) 725.1 (62.8) 740.5 (57.6) 0.141 0.098

WMV 722.2 (45.7) 718.1 (53.5) 708.4 (46.2) 716.8 (36.5) 0.665 0.58

WBV 1492.1 (69.8) 1448.9 (96.6) 1433.5 (97.1) 1457.3 (81.3) 0.237 0.177

LVV 39.3 (12.3) 54.8 (29.6) 53 (26.2) 53.9 (25.8) 0.409 0.459

DGMV 57 (5.2) 53.7 (7.2) 53.4 (7.6) 55.1 (6.3) 0.395 0.421

Thalamic volume 18.9 (1.6) 18 (2.5) 17.8 (2.7) 17.8 (2.3) 0.63 0.626

Caudate volume 8.2 (1) 8 (1.2) 8 (1.4) 8.3 (1.1) 0.603 0.76

Putamen volume 12.5 (1.8) 11.3 (1.5) 11.4 (1.7) 12 (1.4) 0.07 0.105

Globus pallidus volume 4.2 (0.5) 4 (1.1) 3.9 (0.7) 4 (0.7) 0.642 0.475

Hippocampal volume 9 (1.0) 8.4 (1.5) 8.7 (1.4) 9 (1.3) 0.38 0.438

Notes: All measures are shown as mean and standard deviation (SD). Differences between the groups were performed using one-way analysis of variance (ANOVA) and 
BDI-adjusted analysis of covariance (ANCOVA). P-values lower than 0.05 were considered statistically significant and shown in bold. MRI data for the life satisfaction 
comparison was missing in 2 pwMS. The volume of all MRI-based measures is shown in milliliters (mL). 
Abbreviations: pwMS, persons with multiple sclerosis; BDI-FS, Beck Depression Inventory – Fast Screen; LV, lesion volume; WBV, whole brain volume; GMV, gray matter 
volume; WMV, white matter volume; LVV, lateral ventricular volume; DGMV, deep gray matter volume.
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pwMS.38 In particular, worse baseline PRO measures related to the lower limb functionality such as difficulties in getting 
up and difficulties in standing for more than 30 minutes have been associated with 2.4-fold and 2.2-fold greater risk of 
future disability progression.38 Lastly, PROs can reflect the effectiveness of DMT and are starting to be used in 
conjunction with clinical and MRI-based activity.39

The depressive feelings measured through the stand-alone BDI questionnaire was a considerable mediator of the 
relationship between psychosocial PROs and MRI measures and may have obscured the MRI correlations. Although 
present, the relationship between depressive symptoms and physical PROs was less substantial. This relative indepen-
dence of physical and mental subscores has been shown in the literature.40 For example, a study of 3339 orthopedic 
patients showed that improvement in the physical function subscore of the Patient-Reported Outcomes Measurement 
Information System (PROMIS) is not followed with changes in the PROMIS-based depression scores.40 It is also 
important to note that our study had low average BDI-FS scores with only 31.7% of subjects meeting the 4-point cut-off 
for minimal depressive symptoms (40pwMS and 5 HCs, respectively). That said, interventions targeting depressive 
symptoms have the potential to improve physical function, particularly in the older population and corroborates the 
relationship between the two domains.41

The discrepancy between life satisfaction and depression scores presents as one interesting and potentially contra-
dicting finding. This could be explained by findings from a recent study that suggested that damage and disruption of the 
negative emotional salience network (connections between the amygdala, temporal lobe and insula) could paradoxically 
associate with lower self-reported depressive and cognitive symptoms.42 On the other hand, the same injury within that 
network is associated with poorer objective cognitive performance.42 Therefore, pwMS may report biased and contra-
dictory PRO through their inability to recognize and process negative emotions related to their health and life satisfac-
tion. On the other hand, damage in the front-limbic network and their respective tracts (relationship between the 
thalamus, amygdala with the anterior cingulate cortex, medial, dorsolateral and ventral prefrontal cortex) may result 
with greater depressive symptoms and worse life satisfaction.43,44 Therefore, pwMS with varying degrees/ratios of 
pathology between the two networks could affect the PROs. Further validation of these constructs is needed in separate 
populations and in a longitudinal design. On top of these features, the literature describes a more general disassociation 
between the MRI-detected damage and the severity of the clinical symptoms.45 These discrepancies can be in either 
direction, from large MRI changes and no clinical disability to significant clinical disability and no concurrent MRI 
damage.45 Apart from depression, the reported life satisfaction in pwMS can be influenced by a multitude of other 
psychological and psychiatric comorbidities such as presence of bipolar disorders, pseudobulbar affect and anxiety 
disorders.46

The current study has several limitations that should be considered. The study has a relatively small sample size, and 
future studies should look to increase the sample size of both the MS and HC groups. This particular limitation became 
apparent in the additional subgroup analysis of PRO measures in the pwRRMS and pwPMS groups. While the total 
pwMS group satisfied the commonly used assumption of 10 subjects per independent regression predictor (142 pwMS 
and 14 predictors; age, BDI-FS and 12 MRI outcomes), this was not the case for the subgroup analysis. Therefore, the 
lack of significant findings in the pwRRMS and pwMS groups may be due to insufficient power in detecting true 
associations. Due to the nature of self-reported questionnaires, a subjective bias and perception of the limitations may 
differ between two different patient groups. The level of limitations may be influenced by the local environment, the 
available help, and the interactions with similarly disabled peers. Severely-limited (non-ambulatory) pwMS that are 
living within a structured nursing home environment report significantly lower level of fatigue, pessimism and tension 
when compared to home-based care.47 The periodic fluctuations in MS symptoms can also result with different answers 
on questionnaires depending on the period the pwMS was recruited and administered. For example, heat-sensitive pwMS 
may report higher levels of fatigability that could be related to the current meteorological temperatures (pwMS 
interviewed during winter versus summer months).48 Moreover, rise in body temperature may cause pwMS to experience 
greater limitation in walking, rising from chair or have functional reach.49 The cultural aspect of the population can 
provide an additional subjective bias to the PRO measures.50 Development and validation of language and culturally- 
adapted PROs would allow greater diversity and inclusiveness of this important clinical tool.51 We acknowledge that the 
pwMS in our study have female predominance of ~75%, a feature that deliberately aimed at representing the global MS 
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prevalence and widening sex ratios.52 Another limitation is the cross-sectional nature of the study. The temporal 
relationship between PROs and MRI measures and potential “causal” interpretation could only be determined with 
a longitudinal design. Each of the domains could be investigated as self-reported outcomes and through close reports of 
close observers such as partners, family or close friends. The informant report may be a better indicator of certain 
limitations when compared to the self-reported ones. Lastly, reported limitations related to lower extremity function may 
be better correlated with spinal cord or cerebellar pathology and not captured by our brain-only MRI investigation. In 
particular, one study showed that only the volume of the upper spinal cord (C1-C3) and not brain atrophy was associated 
with impaired extremity-related QoL outcomes.53

In conclusion, PROs related to lower limb limitations are significantly associated with neurodegenerative changes 
within the DGM structures. These findings promote the relevance of measuring DGM structures as measures directly 
related to subjective well-being and perception of walking limitations. It further corroborates the importance of DGM 
structures as drivers of disability in MS. Future studies should specifically determine the reciprocity in treatment effect/ 
response in PROs and specific changes on DGMV measures.
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