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ABSTRACT
Background The brain reserve hypothesis posits that 
larger maximal lifetime brain growth (MLBG) may confer 
protection against physical disability in multiple sclerosis 
(MS). Larger MLBG as a proxy for brain reserve, has been 
associated with reduced progression of physical disability 
in patients with early MS; however, it is unknown whether 
this association remains once in the secondary progressive 
phase of MS (SPMS). Our aim was to assess whether 
larger MLBG is associated with decreased physical 
disability progression in SPMS.
Methods We conducted a post hoc analysis of 
participants in the MS- Secondary Progressive Multi- 
Arm Randomisation Trial (NCT01910259), a multicentre 
randomised placebo- controlled trial of the neuroprotective 
potential of three agents in SPMS. Physical disability was 
measured by Expanded Disability Status Scale (EDSS), 9- 
hole peg test (9HPT) and 25- foot timed walk test (T25FW) 
at baseline, 48 and 96 weeks. MLBG was estimated by 
baseline intracranial volume (ICV). Multivariable time- 
varying Cox regression models were used to investigate 
the association between MLBG and physical disability 
progression.
Results 383 participants (mean age 54.5 years, 298 
female) were followed up over 96 weeks. Median baseline 
EDSS was 6.0 (range 4.0–6.5). Adjusted for covariates, 
larger MLBG was associated with a reduced risk of EDSS 
progression (HR 0.84,95% CI:0.72 to 0.99;p=0.04). MLBG 
was not independently associated with time to progression 
as measured by 9HPT or T25FW.
Conclusion Larger MLBG is independently associated 
with physical disability progression over 96 weeks as 
measured by EDSS in SPMS. This suggests that MLBG as 
a proxy for brain reserve may continue to confer protection 
against disability when in the secondary progression 
phase of MS.
Trail registration number NCT01910259.

INTRODUCTION
The brain reserve hypothesis suggests that 
larger maximal lifetime brain growth (MLBG) 
may confer protection against cognitive 
impairment and physical disability in neuro-
logical conditions.1 2 MLBG is predominantly 
genetically determined and usually reaches 
its maximum by 10 years of age.3 4 The brain 
reserve hypothesis was initially studied in 

dementia and Parkinson’s disease before the 
concept of threshold factor and brain reserve 
was formalised into a theoretical construct by 
Satz to explain the interindividual variability 
in clinical symptoms between those with 
similar levels of brain pathology.1 He outlined 
the core concept of brain reserve capacity 
and described a number of hypotheses 
relating brain reserve capacity and its associ-
ation with symptom onset in disease. These 
include greater brain reserve capacity being a 
protective factor; which people with reduced 
brain reserve may be more vulnerable to clin-
ical symptoms with premorbid insults, further 
contributing to this vulnerability.1

Brain reserve has an anatomical proxy 
with initial studies in Alzheimer’s dementia, 
showing those with larger head circumfer-
ence having a 20% decreased risk of devel-
oping the disease after adjusting for age, 
education, ethnicity, gender and height.5 6 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Increased brain reserve measured using maximal 
lifetime brain growth as a proxy has been shown 
to be associated with decreased physical disabili-
ty progression in early relapsing remitting multiple 
sclerosis (MS). This study examines whether in-
creased brain reserve may protect against physical 
disability progression once in the secondary pro-
gressive phase of MS.

WHAT THIS STUDY ADDS
 ⇒ This study shows that increased brain reserve may 
confer protection against physical disability progres-
sion even once in the secondary progressive phase 
of MS. This has not been demonstrated before.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ Our study provides impetus for additional research 
exploring factors in brain reserve and studying the 
combined effects of brain, cognitive and functional 
reserve and their contribution to physical and cogni-
tive disability progression in MS.
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Larger MLBG is associated with larger neuronal count, 
which may be more robust to disease- related disruption 
and provide additional plasticity to respond to disease.7 
This concept was also supported by a postmortem study 
that described a group of subjects with pathological 
evidence of Alzheimer’s disease with minimal symptoms. 
This group had higher brain weight and greater number 
of neurons, leading to the hypothesis that larger brain 
size may be protective through ‘greater reserve’.8 The 
introduction of MRI then enabled the use of total intra-
cranial volume as a proxy for brain reserve or MLBG with 
this being the most widely used method particularly in 
dementia studies.1 3 9

In multiple sclerosis (MS), the concept of brain reserve 
was initially studied in a cross- sectional study of 62 people 
demonstrating that smaller intracranial volume was asso-
ciated with slower cognitive processing speed.10 The 
follow- up to this initial study (n=40) showed that greater 
brain reserve protected against deterioration in cognitive 
processing speed.11 The only other longitudinal study in 
MS demonstrated that greater brain reserve was associ-
ated with decreased progression in physical disability in 
people with early MS.2 However, it is unknown whether 
association between brain reserve and physical disability 
remains once in the secondary progressive phase of the 
disease (SPMS).

The Multiple Sclerosis—Secondary Progressive 
Multi- Arm Trial (MS- SMART) was a phase 2b multiarm, 
multicentre, randomised placebo- controlled trial evalu-
ating the neuroprotective potential of amiloride, fluox-
etine and riluzole in SPMS (NCT01910259). Results of 
this trial have been published previously, with none of the 
three treatment arms demonstrating therapeutic effect 
on the primary endpoint of percentage brain volume 
change (PBVC) over 96 weeks (atrophy).12 We now use 
this cohort to examine the association between MLBG 
and physical disability progression. We hypothesise that 
larger brain reserve at baseline will be associated with 
decreased physical disability progression.

METHODS
Study participants
We conducted a post hoc analysis of participants from the 
MS- SMART trial. The inclusion/exclusion criteria and 
primary/secondary outcome measures have been previ-
ously described.13 In brief, eligible participants were aged 
25–65 with an Expanded Disability Status Scale (EDSS) 
score of 4.0–6.5, who showed evidence of progression 
of SPMS over the preceding 2 years, which was indepen-
dent of relapses. Participants were recruited from 13 UK 
neuroscience centres between 29 January 2015 and 22 
June 2016. Participants were randomised to amiloride, 
fluoxetine, riluzole or placebo; and the primary outcome 
measure was per cent PBVC over 96 weeks.12 13 The sample 
size calculation for the MS- SMART trial has been outlined 
previously.13

Physical disability variables
Physical disability was measured by EDSS, 9- hole peg test 
(9HPT) and timed 25- foot timed walk (T25FW) at base-
line, 48 and 96 weeks by assessors blinded to treatment 
allocation. Clinically significant progression was defined 
as increase in EDSS score of ≥1.0 if baseline ≤5.0 or ≥0.5 
if baseline ≥5.5, or increase in 9HPT or T25FW time 
of≥20%.

MRI acquisition and analysis
Participants were scanned on 3Tesla MRI scanners using 
a standardised MRI acquisition protocol. The acquisition 
protocol included PD/T2, fluid attenuated inversion 
recovery (FLAIR) and T1- weighted sequences and has 
been described previously.13 T2 lesion volume (T2LV) 
was measured using Jim7 (Xinapse, UK) software, after 
lesion filling.14 MLBG estimated by baseline intracra-
nial volume (ICV) used as a proxy of brain reserve was 
obtained using SIENAX (Structural Image Evaluation, 
using Normalisation, of Atrophy X) and includes the 
brain, meninges and cerebrospinal fluid (CSF).15 Specif-
ically, brain and skull images were extracted from single 
whole- head input data, and tissue- type segmentation 
with partial volume estimation was performed to yield a 
volumetric measure of ICV.16 ICV was then standardised 
as z score, using the mean and SD for men and women, 
respectively. ICV was additionally classified as larger or 
smaller based on median ICV for sex to be concordant 
with previous studies.2 PBVC over 96 weeks was measured 
using SIENA.15 Normalised brain volume (NBV) was also 
measured using the SIENAX method.

Statistical analysis
In a complete- case analysis, we first performed univari-
able analyses comparing the characteristics of participants 
who did and did not experience progression in EDSS over 
96 weeks. Continuous variables, namely age, MLBG, base-
line NBV, and PBVC over 96 weeks, were compared using 
Student’s t test where approximate normality could be 
assumed. Baseline EDSS and T2LV could not be assumed 
to be normal and were compared using the Mann- Whitney 
U test. Categorical variables, namely sex, relapse within 
the preceding 2 years, randomised treatment group and 
the presence of new/enlarging T2 lesions over 96 weeks, 
were compared using the Pearson χ2 test.

We then used multivariable time- varying Cox regres-
sion models to investigate the association between MLBG 
and time to physical disability progression in EDSS, 9HPT 
and T25FW; adjusting for age, sex, baseline NBV, baseline 
T2LV, PBVC, relapse within 2 years and any other covari-
ates significant in the univariable analysis. The brain 
reserve concept aims to explain the difference between 
the observed and expected physical performance based 
on the underlying level of pathology. Therefore, models 
should include a measure of neuropathology for which 
NBV and T2LV were included as covariates.9 Results of 
the regression are presented as hazard ratios (HR). Study 
trial allocation was not included as a covariate as there 
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was no effect of any of the three agents on the primary 
outcome of percentage PBVC.12

In secondary analyses, we used Cox regression models 
to investigate the association between categorisation of 
MLBG as larger or small and time to physical disability 
progression in EDSS, adjusting for the same covariates. 
We also evaluate the relative contribution of MLBG and 
each covariate in the Cox model to the risk of disability 
progression by calculating Shapley Additive exPlanations 
(SHAP) values. Analysis using SHAP values is based on 
cooperative game theory.17 The marginal contribution or 
Shapley value is determined as the average of all permu-
tations of the coalition of the covariates containing the 
covariate of interest minus the coalition without the 
covariate of interest.18 In the context of regression, it 
assigns an importance value to each regressor, which 
represents the additive marginal effect on the model 
prediction of including that regressor. The network rela-
tionships among the variables were examined by building 
a partial correlation network. Multivariable linear regres-
sion was used to investigate the association between MLBG 
and change in EDSS score over 96 weeks, adjusting for the 
same covariates. Results of the regression are presented as 
adjusted mean differences.

The statistical analyses were performed using Python 
(SciPy V.1.10.1, statsmodels 0.13.5 and lifelines 0.27.7). 
All significance tests were two- sided, and p values <0.05 
were considered significant.

RESULTS
Participants
445 participants were enrolled in the trial. Mean age was 
54.5 years (SD 7.0) and 298/445 (67.0%) were women. 
Median baseline EDSS was 6.0 (IQR 6.0–6.5). 383 of 445 
enrolled participants (86.1%) were followed up over 96 
weeks. 155/445 (35%) had previously used any disease- 
modifying therapy with 142/445 (32%) using first- line 
treatment and 26/445 (6%) using second- line therapy. 

Table 1 summarises the baseline characteristics of the 
enrolled participants.

62 enrolled participants did not undergo 96- week 
EDSS assessment due to formal withdrawal (16/62), loss 
to follow- up (43/62) and death unrelated to the study 
agents (3/62). The baseline characteristics of those with 
missing follow- up at 96 weeks were similar to those with 
complete follow- up.

EDSS progression
Over 96 weeks, 150/383 participants (39.2%) demon-
strated clinically significant progression in EDSS.

In univariable analysis, younger age (t(381)=2.19; 
p=0.03), male sex (χ2(1)=7.43; p=0.006), lower base-
line EDSS (Mann- Whitney p<0.001) and smaller MLBG 
(χ2(1)=2.10; p=0.04) were associated with an increased 
risk of EDSS progression (online supplemental table 1).

Over 96 weeks, 81/383 progressed on 9HPT, and 
169/383 progressed on T25FW.

Multivariable analyses
In the Cox regression model, larger MLBG was inde-
pendently associated with reduced hazard of EDSS 
progression (HR 0.84, per SD increase in MLBG, 95% CI 
0.72 to 0.99; p=0.04, table 2).

The SHAP values show that MLBG made the second 
largest contribution to increasing the hazard of EDSS 
progression, contributing 17.4% to the model output; 
with male sex contributing 27.7% (figure 1). The figure 
also demonstrates the relationship of each variable and 
the model output—hazard of EDSS progression. Figure 1 
demonstrates that larger MLBG predicts a decreased 
hazard of EDSS progression, whereas smaller MLBG 
predicts an increased hazard; and being male predicts 
an increased hazard of progression compared with 
women (figure 1). The correlation matrix and the partial 
correlation network highlighting the relationship among 
the variables are shown in figure 2. Age was moderately 
correlated to disease duration (σ=0.38), which in turn 
showed a low negative correlation with EDSS progres-
sion (σ=−0.15). Both MLBG (σ=−0.09) and PBVC over 96 
weeks (σ=−0.10) showed negative correlations with EDSS 
progression.

In the secondary analysis, larger MLBG than median 
was independently associated with reduced hazard of 
EDSS progression (HR 0.62, 95% CI 0.45 to 0.87; p=0.005, 
table 3).

Participants with larger MLBG than median also had 
smaller changes in EDSS score over 96 weeks on average 
(adjusted mean difference 0.16, 95% CI 0.01 to 0.31; 
p=0.04, table 4).

No association was seen between MLBG and time to 
progression as measured by 9HPT (HR 1.00, per SD, 
95% CI 0.80 to 1.25; p=0.98) or T25FW (HR 1.03, 95% CI 
0.88 to 1.20; p=0.75).

DISCUSSION
Extending the brain reserve hypothesis to physical 
disability in a large randomised control trial cohort with 

Table 1 Baseline characteristics of participants

Age in years, mean (SD) 54.5 (7.0)

Female, n (%) 298 (67%)

EDSS, median (IQR) 6.0 (6.0–6.5)

ICV (MLBG), cm3, mean (SD) 1513.6 (137.7)

ICV (MLBG), large:small 223:222

Baseline NBV, cm3, mean (SD) 1423.6 (83.6)

Baseline T2LV, cm3, median (IQR) 10.4 (4.1–18.6)

Relapse in preceding year (n, %) 43 (10%)

None of the participants commenced disease modifying therapy 
(aside of the study agents) during the trial.
EDSS, Expanded Disability Status Scale; ICV, intracranial 
volume; MLBG, maximal lifetime brain growth; NBV, normalised 
brain volume; T2LV, T2 lesion volume.

https://dx.doi.org/10.1136/bmjno-2024-000670
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SPMS, we demonstrate that patients with larger MLBG 
were at lower risk of physical disability progression over 
96 weeks. This suggests that MLBG as a proxy for brain 
reserve continues to confer protection against physical 
disability in SPMS. Consideration of MLBG may also help 
stratify participants at greater risk of disability progres-
sion in clinical trials of neuroprotective agents in progres-
sive forms of MS, thereby facilitating a more efficient trial 
design.

We used SHAP analysis often used in machine learning 
to further interpret the individual contribution of each 
variable in predicting EDSS progression, which extends 
our understanding of the results gained from Cox 
regression. This novel approach to the research ques-
tion enabled an improved understanding of MLBG and 
the other covariates by showing that being female and 
having larger MLBG were the most important features 
when predicting EDSS progression in SPMS. We then 
extended this by using a network approach to under-
stand the relationship between the key variables in the 
model and our dependent variable (EDSS progression). 
We did this by creating a partial correlation network. 

Figure 2b illustrates the expected negative association 
between MLBG and EDSS progression. It also shows that 
age was positively correlated with disease duration, which 
in turn was negatively associated with EDSS progression. 
Baseline NBV was negatively associated with T2LV, while 
disease duration was positively associated with T2LV then 
showing a positive association with EDSS progression.

Our findings build on the previous work by Sumowski 
et al by demonstrating for the first time that patients 
with larger MLBG had a lower risk of physical disability 
progression in adults with SPMS.2 Sumowski et al showed 
that larger MLBG was associated with a lower risk of phys-
ical disability progression (measured using EDSS) over 5 
years in adults with MS. Compared with our study, their 
cohort was younger (mean 43 years), had a shorter disease 
duration (mean 10.3 years), lower level of disability 
(median EDSS 3.5) and contained predominantly RRMS 
(32 RRMS out of 52).2 Our study duration was compara-
tively shorter, yet we were able to demonstrate that larger 
MLBG was associated with a decreased risk of disability 
progression over this shorter time frame.

MLBG is not thought to increase after 10 years and is 
thought to be genetically determined therefore repre-
senting a static or fixed concept.4 Previous longitudinal 
studies demonstrated that grey matter volumes peak at 
4 years while cortical white matter volumes peak by 20 
years of age.4 9 There is debate about whether neuro-
genesis can occur in adulthood but there is evidence 
of neurogenesis and plasticity in specific areas such as 
the hippocampus and subventricular regions.19 This 
may be influenced by factors such as exercise, diet and 
stressors.9 There is also some evidence that early and 
perinatal environmental factors may have an additional 
role in determining MLBG.20 These include malnutrition 
and vitamin deficiencies in the early years of life,21 intra-
partum factors such as maternal stress,22 and exposures 

Table 2 Factors associated with time to EDSS progression, 
continuous MLBG, multivariable regression

HR (95% CI) P

Larger MLBG, per SD increase 0.84 (0.72 to 0.99) 0.04*
Male sex 1.60 (1.12 to 2.27) 0.009*

Multivariable Cox regression. Likelihood ratio test p=0.02.
Non- significant covariates omitted from the table: age, baseline 
NBV, baseline T2LV, relapse within previous 2 years, PBVC.
*p<0.05.
EDSS, expanded disability status scale; MLBG, maximal lifetime 
brain growth; PBVC, percentage brain volume change; T2LV, T2 
lesion volume.

Figure 1 SHAP analysis of factors associated with risk of EDSS progression SHAP values for parameters in the Cox 
regression evaluating the association between MLBG and EDSS progression. The column on the right shows the mean absolute 
SHAP value for each parameter, as a percentage of the total, representing the percent contribution of each parameter to the 
model output. The x- axis shows the SHAP values with each individual dot signifying SHAP value of a particular feature for a 
given data point. For the purposes of SHAP illustration, age is presented as a continuous covariate and PBVC is presented as at 
96 weeks. EDSS, expanded disability status scale; MLBG, maximal lifetime brain growth; NBV, normalised brain volume; PBVC, 
percent brain volume change; SHAP, SHapley Additive exPlanations; T2LV, T2 lesion volume.
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to potential toxins (alcohol) and medication (eg, antie-
pileptics).23 This brings into consideration the concept of 
brain reserve and whether it is static where MLBG does 
not change or whether it is dynamic and influenced by 

certain environmental factors. There is also a separate 
but possibly interlinked hypothesis of functional brain 
reserve whereby those with a greater potential for neuro-
plasticity may be more resilient to the effects of neuropa-
thology such as MS. Furthermore, it is of interest whether 
interventions such as regular exercise or physiotherapy 
promote neuroplasticity or whether we can interrogate 
brain reserve and neuroplasticity potential to determine 
who may benefit most from MS treatment strategies, 
particular rehabilitation; and physical therapies. Further 
study is needed to improve our understanding of these 
concepts and whether optimising comorbidities such as 
maternal depression and nutrition in the perinatal period 
that impact early brain development can influence brain 
reserve.24 25

The mechanisms through which greater brain reserve 
may be associated with decreased progression in MS and 

Figure 2 Correlation matrix and correlation network of EDSS progression. The top row is the correlation matrix representing 
the correlation coefficients between the variables. Positive correlations are blue and negative correlations shown as red. The 
bottom row is the correlation network and shows the interactions between the variables. Again, positive correlations are labelled 
in blue and negative correlations are in red. The thickness of the line represents the strength of the partial correlation. EDSS, 
expanded disability status scale; MLBG, maximal lifetime brain growth; NBV, normalised brain volume; PBVC, percent brain 
volume change.

Table 3 Factors associated with time to EDSS progression, 
dichotomous MLBG, multivariable regression

HR (95% CI) P

Larger MLBG than median 0.62 (0.45 to 0.87) 0.005*
Male sex 1.59 (1.12 to 2.25) 0.01*

Multivariable Cox regression. Likelihood ratio test p=0.006.
Nonsignificant covariates omitted from the table: age, baseline 
NBV, baseline T2LV, relapse within previous 2 years, PBVC.
*p<0.05.
EDSS, expanded disability status scale; MLBG, maximal lifetime 
brain growth; PBVC, percentage brain volume change.
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other neurodegenerative disease remains incompletely 
understood. There are several postulated models: First, 
the ‘threshold concept’ whereby brain reserve provides a 
higher threshold before the clinical effects of the under-
lying pathology become evident.1 Second, the initial 
advantage model whereby those with greater brain reserve 
must undergo greater levels of decline before objective 
clinical impairment is seen. Third, the concept of brain 
resilience reflecting the ability of the brain to cope with 
accumulating pathology and maintain physical and/or 
cognitive performance.26 MS- specific hypotheses include 
the topographical model, whereby clinical symptoms 
occur once a functional reserve is crossed and that the 
progression is encapsulated by focal inflammatory activity 
in eloquent regions of the brain and spine.27 Vollmer et al 
later outlined neurological reserve in MS, whereby clinical 
disease progression is unmasked once subclinical inflam-
matory activity and biological ageing overcome brain 
and cognitive reserve.28 It is also of interest to examine 
the link between (active) cognitive reserve, brain reserve 
and cognitive performance in MS as previous studies in 
dementia have demonstrated that those with cognitive 
reserve have greater positive effects in those with greater 
brain reserve (measured using ICV).9

The strengths of the study include a well- phenotyped 
cohort typical of SPMS who were recruited into a 
randomised clinical trial that underwent rigorous assess-
ment using both assessments of disability and MRI 
measures over 96 weeks. Participants were not on disease 
modifying therapy at study entry, they did not commence 
disease- modifying therapy during the trial, and none of 
the treatment arms decreased whole brain atrophy or 
physical disability progression. Therefore, the study could 
be considered a natural history study of SPMS. We also 
incorporated additional measures of upper limb function 
(9HPT) and walking speed (T25FW) that have not been 
investigated previously. There are several limitations—
no association was found between larger brain reserve 
and upper limb function likely due to the small propor-
tion of participants that demonstrated a worsening in 

9HPT times over 96 weeks. There was also no associa-
tion between progression on T25FW and larger brain 
reserve, which may be due to differences in the outcome 
measures where the 9HPT, T25FW and EDSS may not 
always be concordant.29 An example of this is seen in 
the EXPAND trial in SPMS where siponimod decreased 
EDSS- confirmed disability progression but had no effect 
on T25FW progression rates30; a similar result was seen 
in the phase II MS- STAT trial of high- dose simvastatin 
in SPMS.31 Conversely, the discordance represents the 
possibility that our association is due to chance. This 
was a post hoc analysis and was, therefore, not powered 
specifically for this study. The study followed partici-
pants for 96 weeks, which may not capture long- term 
disability progression in SPMS, limiting our ability to 
assess the sustained impact of brain reserve on disability 
over longer time periods. It would also be of interest to 
incorporate functional reserve, which may be measured 
using functional connectivity, environmental factors such 
as socioeconomic measures and stressful early life expo-
sures to better understand their association with physical 
disability alongside MLBG.28 There are considerations 
about the use of MLBG measured using ICV as a proxy 
for brain reserve. For example, total ICV may not capture 
subtle individual variation in cortical surface area; and 
automated measures using the most commonly used soft-
ware (FSL, Freesurfer and SPM12) have shown excellent 
reliability and accuracy compared with manual delinea-
tion methods but may still be confounded by factors such 
as sex.9 32 33

In summary, we extend the brain reserve hypothesis 
to physical disability progression in adults with SPMS, 
demonstrating that greater brain reserve may provide 
a protective role against physical disability progression 
once in SPMS.
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