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Brain reserve and cognitive reserve protect

against cognitive decline over 4.5 years in MS

ABSTRACT

Objective: Based on the theories of brain reserve and cognitive reserve, we investigated whether
larger maximal lifetime brain growth (MLBG) and/or greater lifetime intellectual enrichment pro-
tect against cognitive decline over time.

Methods: Forty patients with multiple sclerosis (MS) underwent baseline and 4.5-year follow-up
evaluations of cognitive efficiency (Symbol Digit Modalities Test, Paced Auditory Serial Addition
Task) and memory (Selective Reminding Test, Spatial Recall Test). Baseline and follow-up MRIs
quantified disease progression: percentage brain volume change (cerebral atrophy), percentage
change in T2 lesion volume. MLBG (brain reserve) was estimated with intracranial volume; intel-
lectual enrichment (cognitive reserve) was estimated with vocabulary. We performed repeated-
measures analyses of covariance to investigate whether larger MLBG and/or greater intellectual
enrichment moderate/attenuate cognitive decline over time, controlling for disease progression.

Results: Patients with MS declined in cognitive efficiency and memory (p < 0.001). MLBG mod-
erated decline in cognitive efficiency (p = 0.031, n,2 = 0.122), with larger MLBG protecting
against decline. MLBG did not moderate memory decline (p = 0.234, n,2 = 0.039). Intellectual
enrichment moderated decline in cognitive efficiency (p = 0.031, 1,2 = 0.126) and memory (p =
0.037, mp2 = 0.115), with greater intellectual enrichment protecting against decline. MS disease
progression was more negatively associated with change in cognitive efficiency and memory
among patients with lower vs higher MLBG and intellectual enrichment.

Conclusion: We provide longitudinal support for theories of brain reserve and cognitive reserve
in MS. Larger MLBG protects against decline in cognitive efficiency, and greater intellectual
enrichment protects against decline in cognitive efficiency and memory. Consideration of these
protective factors should improve prediction of future cognitive decline in patients with MS.
Neurology® 2014;82:1776-1783

GLOSSARY

ANCOVA = analysis of covariance; EDSS = Expanded Disability Status Scale; GMV = gray matter volume; ICV = intracra-
nial volume; LV = lesion volume; MLBG = maximal lifetime brain growth; MS = multiple sclerosis; PBVC = percentage brain
volume change; PPMS = primary progressive multiple sclerosis; RRMS = relapsing-remitting multiple sclerosis; WLG = Word
List Generation; WMV = white matter volume.

Cognitive impairment is prevalent in persons with multiple sclerosis (MS), especially cognitive inef-
ficiency and memory decline."? Despite this, many patients with MS are protected against cognitive
decline. Indeed, some patients withstand considerable disease burden without cognitive impair-
ment.”* Consistent with theories of brain reserve’ and cognitive reserve,® we have shown in
cross-sectional studies that larger maximal lifetime brain growth (MLBG)” and greater intellectual
enrichment’"? attenuate the negative impact of MS disease burden on cognitive status (for review,
see reference 11). There have been only 2 longitudinal studies of reserve in MS.'>"? One study
showed that higher intellectual enrichment protected against decline in cognitive efficiency in 91
patients with MS over approximately 4.7 years; however, memory was not evaluated.'> Another
study did not find that intellectual enrichment protected against cognitive decline in 35 patients
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with MS over 1.6 years'’; however, on average,
patients only declined on 1.4 of 9 neuropsycho-
logical measures over this short interval. The
theory of cognitive reserve posits that intellec-

tual enrichment moderates/attenuates cognitive

6,11

decline,®!! so the effect of enrichment would

not be observed in a sample with little to no
decline to moderate/attenuate. Neither study
investigated the protective effect of brain
reserve (MLBG). In the current study, we
investigated whether larger MLBG  (brain
reserve) and greater intellectual enrichment
(cognitive reserve) protect against decline in
cognitive efficiency and memory in patients
with MS over 4.5 years. Based on cross-
sectional results,”®'” we expected that MLBG
would protect against decline in cognitive effi-
ciency but not memory, whereas intellectual
enrichment would protect against decline in
memory and cognitive efficiency.

METHODS Subject enrollment. Subjects were 40 persons
with MS' (28 women) consecutively recruited from the Clinic for
Neurology, University of Belgrade, Serbia. Patients were without an
exacerbation or corticosteroid use within the 4 weeks preceding base-
line or follow-up, and had no history of serious psychiatric illness,
learning disability, or other neurologic conditions. Patients underwent
baseline and follow-up evaluations 4.5 * 0.5 years apart. Baseline
demographics were as follows: age 43.85 * 10.60 years; education
13.45 * 2.89 years; and disease duration 9.57 £ 9.09 years. Median
baseline Expanded Disability Status Scale (EDSS) score was 3.5.
Baseline phenotypes included clinically isolated syndrome (n = 5),
relapsing-remitting MS (RRMS) (n = 17), secondary progressive MS
(n = 6), and primary progressive MS (PPMS) (n = 12). The 5
patients with clinically isolated syndrome at baseline were reclassified
as RRMS at follow-up; 3 patients with RRMS at baseline converted to
secondary progressive MS by follow-up. (Note that our sample
consisted of 30% patients with PPMS, which is more than
expected within the MS population.)

Standard protocol approvals, registrations, and patient
consents. Approval was received from the local ethical standards
committee on human experimentation, and written informed

consent was obtained from all subjects participating in the study.

Cognitive functioning. Cognition was assessed at baseline and
follow-up with the Brief Repeatable Battery of Neuropsychological
Tests,' a battery assessing the cognitive domains most affected by
MS: cognitive efficiency and memory."* Cognitive efficiency was
measured with the Symbol Digit Modalities Test (oral version)
and the Paced Auditory Serial Addition Task (3-second version).
Norm-referenced" z scores were calculated for both tasks; mean of
these z scores comprised our cognitive efficiency composite. Memory
was assessed with the Selective Reminding Test and Spatial
Recall Test. Norm-referenced” z scores were calculated for the
Selective Reminding Test (Long Term Storage, Delayed Recall)
and Spatial Recall Test (Total Learning, Delayed Recall); mean of
these z scores comprised our memory composite. These methods for

deriving cognitive efficiency and memory composites are consistent

with previous cross-sectional” and longjtudinal® investigations of

cognition in MS.

MRI estimates of MS disease progression. Using a 1.5-tesla
system (Avanto; Siemens, Erlangen, Germany), the following images
of the brain were acquired at baseline and follow-up: (1) axial dual-
echo turbo spin echo (repetition time = 2,650 milliseconds, echo
time = 28-113 milliseconds, echo train length = 5, number of
slices = 50, slice thickness = 2.5 mm with no gap, matrix size =
512 X 512, field of view = 250 X 250 mm?); and (2) sagittal 3-
dimensional T1-weighted magnetization-prepared rapid-acquisition
gradient echo (repetition time = 2,000 milliseconds, echo time =
3.93 milliseconds, inversion time = 1,100 milliseconds, number of
slices = 208, slice thickness = 0.9 mm, matrix size = 256 X 224,
field of view = 236 X 270 mm?). All scans were positioned following
published guidelines.'® T2 lesion volume (LV) was measured on dual-
echo scans using a local thresholding segmentation technique (Jim 5.0;
Xinapse Systems, www.xinapse.com). Baseline normalized brain
volume, as well as baseline and follow-up gray matter volume
(GMV), and white matter volume (WMYV) were obtained using
SIENAX (version 2.6, part of FSL 4.1), after refilling of
T1-hypointense lesions with values randomly extracted from a
gaussian distribution with means and SDs estimated from the
normal-appearing white matter.”” The scaling factor within
SIENAX is derived from the transformation that matches the
extracted brain and skull to standard space brain and skull images
(derived from the MNI152 standard image): values higher than
1 were obtained for heads with small intracranial volume (ICV)
and values lower than 1 for ICVs larger than the MNI (Montreal
Neurological Institute) atlas. An advantage of this approach is that it
does not require that CSF is robustly estimated, being difficult to
distinguish between CSF and skull voxels in T1-weighted images.
SIENA' was used to quantify percentage brain volume change
(PBVC) from baseline to follow-up, which was our measure of
cerebral atrophy progression. Percentage change in T2 LV from
baseline to follow-up was calculated using the following formula:
(follow-up LV — baseline LV)/baseline LV. PBVC and percentage
change in LV were our primary measurements of MS discase
progression. We also calculated percentage change in GMV and
WMYV using the same equation as for LV.

Maximal lifetime brain growth. ICV is an estimate of
MLBG, because brain growth corresponds to increased ICV dur-
ing development,'” and ICV is strongly correlated with brain size
in healthy persons (e.g., 7 = 0.86>). ICV was used as an estimate
of brain reserve in our previous cross-sectional research.”
The aforementioned scaling factor within SIENAX is a
measurement of ICV; however, we reversed the direction of
values such that larger values represent larger ICV (for ease of
presentation). Given that men have larger ICVs than women, as
in our sample (33 = 5.95, p < 0.001), we adjusted ICV
measurements for sex. The brain reserve hypothesis states that
persons with larger MLBG are protected against cognitive decline
despite disease progression, not that larger MLBG slows discase
progression. We have previously shown no relationship between
ICV and MS disease burden cross-sectionally,” and we now show
no relationship between ICV and cerebral atrophy (PBVC;
r = 0.106, p = 0.514) or percentage change in LV
(r = 0.081, p = 0.620) longitudinally.

Intellectual enrichment. Vocabulary knowledge is often used
as an estimate of lifetime intellectual enrichment in cognitive
reserve research,?! because vocabulary is the product of enriching
life activities (e.g., education, occupation, reading).”>** Indeed,

vocabulary knowledge is linked to literacy,?® and lifespan research
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shows that vocabulary at age 53 years is linked to educational and
occupational experiences independently of childhood intelli-
gence.” Vocabulary was measured with the Wechsler Vocabulary
Test. Similar to ICV, we have previously shown no relationship
between vocabulary and MS disease burden cross-sectionally,'
and here we show no reliable relationships between vocabulary
and percentage change in LV (» = 0.096, p = 0.558) or cerebral
atrophy (PBVC; » = 0.295, p = 0.064). (Note that PBVC is
controlled for in all subsequent analyses, including those investi-
gating the impact of intellectual enrichment.) Consistent with the
known relationship between brain size and intelligence,** intel-
lectual enrichment (estimated with vocabulary) was correlated
with MLBG in this sample (» = 0.468, p = 0.002). However,
we evaluated whether intellectual enrichment provides reserve
against cognitive impairment over and above MLBG, consistent
with our previous cross-sectional findings.” This is an advance
relative to previous longitudinal work on cognitive reserve in
MS, 1213

investigating cognitive reserve.

which did not control for brain reserve when

Statistical analyses. decline and  disease

progression. Dependent 7 tests investigated whether cognitive

Cognitive

efficiency and memory declined from baseline to follow-up,
and whether MS disease progressed as indicated by changes in
LV, brain volumes, and physical disability (EDSS). We next
evaluated partial correlations between disease progression (i.c.,
cerebral atrophy [PBVC]) and decline in cognitive efficiency and
memory, controlling for MLBG and intellectual enrichment.

Brain reserve (MLBG). Repeated-measures analysis of
covariance (ANCOVA) investigated whether change in cognitive effi-
ciency from baseline to follow-up (dependent variable) was moderated
by MLBG (estimated with ICV), controlling for changes in LV and
brain volume (cerebral atrophy). This ANCOVA was repeated for the
dependent variable of memory. We expected MLBG to attenuate
dedline in cognitive efficiency but not memory.

Cognitive reserve (intellectual enrichment). ANCOVA
investigated whether lifetime intellectual enrichment (estimated
with vocabulary) independently attenuates change in cognitive
efficiency from baseline to follow-up, controlling for changes in
LV and brain volume, as well as MLBG (if interaction with
MLBG was significant in the previous analysis). This ANCOVA
was repeated for the dependent variable of memory. We expected
intellectual enrichment to attenuate decline in both cognitive

efficiency and memory.

RESULTS Cognitive decline and disease progression.
From baseline to follow-up, patents with MS
declined in cognitive efficiency and memory, and also

showed worsened MS disease progression indicated by
increased LV and reduced total normalized brain
volume (table 1). Physical disability (EDSS) also
worsened. On average, our sample showed a 26.7%
increase in LV and a 4.6% reduction in brain volume
(mean PBVC = —4.58). As shown (table 2), decline in
cognitive efficiency was related to cerebral atrophy
(PBVC), and memory decline was related to cerebral
atrophy (PBVC) and increased LV. Although we also
calculated change in GMV and WMV, only GMV
reduced from baseline to follow-up (table 1), and
changes in GMV and WMV were unrelated to
cognitive decline (table 2). Given these results and
previous work supporting the SIENA-derived PBVC
value as an appropriate marker of cerebral atrophy in
longitudinal work,'® gray matter and white matter were
dropped from further analysis. PBVC and percentage
change in LV were controlled for in subsequent
analyses.

Maximal lifetime brain growth. There was an interaction
between time (bascline, follow-up) and MLBG on
cognitive efficiency (F; 35 = 5.02, p = 0.031, m,> =
0.122) whereby larger MLBG protected against
decline in cognitive efficiency from baseline to follow-
up. To illustrate this protective effect of larger MLBG,
we divided the sample into tertiles of low, moderate,
and high MLBG. As shown (figure 1A, table e-1 on
the Neurology/® Web site at Neurology.org), cognitive
efficiency declined most precipitously among patients
with low MLBG, then moderate MLBG, with least
decline in patients with high MLBG. There was
no interaction between time (baseline, follow-up)
and MLBG on memory (F; 36 = 1.46, p = 0.234,
M. = 0.039). That is, there were no reliable
differences in memory decline among patients
with MS who have low, moderate, or high MLBG
(figure 1B, table e-1).

Intellectual enrichment. There was an interaction
between time (baseline, follow-up) and intellectual
enrichment on cognitive efficiency (F; 35 = 5.03,
p = 0.031, m,> = 0.126) whereby greater lifetime

Cognitive efficiency, z score
Memory, z score

T2 lesion volume, mL
Normalized brain volume, mL
Normalized gray volume, mL

Normalized white volume, mL

[ Table 1 Cognitive decline and disease progression from baseline to follow-up ]

Baseline, mean = SD Follow-up, mean = SD t Statistic p Value
-0.86 + 1.27 -1.56 + 1.65 5.25 <0.001
-0.41 +1.03 -1.20 +1.19 6.76 <0.001
21.57 = 25.98 24.84 = 27.09 3.07 0.004
1,130 = 108 1,118 + 124 2.92 0.006

494 + 86 464 =78 2.99 0.005

637 + 90 647 + 91 0.94 0.356
3.5 (median) 4.5 (median) 3.80 <0.001

EDSS score

Abbreviation: EDSS = Expanded Disability Status Scale.
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Table 2

Partial correlations between cognitive decline and MRI estimates of MS disease progression,

controlling for MLBG and intellectual enrichment

Cognitive efficiency, z-score change

T2 lesion volume, % change
Total brain volume, PBVC
Gray matter volume, % change

White matter volume, % change

~0.054 (p = 0.373)
0.421 (p = 0.004)
0.057 (p = 0.371)
0.188 (p = 0.129)

Memory, z-score change

—-0.268 (p = 0.052)
0.295 (p = 0.036)
0.075 (p = 0.326)

-0.077 (p = 0.323)

Abbreviations: MLBG = maximal lifetime brain growth; MS = multiple sclerosis; PBVC = percentage brain volume change.
Note that one-tailed correlations were used, given the a priori hypothesis that greater MS disease progression would be

associated with worse cognitive decline.

intellectual enrichment protected against decline in
cognitive efficiency from baseline to follow-up. To
illustrate the protective effect of greater intellectual
enrichment, we divided the sample into tertiles of
low, moderate, and high intellectual enrichment. As
shown (figure 2A, table e-2), cognitive efficiency
declined most precipitously among patients with
enrichment, then moderate

low intellectual

intellectual enrichment, with little decline in
patients with high intellectual enrichment. There
was also an interaction between time (baseline,
follow-up) and intellectual enrichment on memory
(F136 = 4.70, p = 0.037, m,> = 0.115) whereby
greater intellectual enrichment protected against
memory decline. Again, as illustrated (figure 2B,
table e-2), memory decline was most prominent
among patients with low intellectual enrichment,

followed by moderate, and then high enrichment.

Impact of reserve on verbal fluency. Patients with MS
also have verbal fluency deficits (for review and
meta-analysis, see reference 25). The only task of

the Brief Repeatable Battery not included in the
above analyses is Word List Generation (WLG), a
test of verbal (phonemic) fluency. Although verbal
fluency is likely related to cognitive efficiency,
inclusion of WLG within our cognitive efficiency
composite differs from methods of previous MS
research on reserve’ and cognitive decline.? Also,
WLG data were missing for one subject (n = 39).
To be thorough, however, we investigated the
impact of reserve on norm-referenced' z scores for
baseline and follow-up verbal fluency. Verbal fluency
declined from baseline (mean z = —1.07 * 0.64)
to follow-up (mean z = —1.55 * 1.06; 1353 = 4.95,
p < 0.001). The aforementioned ANCOVAs
investigating the impact of reserve on cognitive
decline were repeated for verbal fluency. First, there
was an interaction between time (baseline, follow-up)
and MLBG (F, 35 = 11.35, p = 0.002, m,* = 0.245)
whereby patients with larger MLBG were protected
against decline in verbal fluency over time (figure 3A,
table e-1). Next, controlling for MLBG, there was an
interaction between time (baseline, follow-up) and

[ Figure 1 Maximal lifetime brain growth and cognitive decline ]
A B
.07 0
A =-0.63
& -5 A=-0.45 -5
c
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Decline in cognitive efficiency (A) and memory (B) from baseline to follow-up for patients with multiple sclerosis who had low
(red), moderate (green), and high (blue) maximal lifetime brain growth. Cognitive efficiency and memory are represented as

norm-referenced z scores.®
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[ Figure 2 Intellectual enrichment and cognitive decline ]
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Decline in cognitive efficiency (A) and memory (B) from baseline to follow-up for patients with multiple sclerosis who had low
(red), moderate (green), and high (blue) lifetime intellectual enrichment. Cognitive efficiency and memory are represented as

norm-referenced z scores.®

intellectual enrichment (F; 3, = 23.17, p < 0.001,
M,° = 0.405) whereby patients with greater lifetime
intellectual enrichment were protected against decline
in verbal fluency over time (figure 3B, table e-2).

Supplemental analyses. The aforementioned analyses
controlled for longitudinal change in brain atrophy
and LV; however, future disease progression is unpre-
dictable in any given patient. We performed all of
these analyses a second time without controlling for
change in brain atrophy and LV, with almost no
change in the results (table e-3). As such, clinical con-
sideration of MLBG and/or intellectual enrichment
may help to predict future cognitive decline (or

preservation) even without knowledge of future
disease progression, which is clinically unknown/

unpredictable.

Differential effect of MS disease progression on cognitive
decline. The theory of reserve posits that the negative
relationship between disease progression (i.e., cerebral
atrophy) and cognitive decline will be greater in pa-
tients with lesser reserve than in those with higher
reserve, because patients with higher reserve can with-
stand more severe disease progression before experi-
encing cognitive decline. To investigate this, we
performed regressions to determine the amount of
variance MS disease progression (PBVC, percentage

[ Figure 3 Reserve against decline in verbal fluency
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Maximal lifetime brain growth (MLBG) (A) and intellectual enrichment (B) moderate decline in norm-referenced®® verbal
fluency z scores from baseline to follow-up. MLBG and intellectual enrichment are presented as low (red), moderate (green),

and high (blue).

Neurology 82 May 20, 2014



change in LV) explains in decline of cognitive effi-
ciency, memory, and verbal fluency in patients at
the highest vs lowest tertiles of MLBG or intellectual
enrichment. As shown (table e-4), MS disease pro-
gression is much more strongly linked to cognitive
decline in patients with smaller MLBG and/or lesser
intellectual enrichment (mean R* = 0.376) than pa-
tients with larger MLBG and/or greater intellectual
enrichment (mean R = 0.045). As such, similar to
our cross-sectional observation that disease burden is
more strongly correlated with cognition in patients
with lower reserve,® we now show that disease
progression is more strongly related to changes in
cognition longitudinally among patients with MS
who have smaller MLBG and/or lesser intellectual
enrichment.

DISCUSSION Many patients with MS withstand
considerable brain atrophy and heavy lesion burdens
without cognitive inefficiency or memory impair-
ment.” The theory of brain reserve® posits that per-
sons with larger MLBG are able to withstand more
severe disease burden (and associated brain volume
loss) before reaching a critical threshold of brain vol-
ume beneath which cognitive decline/impairment
emerges. The theory of cognitive reserve® posits that
enriching life experiences are associated with more
efficient patterns of neurocognitive processing,***’
which helps preserve cognition despite neurologic dis-
ease. Herein, we provide longitudinal support for
these theories of reserve against cognitive impairment,
because patients with MS who had larger MLBG
and/or greater intellectual enrichment were protected
against cognitive decline over 4.5 years. Moreover,
MS disease progression (cerebral atrophy, increased
lesion load) was much more strongly linked to cog-
nitive decline in patients with lower MLBG and lesser
intellectual enrichment than patients with larger
MLBG or greater intellectual enrichment. These
findings are consistent with cross-sectional work’'
but further support the theory of reserve in MS by
showing protection against cognitive decline
longitudinally within patients.

Our findings are also consistent with a previous
longitudinal study showing that intellectual enrich-
ment protects against decline in cognitive efficiency
over approximately 4.7 years,'? but we extend this
by demonstrating protective effects of (1) larger
MLBG against decline in cognitive efficiency and ver-
bal fluency, and (2) greater intellectual enrichment
against decline in memory and verbal fluency
(MLBG, memory, and verbal fluency were not inves-
tigated in the previous study'?). Our findings are not
consistent with a longitudinal study failing to show a
protective effect of intellectual enrichment against
cognitive decline in 35 patients with MS over a period

of 1.6 years,"? although in that study there was very
little cognitive decline to protect against. The theory
of reserve predicts that persons with greater intellec-
tual enrichment (or larger MLBG) will show less cog-
nitive decline relative to patients with lesser
enrichment (or smaller MLBG),*'! so the interval
between baseline and follow-up must be long enough
for cognitive decline to occur so that differential
decline due to intellectual enrichment or MLBG
can be evaluated. With an interval of 4.5 years, we
observed decline in cognitive efficiency, memory, and
verbal fluency within our sample overall, and we then
demonstrated that patients with MS were differen-
tially vulnerable to cognitive decline based on their
MLBG and lifetime intellectual enrichment.
Consistent with recent cross-sectional work in
MS,” larger MLBG protected against decline in cog-
nitive efficiency, but not memory. The brain reserve
hypothesis has been well supported within the Alz-
heimer disease/aging literature, but closer examina-
tion of these aging studies reveals that larger MLBG
is indeed specifically linked to preserved cognitive
efficiency, not memory.?®**° Moreover, longitudinal
aging studies link cerebral atrophy (loss of brain
reserve) to decline in cognitive efficiency, not mem-
ory decline.*"?* This specific link between larger
MLBG and preserved cognitive efficiency (not mem-
ory) may be explained by stronger heritability of
MLBG?* and cognitive efficiency®®® relative to

memory,***

whereas memory is more influenced
by life experience®*> (i.e., intellectual enrichment).
Indeed, intellectual enrichment protected against
memory decline within the current sample. (Intellec-
tual enrichment also protected against decline in cog-
nitive efficiency independently of MLBG, and this
effect was larger than in our a previous cross-
sectional finding.”)

Clinically, it is difficult to predict which patients
with MS are at greatest risk of cognitive decline
because it is difficult to accurately predict MS disease
progression for any given patient. However, cross-

>4 and longitudinal® correlations between

sectiona
MS disease burden/progression and cognitive status/
decline are moderate at best, and our current longi-
tudinal findings show that the link between MS
disease progression and cognitive decline differs
depending on a patient’s MLBG and intellectual
enrichment. As such, MLBG and intellectual enrich-
ment are important factors to consider when trying to
predict cognitive decline in patients with MS, because
patients with lower MLBG and/or lesser intellectual
enrichment are at greatest risk of cognitive decline.
These atrisk patients can be targeted for early-
intervention cognitive rehabilitation, which may help
prevent/delay the onset of functional impairment.
With few exceptions (e.g., see reference 306),
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treatments for cognitive impairment in patients with
MS consist predominantly of behavioral strategies,
which patients must learn and integrate into their
daily routines.””*® As such, patients at risk for cogni-
tive impairment may do well to learn and incorporate
these strategies into their lives before cognitive
impairment makes such learning and integration
more challenging. Also, selective enrollment of at-
risk patients for prevention studies should increase
statistical power, because differential cognitive decline
within the control group is necessary to support effec-
tive treatments/interventions.

Patients with MS who have lower MLBG should be
encouraged to pursue a brain-healthy lifestyle to pre-
serve the brain reserve they currently possess. Indeed,
higher cardiorespiratory fitness may help preserve brain
volume and cognitive efficiency,” and preliminary data
show that aerobic exercise training may result in
improved memory, increased hippocampal volume,
and increased hippocampal functional connectivity
in patients with MS.* Finally, patients with MS
should also be encouraged to engage in intellectual
enrichment (e.g., reading, hobbies, etc.), because previ-
ous research”™'*"* and the current findings suggest that
greater intellectual enrichment protects against cogni-
tive decline. However, randomized controlled trials of
intellectual enrichment are necessary to causally evalu-
ate the contribution of intellectual enrichment to cog-
nitive preservation. In addition, future research in larger
samples is needed to (1) investigate whether greater
intellectual enrichment can counteract the negative
effect of smaller MLBG, and vice versa, and (2) examine
whether the protective impact of larger MLBG or
greater intellectual enrichment against cognitive decline

differs across MS phenotypes (e.g., RRMS vs PPMS).
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