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training for managing learning and
memory impairment in persons with

multiple sclerosis

Brian M Sandroff,' Robert W Motl," Marcus Bamman,?® Gary R Cutter,*
Mark Bolding,® John R Rinker,® Glenn R Wylie,” Helen Genova,” John DeLuca’

ABSTRACT

Introduction This randomised controlled trial (RCT)
examines treadmill walking exercise training effects on
learning and memory performance, hippocampal volume,
and hippocampal resting-state functional connectivity in
persons with multiple sclerosis (MS) who have objective
impairments in learning new information.

Methods and analysis Forty fully ambulatory persons
with MS who demonstrate objective learning and memory
impairments will be randomly assigned into either the
intervention or active control study conditions. The
intervention condition involves supervised, progressive
treadmill walking exercise training three times per week
for a 3-month period. The active control condition involves
supervised, progressive low-intensity resistive exercise
that will be delivered at the same frequency as the
intervention condition. The primary outcome will involve
composite performance on neuropsychological learning
and memory tests, and the secondary outcomes involve
MRI measures of hippocampal volume and resting-state
functional connectivity administered before and after the
3-month study period. Outcomes will be administered by
treatment-blinded assessors using alternate test forms to
minimise practice effects, and MRI data processing will be
performed by blinded data analysts.

Ethics and dissemination This study has been approved
by a university institutional review board. The primary
results will be disseminated via peer-reviewed publications
and the final data will be made available to third parties

in applicable data repositories. If successful, the results
from this study will eventually inform subsequent RCTs
for developing physical rehabilitation interventions (ie,
treadmill walking exercise training) for improving learning
and memory and its relationship with hippocampal
outcomes in larger samples of cognitively impaired
persons with MS. The results from this early-phase RCT
will further lay preliminary groundwork for ultimately
providing clinicians and patients with guidelines for better
using chronic treadmill walking exercise for improving
cognition and brain health. This approach is paramount as
learning and memory impairment is common, burdensome
and poorly managed in MS.

Trial registration number NCT03319771; Pre-results.

Strengths and limitations of this study

» The current randomised controlled trial applies a
systematically developed exercise training interven-
tion for improving learning and memory and hippo-
campal structure and function among persons with
multiple sclerosis (MS) who present with objective
learning and memory impairment.

» This study is adequately powered and involves the
inclusion of an active control comparison condition
(ie, low-intensity resistive exercise) as well as blind-
ed MRI data analysts.

» However, this efficacy study does include a relative-
ly short intervention period (ie, 3months) and will
not examine the sustainability and durability of the
intervention effects on cognitive and hippocampal
neuroimaging outcomes.

» This study was powered based on pilot data on ex-
ercise effects on behavioural measures of learning
and memory in persons with MS (ie, the primary
study outcomes) and not on pilot data on the sec-
ondary outcomes of exercise effects on hippocam-
pal volume and functional connectivity.

» This study involves fully ambulatory persons with
MS and will not involve persons with substantial
ambulatory disability.

INTRODUCTION

The impairment of learning and memory,
particularly with learning new information, is
a common, burdensome and poorly managed
manifestation of multiple sclerosis (MS).!
Over 50% of patients with MS demonstrate
impaired performance on neuropsycho-
logical tests of verbal and/or visuospatial
learning and memory," which is associated
with hippocampal lesions, atrophy and altered
resting-state functional connectivity based
on neuroimaging (ie, MRI/functional MRI
[fMRI]) studies.”™ MS-related learning and
memory impairment and decline have been
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associated with depression,” unemployment,’ 7 loss of
independence and social isolation.® Currently, there are
no Food and Drug Administration (FDA)-approved phar-
macological treatments (ie, disease-modifying and symp-
tomatic therapies) for learning and memory dysfunction
in MS.? Cognitive rehabilitation is currently the best-char-
acterised behavioural approach for improving MS-related
learning and memory impairment and is seemingly medi-
ated through changes in brain function (ie, increased
hippocampal activation and resting-state functional
connectivity'**). However, cognitive rehabilitation is
difficult to apply outside the clinical setting and does
not generally result in physical health benefits beyond
improved cognition. This underscores the consideration
of other behavioural approaches for managing learning
and memory impairment and its potential association
with hippocampally mediated functional brain outcomes
in MS that can be easily applied outside the clinical
setting and result in many physical health benefits; one
such approach includes exercise training.'”

The consideration of exercise for improving learning
and memory in persons with MS is based, in part, on
the body of literature in the general population that
documents robust, beneficial effects of exercise training
on memory and hippocampal structure/function.'
There further is a substantial body of animal work that
describes upregulation of central neurovascular and
vascular trophic factors with several weeks of exercise that
accompanies such neuropsychological and brain systems
changes.'” *® By comparison, there have been few well-de-
signed, targeted exercise training randomised controlled
trials (RCTs) on learning and memory and hippocampal
neuroimaging outcomes in MS, although the data are
promising.'? For example, one recent cross-sectional study
described statistically significant, moderate-sized correla-
tions between cardiorespiratory fitness (ie, a presumed
surrogate of aerobic exercise training) and hippocampal
volume in 35 persons with MS.*” Another noteworthy
case study involving two memory-impaired persons with
MS reported that 3months of aerobic exercise training
(stationary cycling) resulted in a >50%increase in
learning and memory performance, 16.5% increase in
hippocampal volume, as well as increased hippocampal
resting-state functional connectivity.”' By comparison, the
non-aerobic exercise condition demonstrated minimal
changes in those outcomes.”’ One systematically devel-
oped,” pilot RCT examined the effects of aerobic tread-
mill walking exercise training compared with a waitlist
control condition on learning and memory performance
and hippocampal viscoelasticity using non-conventional
MRI (ie, magnetic resonance elastography) in eight
fully ambulatory persons with MS.** Overall, there were
small-to-moderate intervention effects on verbal learning
and memory performance (d=0.34), and large interven-
tion effects on hippocampal viscoelastic properties (ie,
increased hippocampal shear stiffness) (4>0.94). The
change in verbal learning and memory was strongly asso-
ciated with change in hippocampal viscoelasticity (r>0.93,

p<0.01). Collectively, despite experimental design® and
sample size®' ** limitations, such preliminary observations
suggest that aerobic exercise training might improve
learning and memory through neuroplasticity in MS
and warrant the development of an adequately powered,
early-phase RCT for examining the effects of aerobic exer-
cise training on learning and memory and hippocampal
structure /function in a larger sample of persons with MS.

The present RCT aims to provide the first evidence
for treadmill walking exercise training effects on
learning and memory, hippocampal volume, and
hippocampal resting-state functional connectivity in an
adequately powered sample of persons with MS who have
objective impairment in learning new information. This
will provide the first evidence for exercise training as a
possible treatment for MS-related learning and memory
impairment (ie, beyond merely improving learning and
memory performance), given that previous trials of exer-
cise, cognition and neuroimaging have not recruited
persons with objective MS-related learning and memory
impairment a priori (eg, ref 23). The current RCT will
further provide the first high-quality evidence of poten-
tial mechanisms of aerobic exercise-related effects on
hippocampal outcomes in MS, whereas previous studies
have been limited by experimental design (eg, ref 20) or
sample size (eg, refs 21 23). This study will lay the foun-
dation for a definitive phase III RCT by providing effect
sizes of treadmill walking exercise training versus an active
control condition on the outcomes that can be used in
power analyses for determining the appropriate sample
size for such a trial. The present study will provide prelim-
inary experimental evidence of the potential mechanisms
(ie, improved hippocampal structure and function) of
how treadmill walking exercise might improve learning
and memory in this population.

METHODS AND ANALYSIS

Experimental overview and hypotheses

The study protocol was drafted in accordance with the
Standard Protocol Items: Recommendations for Inter-
ventional Trials statement.** This study is registered at
ClinicalTrials.gov: NCT03319771. All potential protocol
modifications will be approved by the University of
Alabama at Birmingham Institutional Review Board
(UAB IRB) and will be reported at ClinicalTrials.gov. The
proposed study, data collection and intervention will take
place at UAB in Birmingham, Alabama, USA. This study
involves a single-blind, early phase I RCT on the effects of
supervised treadmill walking exercise training compared
with an active control condition (ie, low-intensity resistive
exercise) on learning and memory, hippocampal struc-
ture/function, and cardiorespiratory fitness outcomes in
40 fully ambulatory (ie, Expanded Disability Status Scale
(EDSS) <4.0) persons with MS who have impairment
in learning new information. Composite performance
on neuropsychological tests of learning and memory
represents the primary outcome, whereas neuroimaging
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outcomes of hippocampal volume and hippocampal rest-
ing-state functional connectivity represent the secondary
outcomes. Cardiorespiratory fitness changes will be
included as a manipulation check for documenting the
success of the intervention.

During baseline, participants will first complete a
battery of neuropsychological tests addressing verbal and
visuospatial learning and memory; a maximal, graded
exercise test on a motor-driven treadmill to measure
cardiorespiratory fitness; and an MRI scan for measure-
ment of hippocampal volume and resting-state func-
tional connectivity. Those outcomes will be measured
by assessors who are uninvolved in the exercise training
(ie, treatment-blinded assessors). After baseline testing,
participants will be randomly assigned to either the
intervention or active control conditions using conceal-
ment. Participants further will be masked to condition
(ie, unaware that the treadmill walking exercise training
condition represents the intervention condition and the
low-intensity resistive exercise condition represents the
active control condition).

The intervention condition will include 3months of
supervised, progressive light-intensity, moderate-intensity
and vigorous-intensity treadmill walking exercise, and will
be based on the American College of Sports Medicine
(ACSM) guidelines for exercise prescription® and pilot
work.” **® The exercise training itself will take place
three times per week over 3 months, and will be facili-
tated by trained exercise leaders. The exercise prescrip-
tion will initially consist of 15min of light-to-moderate
intensity treadmill walking exercise and eventually prog-
ress to 40min of vigorous-intensity exercise by month 3
(table 1). We note that this exercise stimulus is identical
to that of our pilot RCT in eight persons with MS.*> The
active control condition will involve low-intensity resistive
exercise that will be delivered using the same frequency
and duration of the treadmill walking exercise condi-
tion and facilitated by trained exercise leaders. This

is a methodological improvement over our pilot RCT
that involved a waitlist (ie, passive) control condition.”
Regardless of the assigned condition, all participants
will be asked to not undertake additional exercise (ie,
not to join a gym and begin exercising) over the dura-
tion of the study. The cognitive, cardiorespiratory fitness
and MRI outcomes will be assessed again following the
3-month study period by treatment-blinded assessors.
The primary hypothesis is that those who undergo
treadmill walking exercise training will demonstrate
larger improvements in composite learning and memory
performance than those who undergo low-intensity resis-
tive exercise. We further hypothesise that those who
undergo treadmill walking exercise training will demon-
strate greater increases in hippocampal volume and hippo-
campal resting-state functional connectivity (ie, adaptive
increases) and improvements in cardiorespiratory fitness
than those in the low-intensity resistive exercise condi-
tion. We lastly hypothesise that (1) the treadmill walking
exercise-induced improvements in learning and memory
will be accounted for by hippocampal volume and hippo-
campal resting-state functional connectivity (ie, partial
mediation); and (2) those with the largest improvements
in cardiorespiratory fitness will demonstrate the largest
improvements in the primary and secondary endpoints.

Participants

Sample size

We plan to enrol 40 fully ambulatory persons with MS (ie,
20 per condition) who have impairment in learning new
information (see below); this is based on a power analysis
and presumed 15% attrition. The minimal sample size of
34 persons with MS (ie, 17 per condition) was determined
based on power analysis using standard assumptions of
alpha (0.05) and beta (0.80) for detecting moderate-sized
effects (ie, Partial 772=0.06) based on Cohen’s guidelines29
for a time by condition interaction in mixed-factor anal-
ysis of variance (ANOVA) on composite learning and

Table 1 Exercise prescription and progression over the 3-month period for treadmill walking exercise training condition based

on pilot work and the ACSM guidelines

Week Sessions

Exercise intensity (%)

Exercise

duration (min) Training stage

Baseline testing

1 1-3 40-50 VO,R/HRR
2 4-6 40-50 VO,R/HRR
3 7-9 50-60 VO,R/HRR
4 10-12 50-60 VO,R/HRR
5-6 13-18 60-70 VO,R/HRR
7-8 19-24 60-70 VO,R/HRR
9-10 25-30 70-80 VO,R/HRR
11-12 31-36 70-80 VO,R/HRR

Follow-up testing

15-20 Initiation

20-25 Initiation

20-25 Improvement
25-30 Improvement
25-30 Improvement
30-35 Improvement
30-35 Maintenance
35-40 Maintenance

ACSM, American College of Sports Medicine; HRR, heartrate reserve; VO,R, oxygen consumption reserve.
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memory performance. Our previous pilot RCT of tread-
mill walking exercise training on cognition yielded a large
time by condition interaction on composite learning and
memory performance (ie, Partial #°=0.11) in fully ambu-
latory persons with MS.** Another study on aerobic exer-
cise effects on hippocampal outcomes in persons with
schizophrenia reported large intervention effects on
hippocampal volume (ie, Partial #°=0.50).*" Using those
effect sizes as a guide, the proposed sample size of 34 and
planned sample size of 40 will be more than adequate
for detecting moderate or larger effects on learning and
memory and hippocampal outcomes in persons with MS.
The required sample size of 34 also adequately powers the
secondary study hypotheses based on previous cross-sec-
tional data in MS that indicate moderate-sized correla-
tions (ie, p=0.42) between cardiorespiratory fitness and
hippocampal volume.*’

Recruitment

Subjects will be recruited directly through the UAB
Multiple Sclerosis Center, the Alabama-Mississippi
Chapter of the National MS Society (NMSS) and our
laboratory database of previous participants with MS who
have enquired about participating in exercise studies.
Advertisements for the study will be distributed through
the UAB Multiple Sclerosis Center, facilitators of local MS
support groups, MS Connection publications and email
distributions. As a backup plan, we may recruit prospec-
tive participants with MS through the North American
Research Committee on Multiple Sclerosis patient registry
or the iConquerMS if enrolment is slow.

Inclusion/Exclusion criteria

All participants will be between the ages of 18 and 54,
have a clinically definite MS diagnosis based on estab-
lished criteria (ie, ref 31) and be fully ambulatory based
on the EDSS™ scores between 0 and 4.0. All participants
will demonstrate impairment in learning new informa-
tion based on open-trial Selective Reminding Task (SRT)
scores of at least 1.5 SD below the normative score for
healthy controls.” Participants will be relapse-free for at
least 30 days (ie, relative neurological stability), and will
not have a history of schizophrenia, bipolar disorder I or
II, or substance-abuse disorders. Participants further will
not be taking medications that can affect cognition (eg,
antipsychotics, benzodiazepines), and all participants will
be on a stable FDA-approved disease-modifying therapy
(eg, interferon beta-la, interferon beta-1b, glatiramer
acetate, natalizumab, dimethyl fumarate and so on)
regimen for at least 6 months. Participants will be right-
handed (to control for organisation of the brain) and will
have a low risk for contraindications for maximal exercise
testing based on a ‘no’ response on all items of the Phys-
ical Activity Readiness Questionnaire®® or a single ‘yes’
response along with a physician’s approval. Participants
further will have a low risk for contraindications for MRI
based on (1) not having metal (eg, non-MRI compat-
ible aneurysm clips, metal shards in the body or eyes, or

recently placed surgical hardware) or electronic (eg, pace-
maker, cochlear implant) devices within the body. Lastly,
participants will not be meeting public health guidelines
for participating in physical activity (ie, at least 150 min
per week of moderate-to-vigorous aerobic activity). This
will be based on health contribution scores on the Godin
Leisure-Time Exercise Questionnaire (GLTEQ) that fall
within the ‘insufficiently active’ classification (ie, less
than 14 arbitrary units on the summed ‘strenuous’ and
‘moderate’ sections of the GLTEQ).”

Outcome measures

To minimise threats to internal validity and maximise
the rigour and reproducibility of the present RCT, the
outcome measures will be assessed by the personnel who
are uninvolved with the intervention or control condi-
tions (ie, treatment-blinded assessors). The outcome
assessments further will occur at a different UAB labo-
ratory than the intervention or control conditions to
prevent possible contamination.

Learning and memory
Participants will undertake several neuropsychological
tests addressing various aspects of learning and memory
as the primary study outcomes. Neuropsychological
testing will occur in a quiet, sound-dampened room in the
Exercise Neuroscience Research Laboratory (ENRL) at
UAB. These tests include the California Verbal Learning
Test-II (CVLT-II*®) and the SRT?” as measures of verbal
learning and memory, and the Brief Visuospatial Memory
Test-Revised (BVMT-R™) and the 10/36 Spatial Recall
Test (SPART™) as measures of visuospatial learning and
memory. These neuropsychological tests have strong
psychometric properties (eg, ref 40) and are widely used
to document the efficacy of cognitive rehabilitation inter-
ventions in persons with MS,"**! #2

Briefly, the CVLI-I involves the examiner reading a list
of 16 words, with four items belonging to four categories
(eg, vegetables, animals, furniture, modes of transporta-
tion) that are randomly arranged. The list is read aloud
five times in the same order, with each word voiced at a
rate of approximately one word per second. Participants
are instructed to recall as many items as possible, in any
order, following each list reading. The primary outcome
of the CVLI-I is the total number of correct words identi-
fied over the five trials (ie, raw score).*® The SRT involves
the examiner reading a list of 12 unrelated words. Partic-
ipants are asked to recall as many words as possible
following the presentation of the list. After the first trial,
only the words that participants did not recall are given as
the new list. However, participants are instructed to recall
as many words as possible from the original (ie, entire)
list for each of the five total trials. The primary outcome
is the total number of correctly recalled words across the
five trials.”” For both the CVLT-I and SRT, higher scores
indicate better verbal learning and memory.

The BVMT-R involves three trials of the examiner
presenting a 2x3array of abstract geometric figures in
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front of the participant for 10s. Following this period,
the array is removed and participants are required to
draw the array as precisely as possible, with the figures
in the correct location. Each drawing is scored on a 0-2
scale, based on accurately portraying each figure and its
correct location. The primary outcome of the BVMT-R
is the total raw score across the three trials, with higher
scores indicating better visuospatial memory.”® The 10/36
SPART involves three trials of the examiner presenting
a 6x6 checkerboard with 10 pieces positioned in certain
locations on the board in front of the participant for 10s.
Following this period, the display is removed, and partic-
ipants are asked to replicate the design of the checker-
board on a blank grid. This is repeated for two additional
trials. The primary outcome of the 10/36 SPART is the
total number of correct responses across the three trials.”

As the primary study outcome involves composite
learning and memory performance, we will first compute
zscores that account for age, sex and education based on
normative scores per individual learning and memory
test (ie, CVLI-II, SRT, BVMT-R and 10/36 SPART).* * we
will then combine the zscores into a composite learning
and memory measure (ie, mean of zscores for CVLI-
II, SRT, BVMT-R and 10/36 SPART). Given evidence of
hippocampal lateralisation of verbal and visuospatial
learning and memory in persons with MS,* we further
will examine the effects of the intervention on those
constructs separately in exploratory analyses.

Hippocampal volume and resting-state functional connectivity

Participants will undergo neuroimaging, which will
include structural imaging as well as a resting-state scan.
The MRI instrument that will be used is an FDA-ap-
proved Siemens MAGNETOM Skyra 3T clinical imager
housed in the Civitan International Neuroimaging
Research Center at UAB. Each scan session will begin
with the acquisition of high-resolution TIl-weighted
axial anatomical images Magnetization Prepared Rapid
Acquisition Gradient Echo (MP-RAGE). This three-di-
mensional isotropic sequence will be acquired sagittally
(Repetition time (TR)=11.6 ms, Echo time (TE)=4.9 ms,
flip angle=8°, effective Invation time (TI)=1017.6 ms,
256x256 matrix, Field of view (FOV)=300 mm, Number of
excitations (NEX)=1, 172 slices, 1.17 mm slice thickness,
Omm skip). The total imaging time for this sequence is
8min 38s. In addition, an inversion-recovery sequence
will be acquired axially (TR=8530 ms, TE=81 ms, flip
angle=180°, 256x256 matrix, FOV=220mm, NEX=1, 32
slices, 4mm slice thickness, 0mm skip). Together, these
scans will be used for volumetric analyses and for image
segmentation and normalisation of the resting-state
fMRI scan. Functional imaging will consist of multis-
lice gradient echo, T2*-weighted images acquired with
echoplanar imaging methods (TE=60 ms, TR=2000 ms,
FOV=24 cm, flip angle=90°, slice thickness=5mm contig-
uous, matrix=64x64, inplane resolution:2.50mm2). In
order to provide coverage of the entire brain, a total of
32 images will be acquired in the axial plane. For the

resting-state scan, 180 volumes will be acquired. Struc-
tural volumes for the hippocampus will be calculated
using the FreeSurfer automated brain segmentation
software (http://surfernmr.mgh.harvard.edu). Prepro-
cessing of the resting-state functional connectivity data
will be performed using the Analysis of Functional
Neurolmages (AFNI) software (http://afni.nimh.nih.
gov/afni/). The first three volumes will be removed in
order to control for saturation effects. Preprocessing
steps include slice timing correction, realignment to an
image exactly half way through the acquisition run using
affine transformation, coregistration to the T1 MP-RAGE
image for localisation of activated areas, smoothing
(6mm FWHM, full width half maximum) to minimise
anatomical differences and increase the signal to noise
ratio, scaling each voxel to the grand mean intensity of
that voxel (across the acquisition run), high-pass filtering
(150s), and normalisation using a non-linear approach
(3dQwarp) to a standardised Tl template from the
Montreal Neurological Institute. In all cases, the data will
be checked for excessive motion (a shift of more than
3.5mm, or 1° of angular motion) and for spikes (using
the root mean squared error [RMSE] of each volume rela-
tive to a reference volume [which will be the volume half
way through the acquisition run]). Data acquisition runs
with excessive motion will be discarded. Individual acqui-
sitions with an RMSE amplitude that exceeds the 75th
percentile plus the value of 150% of the IQR of RMSE for
all volumes in a given run will be excluded from further
analysis using the ‘censorTR’ function in 3dDeconvolve.
In all cases, the motion parameters from the realignment
step will be used as regressors of no interest in the decon-
volution, and the residuals will be saved. The residuals
for each subject in each group (exercise and control)
will then be included in a probabilistic independent
components analysis (ICA), using AROMA (ICA-based
Automatic Removal Of Motion Artifacts), as imple-
mented in FSL (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/).
The results of the ICA will be spatial maps of the rest-
ing-state networks. We will extract the connectivity map
of the hippocampal network that will then be used in a
dual-regression analysis.*® In the first regression (spatial
regression), the spatial hippocampal map from the ICA
is regressed onto each subject’s functional data, resulting
in a data set that characterises the temporal dynamics
of the hippocampal network. In the second regression
(temporal regression), the data set resulting from the
spatial regression (the temporal dynamics of the hippo-
campal network) is regressed onto each subject’s func-
tional data. This results in a map for the hippocampal
network representing each voxel’s connectivity with this
network. This map will then be used in the group-level
analyses. Importantly, all MRI processing and analyses
will be performed by scientists at Kessler Foundation (ie,
HG, GRW), who will be blinded to the condition. To our
knowledge, this is among the first exercise RCTs in any
population to include this additional level of rigour to
enhance the proposed trial’s reproducibility.
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Cardiorespiratory fitness

Cardiorespiratory fitness will be measured as peak oxygen
consumption (VO, ), using a maximal, graded exer-
cise test on a motor-driven treadmill and an open-circuit
spirometry system (Parvo Medics TrueOne 2400, Sandy,
Utah) for analysing expired gases using a modified Balke
protocol in the ENRL at UAB. This protocol was success-
fully used in our previous small pilot RCT.** This protocol
further is commonly used for measuring cardiorespiratory
fitness in older adults*” and persons with chronic stroke™
and is consistent with the ACSM guidelines for exercise
testing of patients with MS.*> The test will be preceded
by a 3min warm-up. The initial work rate for the exer-
cise test will be at a brisk, but submaximal pace, and the
grade will continuously increase at a rate of 2.0% every
2min until the participant reaches volitional fatigue.
Heart rate (HR) and rating of perceived exertion will
be recorded every minute during the test. VO, will be
expressed in mL/kg/min based on the highest recorded
20s VO, value when two of four criteria are satisfied:
(1) VO, plateau with increasing grade; (2) respiratory
exchange ratio 21.10; (3) peak HR within 10 beats/min
of age-predicted maximum (ie, ~1 SD); or (4) peak rating
of perceived exertion >17.* The test will be followed by a
3min cool-down period.

Disability status

Participants will undergo a neurological examination
by a neurologist (JRR) for generating a baseline EDSS
score. All participants will be fully ambulatory (ie, EDSS
scores <4.0).

Additional neuropsychological tests

To evaluate the effects of the intervention on other
domains of cognition that are commonly impaired in
MS, we will apply the Minimal Assessment of Cognitive
Function in Multiple Sclerosis (MACFIMS) neuropsycho-
logical battery‘ao as exploratory outcomes. In addition to
the CVLT-II and BVMT-R, the MACFIMS includes valid
and reliable tests of cognitive processing speed,51 % exec-
utive function,” verbal fluency’* and spatial perception.”
Further, baseline performance on the MACFIMS neuro-
psychological battery will serve to characterise the overall
baseline cognitive status of the sample. For all neuro-
psychological tests, including measures of learning and
memory, alternate forms will be applied at each testing
session (ie, baseline and follow-up) to minimise the
effects of practice on cognition.

Additional neuroimaging outcomes

The MRI protocol further will involve the collection of
structural MRI data on T2 lesion volume as a potential
covariate of intervention effects, given its association with
MS-related cognitive dysfunction.55

Intervention condition

The intervention condition will include 3months of
supervised, progressive light-intensity, moderate-inten-
sity and vigorous-intensity treadmill walking exercise

training based on the ACSM guidelines for maximising
adaptations with exercise training. This will occur at a
laboratory exercise research facility. Exercise intensities
will be prescribed based on per cent oxygen consump-
tion reserve (% VO,R) using values derived from the
baseline graded exercise test. We note that HR reserve
(HRR) and VO,R have a 1:1 relationship.25 The exact
exercise prescription is presented in table 1 and further
represents the identical stimulus that was included in
our pilot RCT that demonstrated improvements in
learning and memory and hippocampal neuroimaging
outcomes.” The exercise progression in terms of dura-
tion and intensity will involve three distinct stages: (1) the
initiation stage, (2) the improvement stage and (3) the
maintenance stage. The initiation stage (weeks 1-2) aims
to prepare participants for more intense aerobic exercise
(ie, by accumulating small improvements in cardiorespi-
ratory fitness with light-to-moderate intensity exercise)
and develop an orthopaedic tolerance for exercise
stress.”” Following this period, participants will progress
to the improvement stage of exercise training. This stage
provides a gradual increase in the overall aerobic exercise
stimulus (ie, moderate-to-vigorous intensity), whereby
participants realise substantial improvements in cardio-
respiratory fitness (weeks 3-8).% The final stage of exer-
cise progression is the maintenance stage (ie, vigorous
intensity), which aims to maintain the levels of cardiore-
spiratory fitness that were developed during the improve-
ment stage over the long term (weeks 9-12).* Consistent
with the ACSM recommendations, the intervention will
not involve progression of both intensity and duration
in a single exercise session. Such a gradual progression
of exercise training is advantageous for deconditioned
persons to safely achieve the benefits of aerobic exercise
training.”

The exercise training itself will be led by certified
exercise leaders who are not involved in the collection
of outcome assessments. At the outset of each session,
participants will be fitted with a Polar Heart Rate Monitor
(Oy, Finland), and HR will be monitored continuously
throughout each session. Each session will begin with a
5-10min warm-up, followed by the exercise; the target
HRR range associated with the VO,R range will be main-
tained for as long as possible during each exercise period.
This will be followed by a 5-10min cool-down. Partici-
pants will complete an exercise log at the conclusion of
each session for better characterising of the experience
with the intervention. Log data will include perceived
exertion,” well-being, enjoyment and mental/physical
fatigue. Throughout each session, we further will collect
data on treadmill speed and grade, as well as time spent
within the prescribed VO,R/HRR range for improving
the rigour and reproducibility of the intervention.

Active control condition

The active control condition will involve supervised,
low-intensity resistive exercise in order to control for the
effects of social contact and attention. This condition
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will take place at a laboratory exercise research facility
in a space that is isolated from the intervention condi-
tion in order to avoid participant and site contamination.
The low-intensity resistive exercise control condition
will be delivered using the same frequency and dura-
tion of the treadmill walking exercise training condi-
tion. The low-intensity resistive exercises will be based
on a manual provided by the NMSS”” and sessions will
be led by certified exercise leaders who are not involved
in the collection of outcome assessments. Low-intensity
resistive exercises will target the head/neck, shoulder,
elbow/forearm, hand/wrist, trunk/hip and ankle/foot.
The progression of activities over the 3-month period
will involve performing additional exercises and sets,
along with using progressively thicker elastic resistance
bands (ie, Therabands) that provide minimal resistance.
The first 6 weeks of the intervention period will involve
performing the activities without resistance. In weeks
7-8, the extra-thin Theraband (ie, least resistance) will
be used to perform the exercises for the upper extrem-
ities only. In weeks 9-10, the thin Theraband will be
introduced, and in weeks 11-12 the medium Theraband
will be introduced. Such a progression is not expected
to induce cardiorespiratory fitness adaptations and is
designed to maintain participant interest. Each session is
designed to last up to 60min in total. Each session will
begin with a 5-10min warm-up, followed by low-inten-
sity resistive exercise (following the same duration as the
treadmill walking exercise training condition) activities

and a 5-10min cool-down. Throughout each session,
participants will wear an HR monitor, and we will collect
data on HR and perceived exertion™ to ensure that this
condition occurs at a low intensity. This stimulus has been
included as a control comparison condition in a recent
exercise training RCT in persons with MS and did not
result in cognitive improvements and was well received
with no increase in dropout compared with progressive
exercise training.”®

Importantly, to minimise attrition for both the interven-
tion and control conditions, exercise leaders will apply
highly developed principles and techniques associated
with Social Cognitive Theory™ for enhancing participant
adherence and compliance throughout each session.
Further, regardless of the assigned condition, all partic-
ipants will be asked to not undertake additional exercise
(ie, not to join a gym and begin exercising).

Procedure

Participant flow through the study is presented in figure 1.
Participant recruitment, contact and screening will be
undertaken via telephone and/or email by an ENRL
project coordinator. If a participant satisfies the initial
inclusion/exclusion criteria, the project coordinator
will then administer the open-trial SRT via telephone to
ensure that all participants have impairments in learning
new information; the open-trial SRT has been used as a
screening tool for impairments in learning new infor-
mation in previous memory rehabilitation RCTs in MS.'?
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This test involves the project coordinator reading a list of
words to the prospective participant over the phone. The
participant then repeats as many words as they can from
memory back to the project coordinator. This process
is repeated until participants can remember the entire
list of words. If participants demonstrate scores that are
at least 1.5 SD below the normative score for healthy
controls, the project coordinator will request contact
information from the potential participant’s neurolo-
gist, whereby they will email or fax a letter asking them
to verify a definite MS diagnosis and confirmation that
the participant has been on a stable disease-modifying
therapy (DMT) regimen for at least 6months. On receipt
of these materials from the participant’s neurologist, the
project coordinator will schedule the participant for base-
line testing. Baseline testing will be led by assessors who
are blinded to the condition, and will take place over
three non-consecutive days to minimise cognitive and
physical fatigue. On the first day, participants will initially
provide written informed consent (see online supple-
mentary file 1 for a sample informed consent document)
with IRB-approved ENRL personnel, followed by a neuro-
logical examination for generation of an EDSS score.
Participants will then undertake several neuropsycholog-
ical tests of learning and memory (ie, CVLI-II, BVMT-R)
as part of the full MACFIMS neuropsychological battery,
followed by the graded exercise test. The second day of
baseline testing will involve the MRI protocol, and the
third day of baseline testing will involve undertaking
other neuropsychological tests of learning and memory
(ie, SRT, 10/36 SPART). Participants will be remunerated
$50 for completing the baseline assessments. Of note,
the separation of learning and memory measures across
testing sessions is necessary considering that there might
be overlap (interference) between performance on the
CVLIHI and SRT (ie, learning and memory tests in the
verbal domain) and between the BVMT-R and 10/36
SPART (ie, learning and memory tests in the visuospatial
domain), respectively.

After baseline testing, participants will be randomly
assigned to either the treadmill walking exercise training
or active control conditions using concealment (ie,
opaque, sealed envelopes) and computerisation by the
study biostatistician (ie, GRC). Participants further will
be blinded to the intent of the condition (ie, unaware
that the treadmill walking exercise training condition
represents the experimental condition and the low-in-
tensity resistive exercise condition represents the active
control condition). To do this, the study will be adver-
tised as a comparison of two different physical exercise
programmes on memory performance in persons with
MS. We note that it is not possible for participants to be
blinded to the actual condition (ie, participating in tread-
mill walking exercise or low-intensity resistive exercise
activities).

Participants will undertake the intervention or active
control conditions as described above over a 3-month
period. Participants will be remunerated $10 per

treadmill walking exercise/low-intensity resistive exercise
visit attended (ie, up to $360 total). This remuneration
will be disbursed in weekly increments for maximising
compliance with this early-stage research. Following the
completion of the 3-month study period, participants
will again undergo assessments of learning and memory,
hippocampal volume and resting-state functional connec-
tivity, and cardiorespiratory fitness using the same proce-
dures as baseline testing (ie, follow-up testing). Follow-up
measures, using alternate forms where possible, will be
administered by treatment-blinded assessors. Participants
will be remunerated $50 for completing the follow-up
assessments.

Data integrity

All data will be entered, checked and double-checked
by the UAB ENRL personnel under the direct supervi-
sion of the ENRL project coordinator and study principal
investigator (BMS). All ENRL personnel have undergone
extensive training in good clinical practice and laboratory
procedures. Given that the current study is not a multisite,
National Institutes of Health-defined phase III RCT, we
do not include a formal data monitoring committee.

Statistical analysis

The data analyses will be overseen by a biostatistician (ie,
GRC) and follow the intent-to-treat principles (ie, include
all persons regardless of adherence and/or compliance).
In case of a dropout, missing data will be imputed using
multiple imputation and by carrying the last observed
value forward. We further will perform exploratory data
analyses only in those who completed follow-up testing
(ie, completer’s or per protocol analysis) and in those
who demonstrated good adherence (ie, attended at least
83% of sessions) and compliance.” The data will be
analysed using a mixed-factor model with time (baseline
and follow-up) as a within-subjects factor and condition
(intervention or active control) as a between-subjects
factor on composite learning and memory performance,
hippocampal, and cardiorespiratory fitness outcomes.
Of note, we will require an MRI overall alpha of 0.05
(corrected for multiple comparisons) for significance for
hippocampal neuroimaging outcomes. The correction
for multiple comparisons will be achieved by establishing
a suitable voxel cluster-level threshold through Monte
Carlo simulations (using the 3dClustSim program, part
of the AFNI suite of image analysis programs; http://
afni.nimh.nih.gov/afni/). Effect sizes will be expressed as
partial eta-squared (7 pZ) and Cohen’s d.

We will examine hippocampal volume and resting-state
functional connectivity outcomes as potential mediators
of the effects of treadmill walking exercise training on
learning and memory, consistent with the methodology
of Baron and Kenny.”’ This statistical mediation approach
is consistent with the proposed gold standard approach
for examining exercise-related mechanisms of cognitive
improvement at the brain systems level in the general popu-
lation.'® As preconditions of the mediation analysis, we will
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first perform correlations among group (ie, intervention or
control), change in learning and memory performance, and
change in hippocampal volume and resting-state functional
connectivity, respectively, using Spearman’s r rank-order
correlations (p)®' to test if those outcomes are interrelated.
Consistent with previous preliminary studies,” * we expect
that treadmill walking exercise training will be associated
with improvements in learning and memory and increases
in hippocampal volume and functional connectivity. Then,
to establish mediation, we will perform hierarchical linear
regression models for evaluating each of the mediators (ie,
changes in hippocampal volume and resting-state functional
connectivity outcomes, respectively), separately. This will
involve regressing change in learning and memory perfor-
mance on group in step 1 and then adding change in the
mediator in step 2. As such, we expect significant effects
of group on change in learning and memory, and that the
effect of group (ie, intervention or control) on change in
learning and memory will be attenuated, but not reach
zero, when accounting for the effects of changes in hippo-
campal structure and function. In other words, we expect
that changes in hippocampal structure and function will be
partial mediators of the effects of treadmill walking exercise
training on learning and memory in persons with MS with
impairments in learning new information. The effect sizes
from the interaction terms from the ANOVAs and correla-
tions will serve as effect sizes for the subsequent power anal-
yses required for a subsequent phase III RCT.

Patient and public involvement

Patients and the public were not involved in the devel-
opment of the research question, experimental design,
selection of outcome measures and conduct of the study.
Once the data are collected and analysed, we will send
lay language newsletters summarising the results of the
study to each study participant via postal mail. We further
plan to disseminate the results of the study via publication
in peerreviewed journals, and will send the appropriate
links to study participants once the results are published.

ETHICS AND DISSEMINATION
Adverse events
We verify that all persons involved in the research hold
current IRB certification for the protection of human
subjects. Importantly, during any and all exercise activi-
ties for the current study, we will have a minimum of two
researchers present who are trained in cardiopulmonary
resuscitation, automated external defibrillator, first aid
and emergency procedures. Further, we will monitor
participants on a daily basis for adverse events such as
musculoskeletal injuries related to exercise. In the event
of an adverse event, this will be reported to the UAB
IRB within 48 hours, and the participant will cease partic-
ipation until receiving a physician’s clearance to resume
any study-related activities.

Throughout the study, we will monitor and record MS
relapses that may affect study participation. Importantly,

we expect that the overall study relapse rate will be low
(ie, <6% for both exercise and control conditions; 27%
lower for exercise conditions), based on a recent system-
atic review of safety of exercise training in persons with
MS.% We further will minimise the potential for relapses
by only including persons with MS with relative neurolog-
ical stability who are on a stable disease-modifying therapy
regimen. Nevertheless, all decisions (ie, inclusion/exclu-
sion, safety of continued participation) in the event of a
relapse will be made on a patient-by-patient basis, with
direct consultation with the study neurologist (JRR). We
will report any relapses with the final study results. In
accordance with the policies and procedures of the UAB
IRB, if any harm occurs to participants as a result of the
trial, treatment will be provided; however, this treatment
will not be provided free of charge.

Confidentiality

This study involves several approaches to maintain confi-
dentiality. Participant information will be coded using a
study code, and study forms will not contain any individ-
ually identifying information. The study code involves
only an identification (ID) number that indicates the
order whereby participants enrolled in the study. For
example, the first participant to enrol in the study will be
ID#001, and the second participant will be ID#002 and
so on. There will be no human-derived elements in this
code (eg, initials, dates and so on). The code further will
not pertain to any information on random assignment to
groups. The master list linking study codes to individual
identities will be maintained by the investigator on a pass-
word-protected, shared drive space on the UAB server
and will not be divulged to others. Paper records will be
stored in a locking file cabinet in the project coordina-
tor’s locked office in the ENRL. Electronic data will be
stored on UAB computers which are firewall-protected,
encrypted and password-restricted. The servers are moni-
tored at all times for outages. Secured login IDs, granted
on a need-to-know basis, further are required to access
confidential information.

Dissemination

The primary study results will be made available to scien-
tists interested in MS, neuroimaging, cognition and/or
exercise as a treatment for cognitive deficits in order to
avoid unintentional duplication of research. Specifically,
the primary results will be disseminated via peerreviewed
publications, and replication of the protocol will be
encouraged. The primary results will further be dissemi-
nated via conference presentation. The data on which the
final summary statistics are based will be made available
to third parties in applicable data repositories.

DISCUSSION

The current study is the first adequately powered RCT
to include an exercise training stimulus (ie, treadmill
walking exercise that progressively increases in duration
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and intensity) that is based on research on the acute®?’

and chronic®' # effects of exercise on cognition in persons
with MS that further targets hippocampal outcomes.
Importantly, this study is the first RCT of exercise training
to selectively recruit persons with objective impairments
in learning new information in MS." This is a critical
methodological study component, as potential treatment
effects (ie, beyond simply improving cognitive perfor-
mance) of exercise on MS-related cognitive dysfunction
can only be assessed if participants demonstrate cogni-
tive impairment. The current proposal will provide the
first evidence for the efficacy of treadmill walking exer-
cise training as a potential rehabilitative approach to
treat MS-related learning and memory impairment. This
efficacy study will include an active control condition to
account for the effects of attention and social contact
associated with supervised exercise training; no previous
RCTs of exercise training on cognition in MS have
adopted this approach.'” We further will include cardio-
respiratory fitness outcomes as a manipulation check for
documenting the success of the intervention; this critical
feature has been lacking in previous RCTs of exercise on
cognition in MS." The proposed study will be among the
first exercise training RCTs in any population to include
blinded MRI data analyses, uniquely adding another layer
of rigour for improving the study’s reproducibility. Such
methodological features are critical for reducing threats
to internal validity (ie, type I error) and providing efficacy
evidence for chronic treadmill walking exercise training
as a behavioural approach for managing learning and
memory dysfunction in persons with MS who have the
most need.

The current early-phase RCT will provide critical infor-
mation for the development of future exercise trials on
learning and memory in persons with MS. If successful,
the current trial will provide effect sizes for power anal-
yses for determining appropriate sample sizes for a subse-
quent phase III RCT. Indeed, such a line of research will
lay the foundation for approaches that can be eventually
translated into community-based settings for rehabili-
tating learning and memory in persons with MS by exam-
ining the effects of a treadmill walking exercise training
intervention on learning and memory and hippocampal
neuroimaging outcomes. Although results from studies of
cognitive rehabilitation are promising, such interventions
are not easily adapted outside of the clinic, and further
do not offer health benefits beyond improved cognition.
On the other hand, exercise is a behaviour that is easily
adaptable in the community and offers a myriad of phys-
ical health benefits. As such, the proposed study uniquely
represents the first step in developing and optimising a
potentially generalisable exercise training intervention
for improving behavioural (ie, learning and memory)
and brain (ie, hippocampal) outcomes among cogni-
tively impaired persons with MS. As a whole, this line
of research might result in the development of exercise
training guidelines that can be adapted by patients with
MS for specifically improving brain health and cognition.

Importantly, there are no guidelines for persons with MS
to manage cognitive impairment in the community using
any approach.

If the current RCT does not result in statistically signif-
icant treadmill walking exercise-related improvements in
composite learning and memory performance, we will
focus on refining the exercise stimulus for specifically
improving learning and memory among memory-im-
paired persons with MS for informing the develop-
ment of a future RCT. This could involve adjusting the
modality and intensity of exercise training. Indeed, there
is preliminary evidence that other exercise modalities
(eg, aerobic cycle ergometry) and intensities (eg, high-in-
tensity interval training) have resulted in improvements
in learning and memory in persons with MS.* * If the
current treadmill walking exercise training intervention
does not improve learning and memory performance,
another potential approach for refining the exercise stim-
ulus involves the inclusion of additional sensory stimuli to
treadmill walking exercise (ie, treadmill walking exercise
plus virtual reality) for inducing cognitive change. This
approach is based, in part, on animal work that demon-
strates particularly large improvements in hippocampal
neurogenesis, synaptogenesis, and learning and memory
performance when exercise is performed in enriched
environments compared with standard environments
over several weeks.'"® There too is evidence in persons
with traumatic brain injury whereby 4weeks of exer-
cise plus virtual reality improved verbal and visuospatial
learning and memory.” Alternatively, if treadmill walking
exercise training does not improve cardiorespiratory
fitness outcomes (ie, as a manipulation check), we plan
to examine the effects of a longer intervention period (ie,
6months) on the primary and secondary study outcomes
in a subsequent RCT, as has been done in older adults.®
We do not expect this to be the case, given that the exact
treadmill walking exercise training stimulus resulted in
large cardiorespiratory fitness improvements in our small
pilot RCT.*®

Although the current RCT addresses a critical problem
by applying a systematically developed exercise training
intervention for improving learning and memory and
hippocampal structure and function among persons with
MS who present with learning and memory impairment,
there are several noteworthy limitations. First, the current
RCT was powered based on pilot data on the effects of
treadmill walking exercise training on the primary
outcomes of behavioural neuropsychological tests of
learning and memory in persons with MS. This study was
not powered based on pilot data on the effects of tread-
mill walking exercise training on structural or functional
hippocampal neuroimaging outcomes (ie, the secondary
study outcomes), given that pilot data are not available
on the present neuroimaging endpoints in persons with
MS. For the current power analyses, we operationalised
the effect sizes from an aerobic exercise intervention on
hippocampal neuroimaging outcomes in persons with
schizophrenia as a preliminary guide for powering the
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secondary study outcomes.” Therefore, it is unknown if
the study is truly adequately powered for detecting effects
of treadmill walking exercise training on hippocampal
structure and functional connectivity (ie, the secondary
endpoints) in persons with MS who present with impair-
ments in learning new information. The present RCT
involves a relatively short intervention period, no long-
term follow-up or a comparison group of persons with MS
without deficits in learning new information for possibly
examining the neuroprotective effects of the intervention
over time. Given that preliminary work directly supports
the feasibility and preliminary efficacy of 3months of
treadmill walking exercise training on learning and
memory and hippocampal neuroimaging outcomes,
the current adequately powered RCT seeks to rigorously
examine the potential treatment effects of that exact
intervention on learning and memory and its potential
neural correlate (s). We believe this to be a necessary step
prior to investigating the durability and sustainability of
progressive treadmill walking exercise training on those
outcomes in subsequent large-scale studies. We note that
3months of aerobic exercise training has resulted in
improvements in learning and memory as well as hippo-
campal structure and function in other populations.” ®/
Relatedly, the present study will not examine the effective-
ness of treadmill walking exercise training on the primary
outcomes in a large, national sample of persons with MS.
Rather, this study will advance our systematic and rigorous
line of research by providing critical efficacy data in a
highly controlled environment prior to the development
of a subsequent RCT for examining the effectiveness of
the intervention for eventual translation into a commu-
nity-based programme. The present study will not involve
the collection of exploratory serum biomarkers (eg,
brain-derived neurotrophic factor, vascular endothelial
growth factor) as possible molecular/cellular mediators
of the effects of treadmill walking exercise training on
behavioural (ie, neuropsychological) and brain systems
(ie, hippocampal volume and functional connectivity)
outcomes. If the current RCT is successful, the examina-
tion of such potential mechanisms will be a central focus
of future mechanistic research efforts. Another limita-
tion is that the study sample will not involve persons with
MS who present with substantial ambulatory disability.
Rather, this RCT only focuses on persons with MS who are
fully ambulatory based on pilot data and safety concerns
associated with treadmill walking exercise training. Thus,
the results of the current RCT might not be generalisable
among all persons with MS, particularly those with severe
ambulatory impairment. Finally, the present study will not
directly compare the effects of treadmill walking exercise
training with cognitive rehabilitation as a control compar-
ison condition on learning and memory and hippocampal
neuroimaging outcomes. Instead, this study includes an
active, non-aerobic exercise training control condition in
order to control for the potential effects of attention and
social contact normally associated with supervised exer-
cise training for testing the primary study hypotheses.

Examinations of the comparative and combined effects of
exercise training and cognitive rehabilitation on learning
and memory and hippocampal neuroimaging outcomes
will be performed in subsequent effectiveness trials.

Regardless of the study outcome, we plan to commu-
nicate the trial results via peerreviewed publications.
If successful, the results from this study will eventually
inform RCTs for developing rehabilitation interventions
(ie, treadmill walking exercise training) for improving
learning and memory and its relationship with hippo-
campal outcomes in a large sample of cognitively impaired
persons with MS. In the long term, the results from this
early-phase RCT will lay the groundwork for ultimately
providing clinicians and patients with guidelines for
better using chronic treadmill walking exercise for
improving cognition and brain health. Such an evidence-
based approach for rehabilitation, using chronic exercise
training, is paramount considering the highly prevalent,
disabling and poorly managed nature of MS-related
learning and memory impairment.
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