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Abstract 

Background: Targeted exercise training is a promising strategy for promoting cognitive function and preventing 
dementia in older age. Despite the utility of exercise as an intervention, variation still exists in exercise‑induced cogni‑
tive gains and questions remain regarding the type of training (i.e., what), as well as moderators (i.e., for whom) and 
mechanisms (i.e., how) of benefit. Both aerobic training (AT) and resistance training (RT) enhance cognitive function 
in older adults without cognitive impairment; however, the vast majority of trials have focused exclusively on AT. Thus, 
more research is needed on RT, as well as on the combination of AT and RT, in older adults with mild cognitive impair‑
ment (MCI), a prodromal stage of dementia. Therefore, we aim to conduct a 6‑month, 2 × 2 factorial randomized 
controlled trial in older adults with MCI to assess the individual effects of AT and RT, and the combined effect of AT 
and RT on cognitive function and to determine the possible underlying biological mechanisms.

Methods: Two hundred and sixteen community‑dwelling adults, aged 65 to 85 years, with MCI from metropolitan 
Vancouver will be recruited to participate in this study. Randomization will be stratified by biological sex and partici‑
pants will be randomly allocated to one of the four experimental groups: (1) 4×/week balance and tone (BAT; i.e., 
active control); (2) combined 2×/week AT + 2×/week RT; (3) 2×/week AT + 2×/week BAT; or (4) 2×/week RT + 2×/
week BAT. The primary outcome is cognitive function as measured by the Alzheimer’s Disease Assessment Scale‑Cog‑
nitive‑Plus. Secondary outcomes include cognitive function, health‑related quality of life, physical function, actigraphy 
measures, questionnaires, and falls. Outcomes will be measured at baseline, 6 months (i.e., trial completion), and 18 
months (i.e., 12‑month follow‑up).
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Introduction
Dementia is one of the most pressing health care issues 
of the twenty-first century. Individuals with cognitive 
impairment and dementia have reduced quality of life 
as they lose their functional independence [1]. As the 
proportion of the population over 65 years continues to 
increase, dementia will place increasing demands and 
costs on the public health system [2]. Thus, the societal 
value of identifying and developing effective interven-
tion and prevention strategies cannot be overstated [3]. 
If the onset and progression of dementia were delayed by 
1 year, there would be 9 million fewer cases by 2050 [3].

Effective pharmacologic treatment of dementia remains 
a major challenge [4]. Exercise is a promising strategy for 
preventing dementia [5]. Notably, exercise significantly 
reduces key cardiometabolic risk factors for dementia 
[6, 7], such as hypertension and type 2 diabetes, for both 
Alzheimer’s disease and vascular cognitive impairment—
the two most common types of dementia.

Broadly, there are two distinct forms of exercise: (1) 
aerobic training (AT; e.g., running), aimed at improving 
cardiovascular health; and (2) resistance training (RT; 
e.g., lifting weights), aimed at improving muscle strength. 
Each type of exercise training has its own distinct physi-
ology and benefits [8]. Evidence from randomized con-
trolled trials (RCTs) suggests that both AT and RT 
enhance cognitive function in older adults without cog-
nitive impairment and dementia [9, 10]. However, ques-
tions regarding the type of training (i.e., what), as well as 
moderators (i.e., for whom) and mechanisms (i.e., how) 
of benefit still remain [11, 12].

In regard to what type of exercise, the majority of pub-
lished RCTs have focused solely on AT [9, 13]. Thus, 
more research is needed on RT, as well as on the com-
bination of AT and RT. Importantly, to our knowledge, 
there is no single published high-quality RCT that has 
examined both the individual and combined effects of 
AT and RT on cognitive function in older adults. Estab-
lishing the efficacy of different types and combinations of 
exercise training will advance our understanding of how 
to best prescribe exercise to attenuate cognitive decline. 
For example, exercise prescription could be personal-
ized according to deficits in specific cognitive domains. 

For those who do not have the mobility to uptake AT, RT 
could be recommended as an evidence-based alternative.

For whom exercise benefits, there is good evidence that 
targeted exercise training improves cognitive function 
in healthy older adults [9, 10, 14–16]. However, the role 
of exercise interventions among those at increased risk 
for dementia, such as older adults with mild cognitive 
impairment (MCI), is not well established [14, 17–21]. 
Currently, there is wide recognition that MCI represents 
the prodromal stage of Alzheimer’s disease, vascular cog-
nitive impairment, and mixed dementia [22–25]. MCI is 
a clinical entity characterized by cognitive decline greater 
than that expected for an individual’s age and education 
level but that does not interfere notably with everyday 
function [26]. Individuals with MCI are at increased risk 
for dementia [22]; those with MCI develop Alzheimer’s 
disease at a rate between 10 and 30% annually [27, 28], 
whereas those without MCI develop dementia at a rate 
between 1 and 2% annually [27]. Evidence also sug-
gests that older adults with MCI experience significant 
declines in quality of life [1, 29]. Thus, older adults with 
MCI represent an ideal target population for intervention 
strategies, as the preservation of their cognitive function 
will likely prolong their ability to live independently and 
with quality.

Evidence suggests older females may reap greater cog-
nitive gains from AT than older males, particularly in the 
cognitive domain of executive functions [10, 13, 30–32]. 
Much of this evidence comes from meta-analyses com-
paring RCTs of AT that have a high percentage of older 
females to RCTs with low percentage of older females 
(i.e., data not disaggregated by biological sex) [13, 33]. 
Direct RCT evidence is restricted to post hoc analy-
ses [30–32], which are not definitive because statisti-
cal power is lacking. Moreover, whether there are sex 
differences in the effect of RT on cognition is largely 
unexplored.

Our current understanding of how exercise promotes 
cognitive function in humans is limited and largely 
focuses on central induction of neurotrophic factor 
cascades, such as brain-derived neurotrophic factor 
(BDNF) and insulin-like growth factor (IGF-1). Evidence 
from rodent models suggests different types of exercise 

Discussion: Establishing the efficacy of different types and combinations of exercise training to minimize cognitive 
decline will advance our ability to prescribe exercise as “medicine” to treat MCI and delay the onset and progression of 
dementia. This trial is extremely timely as cognitive impairment and dementia pose a growing threat to global public 
health.
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training may promote cognitive health through divergent 
pathways, with AT preferentially increasing BDNF and 
RT preferentially increasing IGF-1 [34]. In humans, AT 
increases peripheral BDNF levels [35, 36] and, while less 
studied, RT increases IGF-1 [37, 38].

AT and RT may also promote cognitive function 
through parallel pathways, including reducing peripheral 
and central inflammation, which is associated with the 
pathogenesis of MCI [39]. Indeed some evidence sup-
ports the ability of AT and RT to reduce circulating levels 
of certain inflammatory markers in those with MCI [40].

Gaining insights into the underlying biological mech-
anisms will enable the refinement of existing exercise 
recommendations. For example, if RT preferentially 
increases IGF-1 compared with AT, then RT may be 
the more appropriate recommendation for individuals 
with the BDNF Val66met polymorphism, a common sin-
gle-nucleotide polymorphism resulting in reduced activ-
ity-dependent secretion of the mature form of BDNF 
[41].

Thus, we aim to conduct a 2 × 2 factorial RCT of exer-
cise in community-dwelling older adults with MCI. Our 
primary objective is to assess the individual effects of AT 

and RT, as well as the combined (i.e., interaction) effect 
of the two types of exercise training on cognitive func-
tion, as measured by the Alzheimer’s Disease Assessment 
Scale-Cognitive-Plus (ADAS-Cog-Plus). The second-
ary objective is to assess sex differences. The tertiary 
objectives are to explore the mechanisms underlying the 
individual and interaction effects of AT and RT, and to 
explore the potential moderation of effects by the BDNF 
Val66Met polymorphism.

Methods
Design and setting
We will conduct a single-blinded, superiority, 2×2 fac-
torial-arm RCT in a research center (Vancouver, British 
Columbia, Canada) with 216 community-dwelling older 
adults with MCI, as determined by a baseline Montreal 
Cognitive Assessment (MoCA) score < 26/30, with sub-
jective memory complaints (SMC), without signifi-
cant functional impairment, and no dementia (Clinical 
Dementia Rating (CDR) < 1.0) [42, 43], aged 65 to 85 
years, living in Metro Vancouver, BC, Canada. This study 
will include a 6-month intervention and a 12-month fol-
low-up (i.e., 18 months from baseline; Fig. 1). There will 

Fig. 1 Overview of study design from recruitment to follow‑up
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be a dedicated research coordinator (non-blinded) and 
trained assessors (blinded). Standardized protocols will 
be developed, and study personnel will be trained by the 
research team. Assessments and exercise sessions will 
occur at a research laboratory on the Vancouver General 
Hospital campus, Vancouver, Canada.

Recruitment
Individuals will be recruited from both the community, 
with advertisements placed in community centers and 
newspapers in Greater Vancouver, and from the Uni-
versity of British Columbia Hospital Clinic for Alzhei-
mer’s Disease and Related Disorders. All individuals who 
receive care at the clinic have the option to sign a consent 
form providing access to their records for research pur-
poses and indicating their willingness to be approached 
for research studies. Individuals interested in participat-
ing will be screened by telephone to check for eligibility 
based on our inclusion and exclusion criteria, and the 
Physical Activity Readiness Questionnaire for Everyone 
(PAR-Q Plus) [44], a screening measure of physical readi-
ness for exercise. Research staff will invite eligible partici-
pants to attend a consent and screening session, either 
over the phone or in-person, during which details of the 
study will be provided.

Time frame
Participant enrollment began on November 13, 2017, 
and the final assessment is anticipated to be completed 
by December 2023. The COVID-19 pandemic impacted 
recruitment for much of 2020. As of May 25, 2022, 
176 individuals (81% of the target sample) have been 
recruited and randomized.

Eligibility
Inclusion criteria
We will include community-dwelling females and males 
who meet the following inclusion criteria: (1) aged 
between 65 and 85 years; (2) have subjective memory 
complaints, defined as the self-reported feeling of wors-
ening memory, as determined by a standard question 
[45]; (3) have baseline MoCA score of < 26/30 [46]; (4) 
have a Mini-Mental State Examination (MMSE) score > 
22 [47] and a Clinical Dementia Rating score < 1.0 [43]; 
(5) do not have any significant impairment in daily func-
tion as indicated by a score of > 6/8 on the Lawton and 
Brody Instrumental Activities of Daily Living Scale [48]; 
(6) score < 5/15 on the Geriatric Depression Scale (GDS) 
[49]; (7) completed high school education; (8) live in 
their own home; (9) read, write, and speak English with 
acceptable visual and auditory acuity; (10) not expected 
to start, or are stable, on a fixed dose of anti-dementia 
medications (e.g., donepezil, galantamine); (11) provide a 

signed and dated informed consent document; (12) able 
to walk independently without an aid; (13) in sufficient 
health to participate in the exercise programs, based on 
their medical history, the PAR-Q Plus [44], and written 
approval by their family physician (if required); and (14) 
have the capacity to comply with the scheduled assess-
ments and exercise sessions.

Exclusion criteria
We will exclude individuals who are (1) engaged in mod-
erate-intensity aerobic exercise > 60 minutes per week, in 
the 3 months prior to study entry; (2) engaged in progres-
sive resistance training > 1×/week in the 3 months prior 
to study entry; (3) diagnosed previously with dementia of 
any type; (4) clinically suspected to have neurodegenera-
tive disease as the cause of MCI that is not Alzheimer’s 
disease, vascular cognitive impairment, or both (e.g., 
multiple sclerosis, Parkinson’s disease, Huntington’s 
disease, frontotemporal dementia); (5) at high risk for 
cardiac complications during exercise or unable to self-
regulate activity or to understand recommended activity 
level; (6) diagnosed by their family physician with clini-
cally important peripheral neuropathy or severe muscu-
loskeletal or joint disease that impairs mobility; (7) on a 
new or recent (i.e., less than 3 months from study entry) 
or changed dose of medications that may negatively 
affect cognitive function, such as anticholinergics (i.e., 
typical and atypical antipsychotics) and anticonvulsants 
(e.g., gabapentin, valproic acid); (8) on any hormone 
therapy (estrogen, progesterone, or testosterone) in the 
last 24 months; or (9) planning to participate, or already 
enrolled in, a concurrent clinical drug or exercise trial.

A subset (~40%) of right hand-dominant participants 
will undergo magnetic resonance imaging (MRI) scan-
ning. We will exclude participants who do not meet 
the specific scanning requirements of the UBC MRI 
Research Centre or do not provide consent. Specifically, 
participants will be excluded from the MRI scanning if 
they have any of the following: pacemaker, brain aneu-
rysm clip, cochlear implant, surgery or tattoos within the 
past 6 weeks, electrical stimulator for nerves or bones, 
implanted infusion pump, history of any eye injury 
involving metal fragments, artificial heart valve, orthope-
dic hardware, other metallic prostheses, any blood vessel 
filter, coil or catheter, ear or eye implant, bullets, or other 
metallic fragments.

Sample size considerations
The planned sample size was determined with the aim of 
testing the main effects of AT and RT on changes in cog-
nitive function, as assessed by the ADAS-Cog-Plus [50]. 
In computing the required sample size, we used G*Power 
and the sample analytic model in the statistical analyses. 
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Unpublished data from a separate set of 96 older adults 
with MCI from our laboratory estimated that the corre-
lation between baseline ADAS-Cog-Plus and the same 
measure collected 6 months later was approximately 0.80 
[51]. This value was used to calculate the assumed resid-
ual variance in the analysis of covariance (ANCOVA) 
model of 0.36 (i.e., 1 − 0.802). With a targeted enrolment 
of 216 individuals and accounting for an overall drop-
out of 15% (assumed to impact each intervention arm 
equally), we will have a power of 0.80 to detect a stand-
ardized mean difference (SMD) of 0.27 for the effect of 
AT or RT on cognitive function with a two-tailed alpha 
of 0.05 applied to each comparison [9]. The SMD of 
0.27 concurs with findings from recent meta-analyses 
[9, 52, 53]. To detect an interaction between AT and RT 
with 0.80 power, the true effect size of 0.53 is required. 
Figure  2 depicts the 3 planned primary comparisons to 
examine the main and interaction effects of AT and RT.

Our secondary objective is to test whether biological 
sex moderates the effect of exercise (AT and RT, sepa-
rately) on changes in cognitive function, as assessed by 
the ADAS-Cog-Plus. We conducted two meta-analyses 
[10, 52] and observed an average sex difference, as deter-
mined by comparing trials with high versus low propor-
tion of female, in AT (SMD=0.75) and in RT (SMD=0.65) 
on executive functions and episodic memory. Using these 
values as estimates of the true effect sizes of the biologi-
cal sex by exercise interaction effects, a total sample size 
of 216 (108 men and 108 women) randomly assigned to 
one of the four conditions will provide greater than 0.90 
power with a two-tailed alpha of 0.05 and accounting for 
an overall dropout rate of 15% (assumed to impact each 
intervention arm equally).

Data entry
No personal identifiers will be acquired during data col-
lection. All paper-based data will be stored in locked 
cabinets and all alphanumeric data will be entered by a 
trained study personnel who will conduct range checks 
for data values. All alphanumeric data and neuroimag-
ing will be stored on a secured server hosted by UBC. All 
data will be deidentified.

Measurements
There will be three key measurement points: baseline, 6 
months (trial completion), and 18 months (i.e., 12-month 
follow-up). To minimize attrition over the 12-month 
follow-up, participants will be contacted at 6 months 
post trial completion to complete a set of question-
naires. Baseline measurements will be obtained prior to 
randomization. See Fig.  3 for the schedule of all study 
measures.

Fig. 2 Schematic representation of the three primary comparisons in 
the factorial randomized controlled trial design
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Consent and screening session
Subjective memory complaints will be determined 
with one verbal yes/no question: “Do you feel like your 

memory or thinking is becoming worse?”. Global cog-
nition will be assessed with the MoCA [46] and MMSE 
[47]. The Lawton and Brody Instrumental Activities of 

Fig 3 Schedule of enrolment, interventions, and assessments according to the SPIRIT Checklist
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Daily Living Scale and the GDS will also be adminis-
tered. The Edinburgh Handedness Questionnaire will be 
administered to assess handedness [54].

Descriptors
Standing height in centimeters and mass in kilograms will 
be ascertained using standardized equipment. General 
health, demographics, socioeconomic status, and educa-
tion will be obtained via questionnaire. The Functional 
Comorbidity Index will estimate the degree of comorbid-
ity associated with physical functioning [55]. The GDS 
will be used to assess depressive symptoms [49]. The 
EPIC-Norfolk Physical Activity Questionnaire will meas-
ure physical activity levels [56]. Engagement in cognitive 
stimulating activities will be measured with the Florida 
Cognitive Activity Questionnaire [57] and the Lifetime 
Participation in Cognitively Stimulating Activities [58]. 
The National Adult Reading Test will be used to estimate 
premorbid intellectual functioning [59]. The Reproduc-
tive History Questionnaire will assess reproductive his-
tories of participants [adapted from [60]]. To examine 
potential genetic moderation of exercise efficacy, we will 
take a targeted approach for common single-nucleotide 
polymorphisms that have previously been implicated 
in cognitive aging and exercise-induced cognitive gains 
(e.g., BDNF Val66Met polymorphism, APOE4) [11, 61]. 
DNA will be extracted from whole blood by standard 
protocol, and genotype will be determined by a TaqMan 
by-design assay.

Primary outcome
Our primary measure will be the ADAS-Cog-Plus [50]. 
The ADAS-Cog-Plus uses a multidimensional item 
response theory model to generate a global cognitive 
score from the 13-item ADAS-Cog [62] and additional 
standard cognitive assessments. For this trial, we will use 
the 13-item ADAS-Cog (0-85 points), Trail Making Tests 
(Parts A and B), Digit Span Forward and Backward, Digit 
Symbol Substitute Test, animal and vegetable fluency, 
Rey Auditory Verbal Learning Test, and Clock Draw-
ing test as the input variables into the scoring algorithm. 
Lower ADAS-Cog-Plus scores represent better cognitive 
performance; scores range from −1.0 to +1.0 [e.g., −1.0 
indicates healthy cognitive functioning, 0.0 indicates 
MCI, and +1.0 indicates dementia [63]].

Secondary outcomes

Cognitive function A battery of computerized and 
standardized paper and pen neuropsychological tests 
will be used to assess different cognitive domains. 
The computerized battery will include the National 

Institutes of Health Toolbox Cognition Battery [64, 65], 
a comprehensive neuropsychological battery with nor-
mative values. Specifically, we will use its (a) Dimen-
sional Change Card Sort Test to measure set shifting; 
(b) Flanker Inhibitory Control and Attention Test to 
measure response inhibition and attention; (c) List Sort-
ing Working Memory Test to measure working mem-
ory; and (d) Picture Sequence Memory Test to measure 
episodic memory. Spatial memory will be measured 
with a computerized paradigm [66]. The task requires 
participants to recall the spatial location of one, two, 
or three dots presented on a computer screen. Reaction 
time and accuracy will be recorded.

Standardized paper and pen neuropsychological tests will 
assess executive functions, verbal fluency, visual memory, 
prospective memory, and visuospatial ability. Specifi-
cally, the battery will include the individual components 
of ADAS-Cog-Plus, such as the 13-item ADAS-Cog, 
Trail Making Tests (set shifting), Digit Span Forward 
and Backward (working memory), Digit Symbol Substi-
tution Test (processing speed), animal and vegetable flu-
ency (verbal fluency), Rey Auditory Verbal Learning Test 
(verbal memory), and Clock Drawing. For the 13-item 
ADAS-Cog, a change of 3.0 points is a minimally impor-
tant difference [67]; higher scores on the 13-item ADAS-
Cog indicate greater cognitive impairment (range 0–85 
points).

In addition, we will administer the Stroop Colour Word 
Test to assess response inhibition and selective attention 
[68]. Visual memory will be assessed by the Rey-Osterri-
eth Complex Figure Test [69]. Prospective memory, the 
ability to remember and perform an intended action at a 
specific time in the future, will be assessed by the Pro-
spective Memory Test [70]. We will use the Judgement of 
Line Orientation to test visuospatial skills [71].

Health‑related quality of life and wellbeing We will 
evaluate health-related quality of life using the EuroQol-5 
Domain-5 Level (EQ-5D-5L) [72]. This is a preference-
based utility instrument that provides weightings for 
quality-adjusted life years (QALYs). A QALY is a metric 
used to assess health-related quality of life that captures 
both quality and quantity of time spent in a particular 
health state [73]. The EQ-5D-5L captures 243 unique 
health states based on the following domains: mobility, 
self-care, usual activities, pain, anxiety, and depression. A 
score of zero indicates death while a score of 1 indicates 
full health. The EQ-5D-5L also consists of a visual analog 
scale that records the individual’s self-related health on a 
vertical visual analog scale.
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We will evaluate wellbeing using the ICEpop CAPability 
Measure for Older adults [74, 75]. This assesses wellbe-
ing across five attributes: (1) attachment (love and friend-
ship); (2) security (thinking about the future without con-
cern); (3) role (doing things that make you feel valued); 
(4) enjoyment (enjoyment and pleasure); and (5) control 
(independence). A score of zero indicates no capability 
while a score of 1 indicates full capability.

Physical function Cardiorespiratory fitness will be 
estimated with the modified Balke submaximal-graded 
exercise treadmill test [76], with heart rate continu-
ously monitored. Participants will walk on the treadmill 
at a pre-determined speed (females 4.8 km/h; males 5.3 
km/h) until they reach volitional fatigue or 70% of heart 
rate reserve (HRR). The Short Physical Performance Bat-
tery will assess general balance and mobility [77]. Partici-
pants are assessed on performance of standing balance, 
walking, and sit-to-stand. Each component is rated out of 
4 points, for a maximum of 12 points. A score of < 9/12 
predicts subsequent disability [77]. Participants will also 
complete the 400-m Walk [78]. Participants will be asked 
to walk 400 m as quickly as they can without running and 
time to complete will be recorded.

Muscular strength will be examined separately for the 
upper and lower body. Upper body strength will be 
assessed using the bilateral hand dynamometer grip 
strength test. Lower body strength will be assessed using 
the Biodex bilateral concentric knee extension and flex-
ion strength test. The peak torque a participant is able to 
achieve will be recorded for each leg for both concentric 
extension and flexion. Additionally, lower body strength 
will be measured with the 30-s sit-to-stand test [79]; par-
ticipants will be asked to complete as many full sit-to-
stands as possible within 30 s.

Body composition will be assessed with a full-body dual-
energy X-ray absorptiometry (DEXA) (Hologic, Missis-
sauga, ON, Canada) scan. We will use DEXA-derived 
total body fat mass (g), total body lean mass (g), and body 
composition (% of fat and lean mass).

Actigraphy measures Objective measures of sleep 
quality will be estimated over a 7-day period using the 
MotionWatch8© wrist-worn actigraphy unit (CamNtech; 
Cambridge, UK) to estimate sleep duration, latency, and 
fragmentation. Participants will also be asked to com-
plete the Consensus Sleep Diary each morning [80]. In 
addition to sleep quality, the MotionWatch8© will also 
be used to calculate daily physical activity. The number of 
minutes spent in moderate to vigorous physical activity 
(>3.0 METs) is compared to the total time spent awake 

and out of bed to determine the percentage of waking 
hours each day spent in moderate to vigorous intensity 
physical activity [81].

Questionnaires and falls Standardized questionnaires 
will be administered to assess anxiety [82], depression 
[83], sleep quality [84], sleep apnea risk [85], life space 
mobility [86], everyday memory [87], mindfulness [88], 
physical activity [89], sedentary behavior [90], social 
network [91], social provisions [92], loneliness [93], and 
health care costs [94]. Falls will be prospectively moni-
tored via monthly calendars. See Table 1 for more details.

Tertiary outcomes

Brain structure and function In a subset of participants 
at baseline and trial completion at 6 months, MRI will 
be conducted at the UBC MRI Research Centre using 
a Philips Achieva 3.0T MRI scanner with a 32-chan-
nel sensitivity encoding head coil (SENSE factor=2.4) 
and parallel imaging. High-resolution structural imag-
ing will include two three-dimensional 1-mm isotropic 
T1 MPRAGE (TR=2530 ms, TE=3.04 ms, TI=800 ms, 
flip angle=10°, FOV=256×256×220 mm) that will be 
averaged during post-processing and two 1-mm iso-
tropic T2 (SPACE) images (TR=4000 ms, TE=406 ms, 
flip angle=90°, FOV=260×228×176 mm). T1 images 
will be used for co-registration of individual participant 
functional MRI (fMRI) data into a standard stereotaxic 
space and for ascertaining changes in cortical thickness, 
and cortical and sub-cortical brain volumes. To allow the 
assessment of white matter hyperintensities (WMHs), 
we will acquire two sequences of T2-FLAIR. An Auto-
mated Labeling Pathway [95] will be used to quantify 
volumes and localization of focal WMHs. We will also 
use a 60-directional diffusion tensor image with a single 
shot echo-planar imaging (EPI) sequence (TR=7013 ms, 
TE=60 ms, FOV=224×224 mm, 70 slices, 2.2-mm slice 
thickness, voxel dimension=2.23 mm, b=700 s/mm2) 
and 5 non-weighted diffusion weighted images (b=0), 
with a focus on measuring fractional anisotropy, mean 
diffusivity, axial diffusion, and radial diffusion [96]. Sixty-
direction acquisition will also generate the needed reso-
lution for fiber-tracking. Functional network organiza-
tion will be evaluated with resting-state functional MRI. 
EPI data will be acquired with slices in an oblique 30° 
orientation relative to main magnetic field to optimize 
signal in ventral frontal regions (TR=2000 ms, TE=30 
ms, flip angle=90°, FOV=220×220 mm, 3.4×3.4×3.5 
 mm2 voxels). We will collect an additional 13-min scan to 
maximize test-retest reliability [97]. During resting state 
scans, participants will be instructed to keep their eyes 
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open, look at a fixed point on a screen, and remain awake. 
We will also collect a letter n-back working memory task-
evoked EPI scan as well as Relational and Item Specific 
Encoding and Recognition task-evoked EPI scans [98]. 
Preprocessing of the fMRI data will entail rigid body 
motion correction, spatial smoothing, band-pass tem-
poral filtering to exclude confounding physiological sig-
nals, followed by an Independent Component Analysis 
based Automatic Removal of Motion Artifacts to remove 
motion-related artifacts. Preprocessed resting-state time-
series will be extracted from a priori selected networks 
of interest masks based on the Yeo 7+ Networks [99] or 
parcellated regions of interest based on established func-
tional atlases and cross-correlated with every voxel in the 
brain to establish functional connectivity maps. For pre-
processed task-based fMRI data, within- and between-
subject differences in task-evoked neural activity will be 
calculated via fixed effects and mixed effects modelling.

Cardiometabolic risk factors We will assess arterial 
stiffness, blood pressure, body mass index, and fasting 
serum glucose and lipid profile. Arterial stiffness will be 
measured by carotid-femoral pulse wave velocity. Pulse 
wave velocity will be measured using a Complior DE1210 
ultrasound machine (Alam Medical, Saint Quentin Fal-
lavier, France) with the participants lying supine and 
rested for at least 5 min. Resting systolic and diastolic 
blood pressure will be recorded in duplicate, using a vos-
cillometric sphygmomanometer, the Omron HEM-775. 

Values will be presented as a mean of two recordings that 
are taken 1 min apart. Participants will rest seated with 
their back supported, feet flat on the floor, and arms sup-
ported at heart level for 5 min prior to blood pressure 
measurements. Body mass index will be calculated as 
mass in kg/height in  m2. Fasting serum glucose and lipid 
profile (e.g., total serum cholesterol, triglycerides, high-
density lipoprotein, low-density lipoprotein, HbA1C) will 
be measured by conventional laboratory methods.

Hypothalamic‑pituitary‑adrenal axis function To 
assess hypothalamic-pituitary-adrenal axis activity, we 
will measure the stress hormone cortisol to examine (1) 
total cortisol concentration over the day (area under the 
curve); (2) cortisol awakening response, a distinct aspect 
of the circadian cortisol profile; and (3) changes in corti-
sol response to engaging in an exercise session with time 
of day held constant. Free cortisol levels will be assessed 
in salivary samples (Salivettes) collected 5× each day (at 
awakening, +30 min, 2 pm, 4 pm, bedtime) for 2 days at 
baseline and trial completion at 6 months. As well, sali-
vary samples will be collected immediately before and 
immediately after the exercise session within the first 2 
weeks of exercise training and within the last 2 weeks of 
exercise training to examine cortisol response to exercise.

Blood biomarkers Fasting blood will be collected in the 
morning at baseline and at trial completion at 6 months 
from all consenting participants. Blood will be processed 

Table 1 Psychosocial assessments and other questionnaires

Name Description

State and Trait Anxiety Inventory (STAI) [82] A 40‑item questionnaire assessing mood and anxiety.

Center for Epidemiologic Studies Depression Scale (CES‑D) [83] A 20‑item questionnaire measuring symptoms associated with depression experi‑
enced in the past week.

Pittsburgh Sleep Quality Index (PSQI) [84] A 19‑item questionnaire assessing sleep quality in the previous month using subjec‑
tive ratings for 7 different components (i.e., sleep quality; sleep latency; sleep duration; 
habitual sleep efficiency; sleep disturbance; use of sleeping medication; and daytime 
dysfunction).

STOP Bang Questionnaire [85] An 8‑item questionnaire assessing obstructive sleep apnea risk.

Life Space Questionnaire [86] A 6‑item questionnaire to measure the extent of mobility of older adults.

Everyday Memory Questionnaire (EMQ) [87] A 28‑item questionnaire assessing memory failures over the past 3 months.

Mindfulness Attention Awareness Scale (MAAS) [88] A 12‑item questionnaire assessing mindfulness during daily activities such as conversa‑
tion, commuting, and eating.

CHAMPS Physical Activity Questionnaire for Older Adults [89] A 41‑item questionnaire assessing weekly frequency and duration of physical activities 
relevant for older adults.

Sedentary Behaviour Questionnaire (SBQ) [90] A questionnaire assessing time spent in 9 sedentary behaviors during a weekday and 
weekend.

Lubben Social Network Scale – Revised (LSNS‑R) [91] A 12‑item questionnaire assessing social engagement with family and friends.

Social Provisions Scale (SPS) [92] A 24‑item scale measuring the availability of social support.

UCLA Loneliness Scale [93] A 20‑item scale assessing feelings of loneliness and social isolation.

Health Care Resource Utilization (HRU) [94] A 10‑item questionnaire that asks participants about health care visits, services, and 
ability to do chores for the calculation of economic burden.
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and stored at −80 °C as plasma, serum, and whole blood 
in a secure research facility. The main analytes of inter-
est include neurotrophic factors, myokines, sex steroid 
hormones, and pro- and anti-inflammatory cytokines. 
Remaining blood samples will be stored for 5 years from 
collection. If there are remaining samples after 5 years 
and are felt to be still useful for other studies, a separate 
ethics application will be submitted to explain the nature 
of its use. Otherwise, the samples will be destroyed after 
5 years from collection.

Treatment allocation
Randomization
After the baseline assessment, participants will be ran-
domly assigned (1:1:1:1) to one of four experimental 
groups (Fig.  1). Randomization will be performed using 
the “randomizeR” package in R (Uschner et al. 2018). The 
randomization sequence will be stratified by biological 
sex with equal probability (1:1:1:1) random assignment to 
one of the four experimental groups: (1) 4×/week balance 
and tone (BAT; i.e., active control); (2) combined 2×/
week AT + 2×/week RT (AT+RT); (3) 2×/week AT + 
2×/week BAT (AT); or (4) 2×/week RT + 2×/week BAT 
(RT). Permuted blocks of size 12 will be used to ensure 
balance. To ensure blinding, the randomization sequence 
will be generated away from study personnel and held in 
a password-protected file on a secure university server 
and accessed only by a member of research staff who is 
not involved in this study.

Allocation concealment
Participant recruitment and enrollment will be man-
aged by research personnel who will screen for eligibil-
ity, acquire consent, and conduct baseline assessments. 
Randomization to an intervention group will occur after 
completion of the baseline assessments. Research person-
nel conducting assessments and analyses will be blinded 
to group allocation. We will not be able to blind partici-
pants or research personnel delivering the interventions 
and obtaining the monthly physical activity questionnaire 
data. Blinding will be supported by providing explicit 
instructions to the research personnel and participants 
not to discuss issues related to physical activity during 
the assessments.

Experimental groups
All participants will attend four 60-min sessions each 
week for 6 months (i.e., 26 weeks). All sessions will have 
a participant to instructor ratio of 4:1, with a maximum 
of 12 participants per session and will be led by certified 
exercise instructors. Each AT, RT, or BAT session will 
include a 10-min warm-up, 40min training, and a 10-min 

cool down. To ensure fidelity across different instruc-
tors and across time, detailed protocols with pictures will 
be provided during instructor training. Sessions will be 
regularly audited by the study coordinator with stand-
ard checklists to ensure intervention content is delivered 
accurately and consistently. For each AT, RT, or BAT 
session, exercise instructors will record attendance and 
participation (i.e., did participant complete all compo-
nents of a given session). Borg’s Rating of Perceived Exer-
tion (RPE) [100] will be monitored at standard intervals 
throughout each AT, RT, and BAT session.

AT program
The progressive moderate-intensity AT program has 
been used in prior trials and improved cognitive function 
in older adults with MCI [101, 102]. The AT program 
involves a series of standardized exercise stations, includ-
ing treadmills, stationary cycles, aerobic steppers, agil-
ity ladders, and non-contact boxing. Participants rotate 
through each station within the 40-min training duration 
with 1-min rest between stations. Participants will exer-
cise initially at approximately 50% of their age specific 
target HRR and gradually progress to reach the target of 
80% of HRR. Exercise intensity during AT sessions will be 
monitored via heart rate monitors and the 20-point RPE 
[100]. Participants will gradually progress to a target RPE 
of 16 to 17.

RT program
The RT program has been used in prior trials and 
improved cognitive function in older adults [102, 103]. 
It is designed to significantly improve muscular strength 
using pressurized air system and free weights to provide 
the training stimulus. Pressurized air system exercises 
will consist of triceps extension, seated row, latissimus 
dorsi pull downs, leg press, and hamstring curls. Free 
weighted exercises will consist of bicep curls, standing 
calf raises, wall squats, and wall push-ups.

The first 6 weeks of the RT program will focus on ori-
enting participants with resistance training and familiar-
izing them with proper technique. The initial intensity of 
the training stimulus will be set to a weight where partici-
pants can complete 2 sets of 10–15 repetitions. Training 
intensity will then progress on a cyclic basis from 45 to 
85% of predicted 1 repetition maximum (1RM) as deter-
mined at week 6 using an 8-repetition maximum (8RM) 
test. Every 4 weeks, the 8RM test is repeated and the 
cycle repeats.

BAT program
The BAT program has been used in prior exercise trials 
as an active control [102–104]. It is a low-intensity pro-
gram consisting of stretching exercises, range of motion 
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exercises, static balance exercises (e.g., tandem balance, 
single leg balance), and functional strength exercises (e.g., 
sit to stand). Other than bodyweight and the occasional 
use of light resistance bands (e.g., 2 lbs or less), no addi-
tional loading (e.g., hand weights) will be applied to any 
of the exercises. There is no evidence that these exercises 
improve cognitive function [102, 103], and this group will 
serve to control for known and unknown confounding 
variables.

Intervention adherence
Session attendance will be recorded by the instructors 
and adherence will be defined as the percentage of the 
total sessions attended.

Data and adverse event monitoring
A Data and Safety Monitoring Committee will be estab-
lished by co-investigators who will be independent from 
the day-to-day conduct of the study. They will review 
all adverse events on a quarterly basis and will classify 
them based on the definitions from the January 2007 
OHRP Guidance on Reviewing and Reporting Unantici‑
pated Problems Involving Risks to Subjects or Others and 
Adverse Events, OHRP Guidance (see link). The Commit-
tee will stop the study if the data are of sufficient concern 
(e.g., increased rate of falls as a result of the intervention). 
All adverse events will be reported to this Committee and 
if required, to the relevant university and health authority 
ethics boards by the study coordinator. There is no antici-
pated harm or compensation for trial participation.

Statistical analyses
Initial descriptive analyses will compute percentages, 
mean, or median values for baseline characteristics for 
each of the treatment arms. Next, missing data will be 
examined to identify the nature of missing data. Even if 
data are missing completely at random, missing data will 
be imputed to improve statistical power using multivari-
ate imputation by chained equations [105]. Forty imputed 
data sets will be created following 40 iterations of a Gibbs 
sampler for each imputed data set. Proper convergence of 
the Gibbs sampler will be confirmed by visual inspection 
of trace plots of each imputed variable, to ensure proper 
mixing and the absence of spikes or systematic trends 
across iterations. Analyses will be pooled across the 40 
imputed data sets.

The primary analysis will be performed according to 
the intention-to-treat principle and entail mixed effects 
ANCOVA to test the main effects of AT and RT, as 
well as the interaction effect of AT × RT (see Fig. 2) on 
changes in cognitive function, as assessed by the ADAS-
Cog-Plus. The ANCOVA model will use the repeatedly 
measured (6-month and 18-month) ADAS-Cog-Plus 

performance as the dependent variable; baseline ADAS-
Cog-Plus score, biological sex, AT, RT, and AT × RT as 
independent, fixed effects variables. Furthermore, to 
model changes in the outcome between months 6 and 
18, and to estimate distinct treatment effects at months 
6 and 18, a fixed main effect of time and all interactions 
between time and the independent variables will be 
included. To account for the dependency in the repeat-
edly measured outcome, a random subject-level intercept 
will be included. Month 6 will be considered the primary 
endpoint and month 18 will be considered the secondary 
endpoint. Secondary analyses of the primary outcome 
will examine the interaction between biological sex and 
effects of AT, RT, and AT × RT. A two-tailed alpha of 
0.05 will be used for each comparison (i.e., uncorrected 
alpha).

Secondary outcomes will be examined using identical 
random-effects ANCOVA models as those constructed 
with the primary outcome.

Mediation and moderation
Mediation analysis will test for potential mediators of 
the relationship between the primary effects of exercise 
training (i.e., AT, RT, and AT × RT) and the outcome of 
interests (e.g., ADAS-Cog-Plus) [106]. The mediation 
effect will be quantified by the product of (1) the esti-
mated effect of exercise training on the mediator, and 
(2) the estimated effect of the mediator on the outcome 
of interest. This product and its 95% confidence interval 
will be estimated using bootstrapping of the mediation 
model. To examine potential moderators (i.e., biological 
sex, genotype) of the relationship between exercise train-
ing and the outcome of interest, we will incorporate the 
potential moderator in the random-effects ANCOVA, 
including the main effect of the moderator and its inter-
action with the effects of AT, RT, and AT × RT.

Economic evaluation
The economic evaluation will examine the efficiency of 
three exercise interventions compared with BAT as well 
as ranking the relative cost-effectiveness of each of the 
three exercise interventions [107, 108]. The outcome 
of our cost–utility analysis is the incremental cost–util-
ity ratio (ICUR): ICUR = ΔCost/ΔQALYs; QALYs, esti-
mated from the EQ-5D-5L, represent time and quality 
spent in given health states.

Modifications due to Covid‑19 pandemic
In response to the COVID-19 pandemic and the restric-
tions put in place by the British Columbia government 
and UBC, all in-person research activities were halted on 
March 19, 2020. In-person research and enrollment of 
new participants were allowed to gradually resume as of 
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August 11, 2020. In-person exercise sessions resumed at 
a limited capacity on September 28, 2020.

During this period of time, modifications were made to 
the protocol to allow the research team to continue the 
trial with enrolled participants. The modifications were 
done in two phases. Phase 1 modifications were imple-
mented from March 19, 2020, until June 1, 2020. Phase 2 
modifications were implemented from June 1, 2020, until 
August 11, 2020, when we resumed in-person assess-
ments, or until September 28, 2020, when we resumed 
in-person exercise sessions. These modifications included 
the following:

 (i) In-person, group-based exercise sessions were 
transformed into home-based exercise programs. 
Participants were provided with detailed exercise 
manuals with pictures and exercise calendars. The 
exercise calendars were used to track adherence 
as well as to record exercise intensity, using the 
Borg’s RPE [100]. For Phase 1, participants in the 
RT and AT+RT groups were given TheraBands 
and no other equipment was given. For Phase 2, the 
home-based exercise programs were augmented 
with YouTube exercise videos. For those without 
internet access, DVD’s were made and provided. 
In addition, RT participants were provided with 
weighted resistance bands, AT participants were 
given Fitbit Inspire HR (USA) fitness trackers to 
monitor heart rate during AT sessions, and BAT 
participants were given yoga balls. Weekly phone 
calls were made to answer any questions as well as 
to monitor any adverse events and falls. In Phase 2, 
exercise logs were provided to all participants. For 
RT, the weight used for each exercise, the number 
of reps and sets, and the RPE after each RT exercise 
were recorded. For AT, RPE as well as Fitbit meas-
ured heart rate were recorded at the beginning, in 
the middle, and at the end of each AT session. For 
BAT, the overall RPE was recorded per session.

 (ii) All participants were contacted by phone twice 
per week. During these phone calls, instructors 
answered any questions, promoted adherence, and 
progressed RT and AT exercises when appropriate. 
Adverse events and falls were also tracked during 
these phone calls.

 (iii) A total of 28 participants completed their inter-
vention prior to August 11, 2020. To conduct their 
assessments, the research team revised the protocol 
to allow virtual measurement, where possible. We 
preloaded iPads with Zoom and delivered it with 
assessment packages (with instructions) to partici-
pants’ homes. Prior to implementation, the research 
team practiced and refined the virtual measurement 
protocol. All cognitive assessments were completed 

except for the (a) National Institutes of Health Tool-
box List Sorting Working Memory Test; (b) spa-
tial memory computerized test; (c) Rey-Osterrieth 
Complex Figure Test, and (d) Prospective Memory 
Test. For physical function measures, we measured 
the Short Physical Performance Battery, 400-m 
Walk, and 30-s sit-to-stand. We also provided a 
blood pressure monitor and had participants meas-
ure their blood pressure and heart rate while on 
Zoom. A total of 8 participants completed both 
their cognitive and physical assessments via Zoom. 
Another 5 participants completed their cognitive 
assessment in person but their physical assessment 
via Zoom. From June 24, 2020, to August 11, 2020, 
we received permission to conduct a limited num-
ber of in-person assessments. A total of 15 partici-
pants were assessed with appropriate social distanc-
ing and personal protective equipment being used. 
All cognitive assessments and a select number of 
physical assessments were completed.

 (iv) Blood draws were not completed from June 1, 
2020, to August 11, 2020. Saliva and MW8 data 
collection continued without any modifications.

Our 3T MRI Research Centre remained open 
throughout the pandemic with extra safety measures 
implemented, and thus, neuroimaging continued as 
long as participants were comfortable to do so.

On August 11, 2020, in-person assessments and blood 
draws resumed with approved safety protocols. On Sep-
tember 28, 2020, in-person exercise sessions resumed 
with approved safety protocols, including restrictions 
on occupancy. As AT and RT are of moderate intensity, 
to reduce the risk of COVID-19 among our participants 
while trying to preserve training fidelity, from August 11, 
2020, to April 4, 2022, the four experimental groups were 
delivered using a hybrid model. In this hybrid model, par-
ticipants completed two exercise sessions in person and 
completed two sessions at home each week. Specifically, 
the AT group completed AT sessions in person and BAT 
sessions at home. The RT group completed RT sessions 
in person and BAT sessions at home. The AT+RT group 
completed one AT and one RT session in person, and one 
AT session and one RT session at home. The BAT group 
completed two BAT sessions in person and two BAT ses-
sions at home. Participants were provided with exercise 
manuals, YouTube videos, and exercise equipment. Exer-
cise equipment included Fitbit Inspire HR fitness trackers, 
steppers, and agility cones for AT and weighted resistance 
bands for RT. Yoga balls were provided for BAT. Exercise 
logs were audited bi-weekly by exercise instructors.

We will conduct additional statistical analyses to 
compare our primary outcome (ADAS-Cog-Plus) 
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between the participants whose training was signifi-
cantly modified due to the COVID-19 pandemic.

Discussion
We have assembled a unified, transdisciplinary, and 
experienced team to use a multi-pronged approach to 
assess the individual effects of AT and RT, as well as the 
interaction effect of combining the two types of exercise 
training on cognitive function and determine the pos-
sible underlying biological mechanisms in older adults 
with MCI. We expect that at the end of the 6-month 
intervention, compared with BAT, both AT and RT 
will demonstrate improved performance on the ADAS-
Cog-Plus, in specific cognitive domains (i.e., executive 
functions and episodic memory), and in health-related 
quality of life, with the greatest improvements seen in 
the  combined AT and RT  group. We also hypothesize 
that the effects of AT and RT will be moderated by bio-
logical sex and genotype with greater AT benefits seen 
in females and those without the BDNF Val66Met poly-
morphism and greater RT benefits seen in males and 
in BDNF Val66Met polymorphism carriers.

Our study has some limitations that should be taken 
into consideration. Given our selection criteria, we will 
include older adults with MCI due to Alzheimer’s dis-
ease, vascular cognitive impairment, or both. Thus, our 
sample will be heterogeneous; however, this will increase 
the generalizability of our results. Despite the rigorous 
cognitive assessments included in our study, to ultimately 
appreciate the role of exercise in dementia preven-
tion, studies that follow dementia progression rates are 
needed. Our study will provide critical data for future 
intervention trials powered to assess dementia progres-
sion rates as their primary outcome. We were unable to 
assess the sample size requirements for each of our sec-
ondary or tertiary outcomes. Thus, some of these out-
comes will be underpowered.

This 2×2 RCT addresses the problem of how to effec-
tively minimize cognitive decline among older adults 
with MCI—a population at increased risk for dementia—
with different types of exercise. Establishing the efficacy 
of different types and combinations of exercise training 
will advance our understanding of how to best prescribe 
exercise to attenuate cognitive decline. Ultimately, our 
study results will allow decision makers to leverage the 
financial support needed for readily accessible and tai-
lored community-based interventions to promote cogni-
tive health and combat dementia.

Trial status
This protocol is version 10, updated September 16, 
2021. Participant enrollment began on November 13, 

2017, and recruitment is anticipated to be completed 
by June 2023. Any changes to the protocol will be doc-
umented by the principal investigator and all research 
personnel will be notified. The clinical trial registration 
will be amended for all updates to the protocol.

Abbreviations
AT: Aerobic training; RT: Resistance training; RCT : Randomized controlled trial; 
MCI: Mild cognitive impairment; BDNF: Brain‑derived neurotrophic factor; 
IGF‑1: Insulin‑like growth factor‑1; ADAS‑Cog‑Plus: Alzheimer’s Disease Assess‑
ment Scale‑Cognitive‑Plus; PAR‑Q Plus: Physical Activity Readiness Question‑
naire for Everyone; MoCA: Montreal cognitive assessment; MMSE: Mini‑Mental 
State Examination; GDS: Geriatric depression scale; UBC: University of British 
Columbia; MRI: Magnetic resonance imaging; ANCOVA: Analysis of covariance; 
SMD: Standardized mean difference; EQ‑5D‑5L: EuroQol‑5 domain‑5 level; 
QALY: Quality‑adjusted life years; HRR: Heart rate reserve; DEXA: Dual‑energy 
X‑ray absorptiometry; WMH: White matter hyperintensities; fMRI: Functional 
magnetic resonance imaging; EPI: Echo‑planar imaging; APOE: Apolipopro‑
tein; BAT: Balance and tone; RPE: Rating of perceived exertion; RM: Repetition 
maximum; ICUR : Incremental cost–utility ratio.

Acknowledgements
CKB is a Brain Canada and Alzheimer Association of USA post‑doctoral 
fellow, RSF is a Michael Smith Health Research post‑doctoral fellow, GYH 
was awarded the Ralph Fisher and Alzheimer Society of BC Professorship in 
Alzheimer Disease Research, AFK is an Emeritus Director and Professor at the 
University of Illinois, KIE is Mardian J. Blair Endowed Chair in Neuroscience 
at the Neuroscience Research Institute and Translational Research Institute, 
AdventHealth, Orlando, FL, JCD is a Michael Smith Foundation for Health 
Research Scholar and a Canada Research Chair (Tier 2) in Applied Health Eco‑
nomics, LB holds the Mirella and Lino Saputo research Chair in cardiovascular 
heath and the prevention of cognitive decline from University of Montreal at 
the Montreal Heart Institute, and TL‑A is a Canada Research Chair (Tier 1) in 
Healthy Aging.

Dissemination policy
The results of this trial will be presented at international conferences and 
published in academic journals. For future publications, authorship will be 
considered based on significant contributions to study conception, design, 
data acquisition, analyses, interpretation, and writing of the manuscript. In 
addition, we will communicate our findings to the general public through 
public talks in the community.

Authors’ contributions
TLA wrote the grant applications which were funded by the Canadian Insti‑
tutes of Health Research. TLA, CKB, JRB, CLH, JCD, RAC, LTB, AB, and SG jointly 
drafted the protocol. All authors critically reviewed the manuscript, read, and 
approved the final manuscript.

Funding
This study is funded by the Canadian Institutes of Health Research (AWD‑
016347; MOP‑142206; PJT‑148902) to TL‑A. The funder does not have a role in 
the design, collection, management, analyses, or interpretation of the data.

Availability of data and materials
Only investigators and research teams with ethical approval will have access 
to the final datasets. The informed consent documents and the datasets 
used and/or analyzed during the current study will be available from the cor‑
responding author on reasonable request.

Declarations

Ethics approval and consent to participate
Ethical approval for this study was provided by the University of British 
Columbia Clinical Research Ethics Board (H15‑02181) and Vancouver Coastal 
Health Research Institute (V15‑02181). All participants for this study will 
provide written consent. On the consent form, participants will be informed 



Page 14 of 16Barha et al. Trials          (2022) 23:766 

that if they choose to withdraw, they have the right to request withdrawal of 
their information collected throughout the study wherever possible. However, 
there may be exceptions, such as where their data is no longer identifiable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Physical Therapy, University of British Columbia (UBC), 
Vancouver, British Columbia, Canada. 2 Djavad Mowafaghian Centre for Brain 
Health, UBC, Vancouver, British Columbia, Canada. 3 Centre for Hip Health 
and Mobility, Vancouver Coastal Health Research Institute, Vancouver, British 
Columbia, Canada. 4 Gerontology Research Centre, Simon Fraser University, 
Vancouver, British Columbia, Canada. 5 Department of Gerontology, Simon 
Fraser University, Vancouver, British Columbia, Canada. 6 Department of Psy‑
chiatry, UBC, Vancouver, British Columbia, Canada. 7 Faculty of Health Sciences, 
School of Kinesiology, Western University, London, Ontario, Canada. 8 Brain 
and Mind Institute, Western University, London, Ontario, Canada. 9 Division 
of Neurology, UBC, Vancouver, British Columbia, Canada. 10 School of Kinesiol‑
ogy, UBC, Vancouver, British Columbia, Canada. 11 Hinda and Arthur Marcus 
Institute for Aging Research, Hebrew SeniorLife, Boston, MA, USA. 12 Depart‑
ment of Psychology, Northeastern University, Boston, MA, USA. 13 Beckman 
Institute, University of Illinois, Urbana, IL, USA. 14 Department of Psychological 
and Brain Sciences, University of Iowa, Iowa City, IA, USA. 15 Iowa Neuroscience 
Institute, University of Iowa, IA, Iowa City, USA. 16 Department of Psychology, 
University of Pittsburgh, Pittsburgh, PA, USA. 17 Center for the Neural Basis 
of Cognition, University of Pittsburgh, Pittsburgh, PA, USA. 18 Neuroscience 
Research Institute, AdventHealth, Orlando, FL, USA. 19 Social and Economic 
Change Laboratory, Faculty of Management, UBC–Okanagan, Kelowna, 
Canada. 20 Department of Medicine, University of Montreal, Montreal, Quebec, 
Canada. 21 Research Centre, Montreal Heart Institute, Montreal, Quebec, 
Canada. 22 Research Center, Institut Universitaire de Geriatrie de Montréal, 
Montreal, Quebec, Canada. 23 School of Population and Public Health, UBC, 
Vancouver, British Columbia, Canada. 24 Providence Healthcare Research 
Institute, Centre for Health Evaluation and Outcome Sciences, Vancouver, 
British Columbia, Canada. 25 Department of Psychology, UBC, Vancouver, 
British Columbia, Canada. 26 School of Graduate Psychology, Pacific University, 
Hillsboro, OR, USA. 

Received: 15 July 2022   Accepted: 30 August 2022

References
 1. Barrios H, Narciso S, Guerreiro M, Maroco J, Logsdon R, de Mendonca A. 

Quality of life in patients with mild cognitive impairment. Aging Ment 
Health. 2013;17(3):287–92.

 2. Wimo A, Guerchet M, Ali GC, Wu YT, Prina AM, Winblad B, et al. The 
worldwide costs of dementia 2015 and comparisons with 2010. Alzhei‑
mers Dement. 2017;13(1):1–7.

 3. Brookmeyer R, Johnson E, Ziegler‑Graham K, Arrighi H. Forecast‑
ing the global burden of Alzheimer’s disease. Alzheimer’s Dement. 
2007;3:186–91.

 4. Raschetti R, Albanese E, Vanacore N, Maggini M. Cholinesterase inhibi‑
tors in mild cognitive impairment: a systematic review of randomised 
trials. PLoS Med. 2007;4(11):e338.

 5. Erickson K, Kramer AF. Aerobic exercise effects on cognitive and neural 
plasticity in older adults. Br J Sports Med. 2009;43(1):22–24.

 6. Khan KM, Thompson AM, Blair SN, Sallis JF, Powell KE, Bull FC, et al. 
Sport and exercise as contributors to the health of nations. Lancet. 
2012;380(9836):59–64.

 7. Barnes DE, Yaffe K. The projected effect of risk factor reduction on 
Alzheimer’s disease prevalence. Lancet Neurol. 2011;10(9):819–28.

 8. Wanderley FAC, Moreira A, Sokhatska O, Palmares C, Moreira P, Sander‑
cock G, et al. Differential responses of adiposity, inflammation and 
autonomic function to aerobic versus resistance training in older adults. 
Exp Gerontol. 2013;48(3):326–33.

 9. Northey JM, Cherbuin N, Pumpa KL, Smee DJ, Rattray B. Exercise inter‑
ventions for cognitive function in adults older than 50: a systematic 
review with meta‑analysis. Br J Sports Med. 2018;52(3):154–60.

 10. Barha CK, Davis JC, Falck RS, Nagamatsu LS, Liu‑Ambrose T. Sex differ‑
ences in exercise efficacy to improve cognition: a systematic review 
and meta‑analysis of randomized controlled trials in older humans. 
Front Neuroendocrinol. 2017;46:71–85.

 11. Barha CK, Falck RS, Skou ST, Liu‑Ambrose T. Personalising exercise recommenda‑
tions for healthy cognition and mobility in ageing: time to consider one’s pre‑
existing function and genotype (Part 2). Br J Sports Med. 2021;55(6):301–3.

 12. Barha CK, Falck RS, Skou ST, Liu‑Ambrose T. Personalising exercise 
recommendations for healthy cognition and mobility in aging: time to 
address sex and gender (Part 1). Br J Sports Med. 2021;55(6):300–1.

 13. Colcombe S, Kramer AF. Fitness effects on the cognitive function of 
older adults: a meta‑analytic study. Psychol Sci. 2003;14(2):125–30.

 14. Sanders LMJ, Hortobagyi T, la Bastide‑van GS, van der Zee EA, van Heu‑
velen MJG. Dose‑response relationship between exercise and cognitive 
function in older adults with and without cognitive impairment: a 
systematic review and meta‑analysis. PLoS One. 2019;14(1):e0210036.

 15. Coelho‑Junior H, Marzetti E, Calvani R, Picca A, Arai H, Uchida M. Resist‑
ance training improves cognitive function in older adults with different 
cognitive status: a systematic review and Meta‑analysis. Aging Ment 
Health. 2022;26(2):213–24.

 16. Xiong J, Ye M, Wang L, Zheng G. Effects of physical exercise on execu‑
tive function in cognitively healthy older adults: a systematic review 
and meta‑analysis of randomized controlled trials: Physical exercise for 
executive function. Int J Nurs Stud. 2021;114:103810.

 17. Gates N, Fiatarone Singh MA, Sachdev PS, Valenzuela M. The effect of 
exercise training on cognitive function in older adults with mild cogni‑
tive impairment: a meta‑analysis of randomized controlled trials. Am J 
Geriatr Psychiatry. 2013;21(11):1086–97.

 18. van Uffelen JG, Chin APMJ, Hopman‑Rock M, van Mechelen W. The 
effects of exercise on cognition in older adults with and without cogni‑
tive decline: a systematic review. Clin J Sport Med. 2008;18(6):486–500.

 19. Ohman H, Savikko N, Strandberg TE, Pitkala KH. Effect of physical 
exercise on cognitive performance in older adults with mild cognitive 
impairment or dementia: a systematic review. Dement Geriatr Cogn 
Disord. 2014;38(5‑6):347–65.

 20. Demurtas J, Schoene D, Torbahn G, Marengoni A, Grande G, Zou L, et al. 
Physical activity and exercise in mild cognitive impairment and demen‑
tia: an umbrella review of intervention and observational studies. J Am 
Med Dir Assoc. 2020;21(10):1415–22 e6.

 21. Huang X, Zhao X, Li B, Cai Y, Zhang S, Wan Q, et al. Comparative efficacy 
of various exercise interventions on cognitive function in patients 
with mild cognitive impairment or dementia: a systematic review and 
network meta‑analysis. J Sport Health Sci. 2022;11(2):212–23.

 22. Feldman HH, Jacova C. Mild cognitive impairment. Am J Geriatr Psy‑
chiatry. 2005;13(8):645–55.

 23. Burns A, Zaudig M. Mild cognitive impairment in older people. Lancet. 
2002;360(9349):1963–5.

 24. Yaffe K, Petersen RC, Lindquist K, Kramer J, Miller B. Subtype of mild 
cognitive impairment and progression to dementia and death. Dement 
Geriatr Cogn Disord. 2006;22(4):312–9.

 25. Jungwirth S, Zehetmayer S, Hinterberger M, Tragl KH, Fischer P. The validity of 
amnestic MCI and non‑amnestic MCI at age 75 in the prediction of Alzheimer’s 
dementia and vascular dementia. Int Psychogeriatrics. 2012;24(6):959–66.

 26. Petersen RC. Mild cognitive impairment. Lancet. 2006;367(9527):1979.
 27. Petersen RC, Smith GE, Waring SC, Ivnik RJ, Tangalos EG, Kokmen E. 

Mild cognitive impairment: clinical characterization and outcome. Arch 
Neurol. 1999;56(3):303–8.

 28. Busse A, Bischkopf J, Riedel‑Heller SG, Angermeyer MC. Mild cognitive 
impairment: prevalence and incidence according to different diag‑
nostic criteria. Results of the Leipzig Longitudinal Study of the Aged 
(LEILA75+). Br J Psychiatry. 2003;182:449–54.

 29. Teng E, Tassniyom K, Lu PH. Reduced quality‑of‑life ratings in mild 
cognitive impairment: analyses of subject and informant responses. Am 
J Geriatr Psychiatry. 2012;20(12):1016–25.

 30. Barha CK, Hsiung GR, Best JR, Davis JC, Eng JJ, Jacova C, et al. Sex differ‑
ence in aerobic exercise efficacy to improve cognition in older adults 
with vascular cognitive impairment: secondary analysis of a rand‑
omized controlled trial. J Alzheimer’s Dis. 2017;60(4):1397–410.



Page 15 of 16Barha et al. Trials          (2022) 23:766  

 31. van Uffelen JG, Chinapaw MJ, van Mechelen W, Hopman‑Rock M. 
Walking or vitamin B for cognition in older adults with mild cogni‑
tive impairment? A randomised controlled trial. Br J Sports Med. 
2008;42(5):344–51.

 32. Baker LD, Frank LL, Foster‑Schubert K, Green PS, Wilkinson CW, McTier‑
nan A, et al. Effects of aerobic exercise on mild cognitive impairment: a 
controlled trial. Arch Neurol. 2010;67(1):71–9.

 33. Barha CK, Davis JC, Falck RS, Nagamatsu LS, Liu‑Ambrose T. Sex differ‑
ences in exercise efficacy to improve cognition: a systematic review 
and meta‑analysis of randomized controlled trials in older humans. 
Front Neuroendocrinol. 2017;46:71–8.

 34. Cassilhas RC, Lee KS, Fernandes J, Oliveira MG, Tufik S, Meeusen R, et al. 
Spatial memory is improved by aerobic and resistance exercise through 
divergent molecular mechanisms. Neuroscience. 2012;202:309–17.

 35. Huang H, Li W, Qin Z, Shen H, Li X, Wang W. Physical exercise increases 
peripheral brain‑derived neurotrophic factors in patients with cognitive 
impairment: a meta‑analysis. Restor Neurol Neurosci. 2021;39(3):159–71.

 36. Ruiz‑Gonzalez D, Hernandez‑Martinez A, Valenzuela PL, Morales JS, 
Soriano‑Maldonado A. Effects of physical exercise on plasma brain‑
derived neurotrophic factor in neurodegenerative disorders: a system‑
atic review and meta‑analysis of randomized controlled trials. Neurosci 
Biobehav Rev. 2021;128:394–405.

 37. Cassilhas RC, Viana VA, Grassmann V, Santos RT, Santos RF, Tufik S, et al. 
The impact of resistance exercise on the cognitive function of the 
elderly. Med Sci Sports Exerc. 2007;39(8):1401–7.

 38. Marinus N, Hansen D, Feys P, Meesen R, Timmermans A, Spildooren J. 
The impact of different types of exercise training on peripheral blood 
brain‑derived neurotrophic factor concentrations in older adults: a 
meta‑analysis. Sports Med. 2019;49(10):1529–46.

 39. Shen XN, Niu LD, Wang YJ, Cao XP, Liu Q, Tan L, et al. Inflammatory mark‑
ers in Alzheimer’s disease and mild cognitive impairment: a meta‑analy‑
sis and systematic review of 170 studies. J Neurol Neurosurg Psychiatry. 
2019;90(5):590–8.

 40. Ma C, Lin M, Gao J, Xu S, Huang L, Zhu J, et al. The impact of physical 
activity on blood inflammatory cytokines and neuroprotective factors 
in individuals with mild cognitive impairment: a systematic review 
and meta‑analysis of randomized‑controlled trials. Aging Clin Exp Res. 
2022;34(7):1471–84.

 41. Egan MF, Kojima M, Callicott JH, Goldberg TE, Kolachana BS, Bertolino 
A, et al. The BDNF val66met polymorphism affects activity‑dependent 
secretion of BDNF and human memory and hippocampal function. 
Cell. 2003;112(2):257–69.

 42. Albert MS, DeKosky ST, Dickson D, Dubois B, Feldman HH, Fox NC, et al. 
The diagnosis of mild cognitive impairment due to Alzheimer’s disease: 
recommendations from the National Institute on Aging‑Alzheimer’s 
Association workgroups on diagnostic guidelines for Alzheimer’s 
disease. Alzheimers Dement. 2011;7(3):270–9.

 43. Morris JC. The Clinical Dementia Rating (CDR): current version and scor‑
ing rules. Neurology. 1993;43(11):2412–4.

 44. Warburton DE, Gledhill N, Jamnik VK, Bredin SS, McKenzie DC, Stone 
J, et al. The Physical Activity Readiness Questionnaire for Everyone 
(PAR‑Q+) and electronic Physical Activity Readiness Medical Examina‑
tion (ePARmed‑X+): Summary of Consensus Panel recommendations. 
Health Fitness J Canada. 2011;4(2):26–37.

 45. Gifford KA, Liu D, Lu Z, Tripodis Y, Cantwell NG, Palmisano J, et al. 
The source of cognitive complaints predicts diagnostic conversion 
differentially among nondemented older adults. Alzheimers Dement. 
2014;10(3):319–27.

 46. Nasreddine ZS, Phillips NA, Bedirian V, Charbonneau S, Whitehead 
V, Collin I, et al. The Montreal Cognitive Assessment, MoCA: a brief 
screening tool for mild cognitive impairment. J Am Geriatr Soc. 
2005;53(4):695–9.

 47. Folstein MF, Folstein SE, McHugh PR. “Mini‑mental state”. A practical 
method for grading the cognitive state of patients for the clinician. J 
Psychiatr Res. 1975;12(3):189–98.

 48. Lawton MP, Brody EM. Assessment of older people: self‑main‑
taining and instrumental activities of daily living. Gerontologist. 
1969;9(3):179–86.

 49. Yesavage JA, Brink TL, Rose TL, Lum O, Huang V, Adey M, et al. Develop‑
ment and validation of a geriatric depression screening scale: a prelimi‑
nary report. J Psychiatr Res. 1982;17(1):37–49.

 50. Skinner J, Carvalho JO, Potter GG, Thames A, Zelinski E, Crane PK, et al. 
The Alzheimer’s Disease Assessment Scale‑Cognitive‑Plus (ADAS‑Cog‑
Plus): an expansion of the ADAS‑Cog to improve responsiveness in MCI. 
Brain Imaging Behav. 2012;6(4):489–501.

 51. Falck RS, Davis JC, Best JR, Chan PCY, Li LC, Wyrough AB, et al. Effect of 
a multimodal lifestyle intervention on sleep and cognitive function in 
older adults with probable mild cognitive impairment and poor sleep: a 
randomized clinical trial. J Alzheimer’s Dis. 2020;76(1):179–93.

 52. Falck RS, Davis JC, Best JR, Crockett RA, Liu‑Ambrose T. Impact of exer‑
cise training on physical and cognitive function among older adults: a 
systematic review and meta‑analysis. Neurobiol Aging. 2019;79:119–30.

 53. Ludyga S, Gerber M, Puhse U, Looser VN, Kamijo K. Systematic review 
and meta‑analysis investigating moderators of long‑term effects 
of exercise on cognition in healthy individuals. Nat Hum Behav. 
2020;4(6):603–12.

 54. Oldfield RC. The assessment and analysis of handedness: the Edinburgh 
inventory. Neuropsychologia. 1971;9(1):97–113.

 55. Groll DL, To T, Bombardier C, Wright JG. The development of a comor‑
bidity index with physical function as the outcome. J Clin Epidemiol. 
2005;58(6):595–602.

 56. Day N, Oakes S, Luben R, Khaw KT, Bingham S, Welch A, et al. EPIC‑
Norfolk: study design and characteristics of the cohort. European Pro‑
spective Investigation of Cancer. Br J Cancer. 1999;80(Suppl 1):95–103.

 57. Schinka JA, McBride A, Vanderploeg RD, Tennyson K, Borenstein AR, 
Mortimer JA. Florida Cognitive Activities Scale: initial development and 
validation. J Int Neuropsychol Soc. 2005;11(1):108–16.

 58. Wilson R, Barnes L, Bennett D. Assessment of lifetime participa‑
tion in cognitively stimulating activities. J Clin Exp Neuropsychol. 
2003;25(5):634–42.

 59. Grober E, Sliwinski M. Development and validation of a model for 
estimating premorbid verbal intelligence in the elderly. J Clin Exp 
Neuropsychol. 1991;13(6):933–49.

 60. Lord C, Duchesne A, Pruessner JC, Lupien SJ. Measuring indices 
of lifelong estrogen exposure: self‑report reliability. Climacteric. 
2009;12(5):387–94.

 61. Beydoun MA, Boueiz A, Abougergi MS, Kitner‑Triolo MH, Beydoun HA, 
Resnick SM, et al. Sex differences in the association of the apolipopro‑
tein E epsilon 4 allele with incidence of dementia, cognitive impair‑
ment, and decline. Neurobiol Aging. 2012;33(4):720–31 e4.

 62. Mohs RC, Knopman D, Petersen RC, Ferris SH, Ernesto C, Grundman 
M, et al. Development of cognitive instruments for use in clinical 
trials of antidementia drugs: additions to the Alzheimer’s Disease 
Assessment Scale that broaden its scope. Alzheimer Dis Assoc Disord. 
1997;11:13–21.

 63. Mungas D, Crane P, Dowling M, Gershon R, Gibbons LE, Jones R. 
Optimizing cognitive outcome measures in AD clinical trials: Technical 
Summary; 2013.

 64. Heaton RK, Akshoomoff N, Tulsky D, Mungas D, Weintraub S, Dikmen S, 
et al. Reliability and validity of composite scores from the NIH Toolbox 
Cognition Battery in adults. J Int Neuropsychol Soc. 2014;20(6):588–98.

 65. Mungas D, Heaton R, Tulsky D, Zelazo PD, Slotkin J, Blitz D, et al. Factor 
structure, convergent validity, and discriminant validity of the NIH Tool‑
box Cognitive Health Battery (NIHTB‑CHB) in adults. J Int Neuropsychol 
Soc. 2014;20(6):579–87.

 66. Nagamatsu LS, Chan A, Davis JC, Beattie BL, Graf P, Voss MW, et al. Physi‑
cal activity improves verbal and spatial memory in older adults with 
probable mild cognitive impairment: a 6‑month randomized controlled 
trial. J Aging Res. 2013;2013:861893.

 67. Schrag A, Schott JM. What is the clinically relevant change on the 
ADAS‑Cog? J Neurol Neurosurg Psychiatry. 2012;83(2):171–3.

 68. Trenerry M, Crosson B, DeBoe J, Leber W. Stroop Neuropsychological 
Screening Test. Lutz: Psychological Assessment Resources; 1988.

 69. Shin MS, Park SY, Park SR, Seol SH, Kwon JS. Clinical and empirical 
applications of the Rey‑Osterrieth Complex Figure Test. Nat Protoc. 
2006;1(2):892–9.

 70. Tuokko H, Griffith LE, Simard M, Taler V. Cognitive measures in 
the Canadian Longitudinal Study on Aging. Clin Neuropsychol. 
2017;31(1):233–50.

 71. Benton AL, Hamsher K, Varney N, Spreen O. Contributions to neuropsy‑
chological assessment: a clinical manual. New York: Oxford University 
Press; 1983.



Page 16 of 16Barha et al. Trials          (2022) 23:766 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 72. Dolan P. Modeling valuations for EuroQol health states. Med Care. 
1997;35(11):1095–108.

 73. Neumann PJ, Goldie SJ, Weinstein MC. Preference‑based measures 
in economic evaluation in health care. Annu Rev Public Health. 
2000;21:587–611.

 74. Al‑Janabi H, Flynn TN, Coast J. Development of a self‑report meas‑
ure of capability wellbeing for adults: the ICECAP‑A. Qual Life Res. 
2012;21(1):167–76.

 75. Al‑Janabi H, Peters TJ, Brazier J, Bryan S, Flynn TN, Clemens S, et al. An 
investigation of the construct validity of the ICECAP‑A capability meas‑
ure. Qual Life Res. 2013;22(7):1831–40.

 76. Balke B. A Simple Field Test for the Assessment of Physical Fitness. Rep 
63‑6. Rep Civ Aeromed Res Inst US. 1963:1–8.

 77. Guralnik JM, Ferrucci L, Simonsick EM, Salive ME, Wallace RB. Lower‑
extremity function in persons over the age of 70 years as a predictor of 
subsequent disability. N Engl J Med. 1995;332(9):556–61.

 78. Buchner DM. One lap around the track: the standard for mobility dis‑
ability? J Gerontol A Biol Sci Med Sci. 2008;63(6):586–7.

 79. Jones CJ, Rikli RE, Beam WC. A 30‑s chair‑stand test as a measure of 
lower body strength in community‑residing older adults. Res Q Exerc 
Sport. 1999;70(2):113–9.

 80. Carney CE, Buysse DJ, Ancoli‑Israel S, Edinger JD, Krystal AD, Lichstein 
KL, et al. The consensus sleep diary: standardizing prospective sleep 
self‑monitoring. Sleep. 2012;35(2):287–302.

 81. Falck RS, Landry GJ, Brazendale K, Liu‑Ambrose T. Measuring physical 
activity in older adults using MotionWatch 8 actigraphy: how many 
days are needed? J Aging Phys Act. 2017;25(1):51–7.

 82. Spielberger C. Manual for the state‑trait anxiety inventory. Palo Alto: 
Consulting Psychologists Press; 1983.

 83. Radloff L. The CES‑D Scale: a self‑reported depression scale for research 
in the general population. Appl Psychol Measur. 1977;1:385.

 84. Buysse DJ, Reynolds CF 3rd, Monk TH, Berman SR, Kupfer DJ. The Pitts‑
burgh Sleep Quality Index: a new instrument for psychiatric practice 
and research. Psychiatry Res. 1989;28(2):193–213.

 85. Chung F, Subramanyam R, Liao P, Sasaki E, Shapiro C, Sun Y. High STOP‑
Bang score indicates a high probability of obstructive sleep apnoea. Br J 
Anaesth. 2012;108(5):768–75.

 86. Peel C, Sawyer Baker P, Roth DL, Brown CJ, Brodner EV, Allman RM. 
Assessing mobility in older adults: the UAB Study of Aging Life‑Space 
Assessment. Phys Ther. 2005;85(10):1008–119.

 87. Sunderland A, Harris JE, Gleave J. Memory failures in everyday life fol‑
lowing severe head injury. J Clin Neuropsychol. 1984;6(2):127–42.

 88. Brown KW, Ryan RM. The benefits of being present: mindfulness and its 
role in psychological well‑being. J Pers Soc Psychol. 2003;84(4):822–48.

 89. Stewart AL, Mills KM, King AC, Haskell WL, Gillis D, Ritter PL. CHAMPS 
physical activity questionnaire for older adults: outcomes for interven‑
tions. Med Sci Sports Exerc. 2001;33(7):1126–41.

 90. Rosenberg DE, Norman GJ, Wagner N, Patrick K, Calfas KJ, Sallis JF. Reli‑
ability and validity of the Sedentary Behavior Questionnaire (SBQ) for 
adults. J Phys Act Health. 2010;7(6):697–705.

 91. Lubben J, Blozik E, Gillmann G, Iliffe S, von Renteln KW, Beck JC, et al. 
Performance of an abbreviated version of the Lubben Social Network 
Scale among three European community‑dwelling older adult popula‑
tions. Gerontologist. 2006;46(4):503–13.

 92. Cutrona CE, Russell DW. The provisions of social relationships and 
adaptation to stress. Adv Personal Relationships. 1987;1:37–67.

 93. Russell D, Peplau LA, Cutrona CE. The revised UCLA Loneliness Scale: 
concurrent and discriminant validity evidence. J Pers Soc Psychol. 
1980;39(3):472–80.

 94. Maetzel A, Li LC, Pencharz J, Tomlinson G, Bombardier C, Community H, 
et al. The economic burden associated with osteoarthritis, rheumatoid 
arthritis, and hypertension: a comparative study. Ann Rheum Dis. 
2004;63(4):395–401.

 95. Wu M, Rosano C, Butters M, Whyte E, Nable M, Crooks R, et al. A fully 
automated method for quantifying and localizing white matter hyper‑
intensities on MR images. Psychiatry Res. 2006;148(2‑3):133–42.

 96. Borich MR, Wadden KP, Boyd LA. Establishing the reproducibility of two 
approaches to quantify white matter tract integrity in stroke. NeuroIm‑
age. 2012;59(3):2393–400.

 97. Birn RM, Molloy EK, Patriat R, Parker T, Meier TB, Kirk GR, et al. The effect 
of scan length on the reliability of resting‑state fMRI connectivity 
estimates. NeuroImage. 2013;83:550–8.

 98. Ragland JD, Ranganath C, Harms MP, Barch DM, Gold JM, Layher E, 
et al. Functional and neuroanatomic specificity of episodic memory 
dysfunction in schizophrenia: a functional magnetic resonance imaging 
study of the relational and item‑specific encoding task. JAMA Psychiat. 
2015;72(9):909–16.

 99. Yeo BT, Krienen FM, Sepulcre J, Sabuncu MR, Lashkari D, Hollinshead 
M, et al. The organization of the human cerebral cortex estimated by 
intrinsic functional connectivity. J Neurophysiol. 2011;106(3):1125–65.

 100. Borg G. Ratings of perceived exertion and heart rates during short‑term 
cycle exercise and their use in a new cycling strength test. Int J Sports 
Med. 1982;3(3):153–8.

 101. Liu‑Ambrose T, Best JR, Davis JC, Eng JJ, Lee PE, Jacova C, et al. Aerobic 
exercise and vascular cognitive impairment: a randomized controlled 
trial. Neurology. 2016;87(20):2082–90.

 102. Nagamatsu LS, Handy TC, Hsu CL, Voss M, Liu‑Ambrose T. Resist‑
ance training promotes cognitive and functional brain plasticity in 
seniors with probable mild cognitive impairment. Arch Intern Med. 
2012;172(8):666–8.

 103. Liu‑Ambrose T, Nagamatsu LS, Graf P, Beattie BL, Ashe MC, Handy TC. 
Resistance training and executive functions: a 12‑month randomized 
controlled trial. Arch Intern Med. 2010;170(2):170–8.

 104. Montero‑Odasso M, Almeida QJ, Burhan AM, Camicioli R, Doyon J, 
Fraser S, et al. SYNERGIC TRIAL (SYNchronizing Exercises, Remedies in 
Gait and Cognition) a multi‑Centre randomized controlled double blind 
trial to improve gait and cognition in mild cognitive impairment. BMC 
Geriatr. 2018;18(1):93.

 105. van Buuren S, Groothuis‑Oudshoorn K. Mice: multivariate imputation 
by chained equations in R. J Stat Softw. 2011;45(3):1–67.

 106. Preacher KJ, Hayes AF. Asymptotic and resampling strategies for assess‑
ing and comparing indirect effects in multiple mediator models. Behav 
Res Methods. 2008;40(3):879–91.

 107. Glick HA, Doshi J, Sonnad SS, Polsky D. Economic evaluation in clinical 
trials. 1st ed. New York: Oxford University Press; 2007.

 108. Drummond MF, Sculpher MJ, Claxton K, Stoddart GL, Torrance GW. 
Methods for the economic evaluation of health care programmes. 4th 
ed. New York: Oxford University Press; 2015.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Reshaping the path of mild cognitive impairment by refining exercise prescription: a study protocol of a randomized controlled trial to understand the “what,” “for whom,” and “how” of exercise to promote cognitive function
	Abstract 
	Background: 
	Methods: 
	Discussion: 
	Trial registration: 

	Introduction
	Methods
	Design and setting
	Recruitment
	Time frame
	Eligibility
	Inclusion criteria
	Exclusion criteria

	Sample size considerations
	Data entry
	Measurements
	Consent and screening session
	Descriptors
	Primary outcome
	Secondary outcomes
	Tertiary outcomes

	Treatment allocation
	Randomization
	Allocation concealment

	Experimental groups
	AT program
	RT program
	BAT program

	Intervention adherence
	Data and adverse event monitoring
	Statistical analyses
	Mediation and moderation
	Economic evaluation

	Modifications due to Covid-19 pandemic

	Discussion
	Trial status

	Acknowledgements
	References


