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Abstract Changes in functional brain connectivity 
(FBC) may indicate how lifestyle modifications can 
prevent the progression to dementia; FBC identifies 
areas that are spatially separate but temporally syn-
chronized in their activation and is altered in those 
with mild cognitive impairment (MCI), a prodromal 
state between healthy cognitive aging and demen-
tia. Participants with MCI were randomly assigned 

to one of five study arms. Three times per week for 
20-weeks, participants performed 30-min of (con-
trol) cognitive training, followed by 60-min of (con-
trol) physical exercise. Additionally, a vitamin  D3 
(10,000  IU/pill) or a placebo capsule was ingested 
three times per week for 20-weeks. Using the CONN 
toolbox, we measured FBC change (Post-Pre) across 
four statistical models that collapsed for and/or 
included some or all study arms. We conducted Pear-
son correlations between FBC change and changes 
in physical and cognitive functioning. Our sample Supplementary Information The online version 

contains supplementary material available at https:// doi. 
org/ 10. 1007/ s11357- 023- 00805-6.
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included 120 participants (mean age: 73.89 ± 6.50). 
Compared to the pure control, physical exercise 
(model one; p-False Discovery Rate (FDR) < 0.01 
& < 0.05) with cognitive training (model two; 
p-FDR =  < 0.001), and all three interventions com-
bined (model four; p-FDR =  < 0.01) demonstrated an 
increase in FBC between regions of the Default-Mode 
Network (i.e., hippocampus and angular gyrus). After 
controlling for false discovery rate, there were no sig-
nificant correlations between change in connectivity 
and change in cognitive or physical function. Physi-
cal exercise alone appears to be as efficacious as com-
bined interventional strategies in altering FBC, but 
implications for behavioral outcomes remain unclear.

Keywords fMRI · Mild Cognitive Impairment · 
Intervention · Physical Exercise · Randomized 
Controlled Trial

Abbreviations 
CT(c)   Cognitive training (control)
FBC   Functional brain connectivity
FDR   False discovery rate
fMRI   Functional magnetic reso-

nance imaging
MCI   Mild cognitive impairment
PE(c)   Physical exercise (control)
PC   Pure control
SYN or SYNERGIC   SYNchronizing Exercises, 

Remedies in GaIt and 
Cognition

T0/T6   Pre/post-intervention
T12   Follow-up
VD(c)   Vitamin D (control)

Introduction

Brain health deteriorates with aging [1–4], but it 
occurs much more rapidly in those with mild cog-
nitive impairment (MCI) [5, 6], a prodromal state 
between healthy cognitive aging and dementia 
syndromes, including Alzheimer’s disease [7, 8]. 
Changes in brain function represent one of the ear-
liest biomarkers in those at risk for dementia syn-
dromes as they precede structural atrophy and occur 
years before clinical manifestation [9]. Functional 
magnetic resonance imaging (fMRI) provides one 
avenue to measure brain function via the blood 
oxygen level-dependent signal [10]. Subsequently, 
this permits the measurement of functional brain 
connectivity (FBC) or brain regions and, by exten-
sion, networks that are spatially separated but tem-
porally synchronized in their activation [11]; FBC 
is believed to enable efficient information process-
ing and the completion of complex functions [12]. 
Indeed, individuals with MCI show alterations (i.e., 
increases and decreases) in FBC beyond those of 
their normal aging counterparts [13–15].
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The rising aging population and subsequent 
increase in absolute cases, as well as the ineffective-
ness of pharmacological interventions, has created a 
fundamental shift to early identification and preven-
tion as a treatment for those at risk of dementia syn-
dromes [16]. Lifestyle modification involves altering 
long-term routines and might delay or prevent up to 
40% of all dementias [17]. As a result, there has been 
a significant uptick in the number of intervention tri-
als evaluating the efficacy of lifestyle modification in 
dementia-related outcomes. For example, a PubMed 
search using subject headings and title/abstract key-
words for dementia and physical exercise indicates 
that 87 clinical trials were published in 2022.

Our recent systematic review found that within-
network connectivity of the Default-Mode and Fron-
toparietal increased following an intervention that 
focused on or included physical exercise in older 
adults, regardless of cognitive status [18]. Two 
similar and recent reviews found that exercise may 
increase functional activation or connectivity within 
the Default-Mode Network [19] and strengthen con-
nectivity between hemispheres [20]. A meta-analy-
sis on the effects of cognitive training in aging also 
found an increase in connectivity within the Default-
Mode, Frontoparietal, and Attention Networks, as 
well as specific regions of interest, such as the hip-
pocampus [21]. No previous intervention has exam-
ined the effectiveness of vitamin D supplementation 
on an fMRI-related outcome. However, vitamin D 
deficiency is associated with reduced hippocampal 
volume and altered structural connectivity [22], as 
well as cortical thinning [23] and a higher risk of Alz-
heimer’s disease [24]. Despite being an active area 
of research, vitamin D has been theorized to improve 
brain health by inhibiting the plaques associated with 
aging and Alzheimer’s disease, regulating neuronal 
calcium channels to prevent cell death, and modulat-
ing mitochondrial activity to reduce oxidative stress 
[25].

The purpose of this study was to evaluate the 
effect of combined physical exercise (PE) modalities 
(aerobic and resistance training) separately and syn-
ergistically with cognitive training (CT) and/or vita-
min D (VD) supplementation on FBC in older adults 
with MCI. Despite recent criticism [26], which sub-
sequently sparked multiple counter-opinion pieces 
[27–29], we also explored if a change in FBC cor-
related with a change in behavioral (physical and 

cognitive performance) outcomes. We hypothesized 
that: 1) compared to the control arm, the intervention 
strategies would show significant increases in within-
network FBC; and 2) changes in FBC would be sig-
nificantly correlated with changes in physical and 
cognitive performance.

Methods

Design & participants

The SYNERGIC (SYNchronizing Exercises, Rem-
edies in GaIt and Cognition) trial [30] (NCT02808676: 
https:// www. clini caltr ials. gov/ ct2/ show/ NCT02 808676) 
was a multi-site, randomized, phase II, fractional-facto-
rial, double-blind controlled study evaluating the effect 
of combined PE with and without CT and/or VD sup-
plementation in older adults (60 to 85 years) with MCI. 
All SYN sites were in Canada and included: Western 
University (London, ON; lead site), University of Water-
loo (Waterloo, ON), Wilfrid Laurier University (Water-
loo, ON), University of Montreal (Montreal, QC), and 
University of British Columbia (Vancouver, BC). Poten-
tial participants were diagnosed with MCI as per exist-
ing guidelines [31]. Other inclusion criteria included: 
proficiency in English or French (Montreal site), abil-
ity to ambulate at least 10 m independently, possessing 
(corrected) normal vision, being considered sufficiently 
healthy as per the Physical Activity Readiness Question-
naire-Plus (PAR-Q +) [32], and ability to comply with 
trial procedures.

In addition to a clinical screening, SYN participants 
completed three in-person assessments, including pre-
intervention (T0), post-intervention (T6), and follow-up 
(T12). T0 and T6 occurred immediately before and after 
a 20-week intervention, while T12 occurred 6-months 
after T6. All in-person assessments included collecting 
demographic information and a battery of neuropsycho-
logical, physical, and metabolic tests. Brain imaging was 
a secondary outcome of the SYN trial and was only con-
ducted at T0 and T6; therefore, these are the only time 
points of interest for the present study (Fig. 1). The pre-
sent study’s inclusion and exclusion criteria were identi-
cal to the parent trial, except for the following two addi-
tions to the exclusion criteria: 1) Did not complete an 
MRI assessment at both T0 and T6; and 2) Participants 
consider their left hand to be dominant.

https://www.clinicaltrials.gov/ct2/show/NCT02808676
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Randomization for SYN was generated centrally 
by a research pharmacist for each study site using a 
web-based randomization service (www. rando mizer. 
org). Block randomization by five was applied to 
ensure an appropriate balance of participant charac-
teristics. Permuted blocks were employed to ensure 
balance over time. After the T0 assessment, research 
personnel not involved in measuring outcomes or 
administering the intervention accessed the rand-
omization list to determine arm allocation. Research 
personnel conducting assessments and/or analyzing 
data were blinded to arm allocation. Participants were 
blind to the active intervention and study hypotheses. 
The sponsor site obtained approval from the Research 
Ethics Board at Western University (REB# 107670), 
the Lawson Health Research Institute’s Clinical 
Research Impact Committee (R-15–038), and Health 
Canada (HC file—HC6–24-c195918 / HC proto-
col #201619) before initiating study-related activi-
ties. Each site also obtained local ethical approval. 

Informed consent was obtained from all participants 
in accordance with the Declaration of Helsinki.

Intervention

Overview Regardless of the intervention arm, all 
participants completed group-training sessions three 
times per week for 20-weeks. Each training session 
included 30-min of CT or cognitive training control 
(CTc), followed by 60-min of combined PE or physi-
cal exercise control (PEc). To ensure a 1(trainer):4 
ratio, no more than eight individuals participated in a 
single exercise session.

Active & control cognitive training Participants 
performed CT and CTc on a tablet (iPad®). CT 
included two different visuomotor tasks that targeted 
working memory and attention. The CT program 
was custom-written, previously utilized for neurore-
habilitation [33, 34], and individually tailored to the 

Fig. 1  Overview of the timeline, assessment periods, and study arms. Red font helps to identify control arms. c = control; CT = cog-
nitive training; PC = pure control; PE = physical exercise; SYN = synergic; VD = vitamin D

http://www.randomizer.org
http://www.randomizer.org
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participant. In brief, the application provides indi-
vidual tailoring via visual feedback bars that change 
colours (i.e., green, yellow, and red) according to per-
formance in the two previous trials; participants are 
instructed to keep the bars in the green zone and pre-
vent them from turning red. Additionally, at the end 
of a session, participants are informed of their mean 
reaction time and the accuracy achieved via histo-
grams [35, 36]. CTc alternated between performing 
a pre-defined touristic search of a foreign city and 
watching a National Geographic video. Each session 
included a new city or video. The pre-defined tour-
istic search required participants to find three hotels, 
tourist attractions, and restaurants. After watching the 
National Geographic video, the participant answered 
three questions about the video (Supplemental Mate-
rial A).

Combined & control physical exercise PE began 
with a 10-min warm-up on either a treadmill, sta-
tionary bike, or elliptical at a self-selected pace that 
would increase heart rate. Resistance training incor-
porated two lower (leg press and hamstring curl) and 
three upper body (chest press, seated row, and latis-
simus dorsi pull) exercises. For each session, par-
ticipants began with an upper-body exercise of their 
choosing and then alternated between a lower- and 
upper-body exercise. Resistance training followed a 
pre-determined and standardized intensity, volume, 
and progression (Supplemental Material B). Within 
each session, trainers prescribed resistance training so 
that participants reached exhaustion at or near the last 
prescribed repetition of the final set of every exercise. 
For example, trainers increased the resistance train-
ing weight when it became “too easy,” as per a rating 
of perceived exertion of 8 or less [37, 38]. Following 
resistance training, participants performed 2 × 10-min 
of aerobic exercise on the same ergometers used to 
warm-up. Like resistance training, aerobic training 
intensity systematically increased throughout the 
program (Supplemental Material B). PEc included 
stretching, balance, and toning exercises that did not 
improve muscle strength or endurance nor progress in 
volume, intensity, and rest periods. To keep partici-
pants engaged, PEc exercises alternated every three 
weeks according to a pre-determined schedule.

Active & control vitamin  D3 The VD intervention 
required participants to ingest one tablet of 10,000 IU 

of vitamin  D3 three times per week for 20-weeks. Our 
previous work demonstrating safety and efficacy pro-
vided the rationale for the dosing strategy [39]. Vita-
min D control (VDc) followed the same dosing time-
line, but participants ingested a placebo pill that was 
visually identical to the VD capsule. At the interven-
tion’s start, participants were given a four-week sup-
ply (i.e., 12 pills) of vitamin  D3/placebo in a pill bot-
tle. Participants returned their bottles every 5th week, 
and any remaining pills identified a day/pill missed. 
The number of days/pills missed was recorded, and 
then participants were given a new four-week sup-
ply. This process was repeated until the end of the 
intervention.

Overall, PE, CT, and VD interventions were com-
bined within arm1 and represented the SYN group. 
Conversely, PEc, CTc, and VDc were combined 
within arm5 and represented the pure control (PC) 
group. In addition to PE, arms 2, 3, and 4 included 
CT and VDc, CTc and VD, and CTc and VDc, 
respectively (Fig. 1).

Primary outcome: FBC

Acquisition We conducted imaging for Ontario, 
Montreal, and British Columbia at Robarts Research 
Institute, Centre de Recherche de l’Institut Univer-
sitaire de Gériatrie de Montréal, and UBC MRI 
Research Centre, respectively. Both Ontario and Mon-
treal sites utilized a Siemens Magnetom Prisma Fit 3 
Tesla MRI scanner (Siemens AG, Munich, Germany). 
The British Columbia site conducted imaging on a 
Philips Achieva 3 Tesla MRI Scanner (Koninklijke 
Philips N.V., Amsterdam, The Netherlands). MRIs 
followed version 3.8 of the Canadian Dementia Imag-
ing Protocol, a standardized protocol for multicentric 
research on dementia linked to neurodegeneration 
in aging, harmonized on all three major vendor plat-
forms [40]. Imaging included a variety of modali-
ties with a total scan time of 1.3 h, but for the present 
study, we utilized only T1W (Siemens: 20-channel 
head coil; sequence: MPRAGE; acceleration fac-
tor: 2; TR/TE: 2300/2.98  ms; flip angle: 9°; slice 
thickness: 1.0  mm without gap; acquisition matrix: 
256 × 256  mm; resolution: 1.0 × 1.0  mm; bandwidth: 
240 Hz. Phillips: 8-channel Sense head coil; sequence: 
MPRAGE; acceleration factor: 2; TR/TE: 7.3/3.3 ms; 
flip angle: 9°; slice thickness: 1.0  mm without gap; 
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acquisition matrix: 248(AP) × 256 (FH) mm; resolu-
tion: 1.0 × 1.0 mm; bandwidth: 228.6 Hz) and resting 
state-fMRI (Siemens: 20-channel head coil; sequence: 
EPI BOLD; acceleration factor: 2; TR/TE: 2130/30 ms; 
flip angle: 70°; slice thickness: 3.5  mm without gap; 
acquisition matrix: 64 × 64 mm; volumes: 250; resolu-
tion: 3.5 × 3.5  mm; bandwidth: 2442  Hz; eyes: open. 
Phillips:8-channel Sense head coil; EPI (Fast Field 
Echo); acceleration factor: 2; TR/TE: 2110/30 ms; flip 
angle: 70°; slice thickness: 3.5 mm without gap; acqui-
sition matrix: 64 × 64  mm; volumes: 250; resolution: 
3.5 × 3.5 mm; bandwidth: 2371.7 Hz; eyes: open).

Preprocessing We visually inspected all raw data 
before using in-house tools [41–43] to organize files 
according to the brain imaging data structure [44] and 
then preprocessed them using fMRIPrep (version 
20.2.0) [45] (Supplemental Material C). Post-fMRIPrep, 
the data was skull-stripped using FMRIB Software 
Library (version 6.0.4) [46] Brain Extraction Tool [47] 
and then uploaded to the CONN Functional Connec-
tivity Toolbox (version 20.b) [48]. CONN is an open-
source MATLAB (version R2020b) and Statistical Para-
metric Mapping (version SPM12) based cross-platform 
software. As per recommendations [49] and as a final 
preprocessing step, an 8  mm FWHM Gaussian kernel 
smoothed the functional volumes. Similar to previous 
publications using CONN [50], denoising regressed 
out signal contributions of white matter (five param-
eters) and cerebrospinal fluid (five parameters), as well 
as motion realignment parameters and their first-order 
derivatives (12 parameters). Intermediate (0.5  mm, 
three sd) ART-based scrubbing detected and removed 
outlier volumes. Additional denoising steps included 
linear detrending and band-pass filtering (0.008  Hz to 
0.09 Hz) after regression (RegBP) [50]. CONN’s qual-
ity assurance plots [49], including variables related to 
motion, global signal change, and valid scans, should 
score > 95%; after completing the original denoising, the 
quality assurance plots achieved this 95% goal. There-
fore, no further preprocessing was completed.

Region of interest‑to‑region of interest analysis A 
bivariate correlations coefficient (Fisher’s transformed) 
with a hemodynamic response function weighting cal-
culated a functional connectivity map between each 
region of interest. We included the following networks 
and their respective regions of interest because of their 
inclusion in a prior publication [51], susceptibility to 

aging [52, 53], and relation to behavioral outcomes: 
Default-Mode, Dorsal Attention, Salience, Fron-
toparietal, and Sensorimotor (Supplemental Material 
D). The CONN Toolbox automatically includes the 
selected networks and their corresponding regions of 
interest based upon a CONN Independent Component 
Analysis of 497 subjects from the Human Connectome 
Project [54] (Supplemental Material E).

Seed‑to‑voxel (Whole Brain) analysis Other research-
ers have conducted multiple FBC analyses within the 
same study. Therefore, we also conducted a seed-to-voxel 
analysis [55, 56]. We selected the left and right hippocam-
pus as seeds because of their susceptibility to dementia-
related syndromes and usage in similar studies [57, 58]. 
The seed-to-voxel analysis was identical to the region of 
interest-to-region of interest analysis, except a functional 
connectivity map was generated for the seed(s) and every 
other voxel in the brain (Supplemental Material E). Nota-
bly, although resting state functional connectivity was 
identified in the trial registration (NCT02808676) and 
protocol paper [30], the region of interest and seed-to-
voxel analyses were not detailed. Such analyses should, 
therefore, not be considered apriori.

Secondary outcome: FBC and cognitive/physical 
function

To determine the behavioral or clinical implications 
of FBC change, we conducted a correlation analysis 
between change in FBC and change in seven cogni-
tive and physical performance outcomes.

The seven behavioral outcomes represented a broad 
range of functions. Alzheimer’s Disease Assessment 
Scale-Cog 13 [59], a global measure of cognition, was 
the SYN’s primary outcome. We used the number of 
items missed on delayed recall of the Alzheimer’s Dis-
ease Assessment Scale-Cog 13 [59] and trail-making 
test normalized ((B-A)/A) [60] to evaluate memory 
and executive function, respectively. Importantly, trail-
making test was used more than any other cognitive 
test in previous studies assessing brain connectivity 
and behavioral outcomes [18]. The physical perfor-
mance outcomes included grip strength, as it is a com-
monly used clinical assessment of strength [61], as well 
as sit-to-stand time (lower body power) and usual gait 
speed because of their sensitivity to aging [62, 63]. We 
included muscle strength and power measures because 
no previous study has examined their relationship with 
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fMRI data, despite a call to do so [64]. Importantly, 
cardiovascular fitness (i.e., six-minute walk distance) 
was used more than any other physical performance 
test in previous studies assessing brain connectivity 
and behavioral outcomes [18].

All cognitive assessments and the six-minute walk 
test followed standardized instructions [65]. As previ-
ously described in another publication [39], we assessed 
maximum grip strength and usual gait speed via three 
attempts, with the average used for data analysis. Sit-to-
stand testing followed instructions from the short physi-
cal performance battery protocol [66]. For a complete 
description of all cognitive and physical performance 
outcomes included in the SYNERGIC trial, the inter-
ested reader is encouraged to see the protocol paper [30].

Statistical analyses

Pre‑intervention (T0) characteristics Except for 
sex reported as sample size, demographics and clini-
cal characteristics for each study arm are summarized 
using means and standard deviations. To identify dif-
ferences in characteristics regarding MRI status and, 
thus, provide insight into who or why specific indi-
viduals chose to forgo MRIs, we also compared T0 
characteristics of participants that completed: 1) both 
T0 and T6 imaging; 2) only T0 imaging; and 3) no 
imaging. A one-way analysis of variance (ANOVA) 
or Pearson chi-square assessed differences between 
arms/groups for all participant characteristics.

Models of analyses Within the present study, we 
conducted four separate models of analyses by pooling 
the study arms, as per our protocol [30], as follows:

• Model one (effects of PE) = PE (arm1 + 2 + 3 + 4) 
vs. PC (arm5)

• Model two (effect of CT and PE) = PE & CT 
(arm1 + 2) vs. PE & CTc (arm3 + 4) vs. PC (arm5)

• Model three (effect of VD and PE) = PE & VD 
(arm1 + 3) vs. PE & VDc (arm2 + 4) vs. PC (arm5)

• Model four (full synergistic effect): PE & CT & VD 
(SYN; arm1) vs. PEc & CTc & VDc (PC; arm5)

These comparisons align with the recommended analy-
sis and reporting of factorial trials and analyses for dif-
ferent comparisons [67]. The pooling of arms in pre-
specified combinations is used to examine potential 
synergism. Ultimately, such analyses allowed us to first 

explore the efficacy of combined (aerobic and resistance 
training) PE on FBC; to our knowledge, no previous 
randomized controlled trial has explored this in a demo-
graphic living with MCI. Subsequent analyses (models 
2–4) aimed to determine the value of adding other life-
style intervention strategies (CT and/or VD) to PE. See 
Fig. 2 for an aerial view of the statistical model.

FBC To determine between-arm differences at T0 
(main effect), we conducted a t-test in models one and 
four and a one-way ANOVA in models two and three. 
We analyzed average change (T6-T0 or Post-pre) in 
FBC using a 2 × 2 mixed ANOVA in models one and 
four and a 3 × 2 mixed ANOVA in models two and 
three. If model two or three identified a significant dif-
ference between the three study arms, we conducted 
post-hoc testing via a 2 × 2 mixed ANOVA [49].

Covariates & false discovery rate We adjusted all 
FBC analyses for the covariates of age, sex, self-reported 
years of education, and self-reported number of comor-
bidities. Change in FBC was considered statistically sig-
nificant based upon standard settings for cluster-based 
inferences of region of interest-to-region of interest 
(cluster threshold: p < 0.05 cluster-level p-false discov-
ery rate (FDR) corrected; connection threshold: p < 0.05 
p-uncorrected) [68], and seed-to-voxel analyses (cluster 
threshold: p < 0.05 cluster-size p-FDR corrected; voxel 
threshold: p < 0.001 p-uncorrected) [69].

Pearson’s correlations Using the Statistical Pack-
age for the Social Sciences (version 27; IBM Canada 
Ltd. Markham, Ontario), change score (T6-T0) was 
calculated for all physical and cognitive performance 
outcomes and then converted to a z-score of standard-
ized residuals via linear regression to control for the 
same covariates used in the FBC analysis (age, sex, 
number of comorbidities, and years of education). 
Prior to assessing correlations between connectiv-
ity change (T6-T0) scores and behavioural change 
scores, we confirmed the required assumptions (i.e., 
linearity, outliers, and normality) were satisfied 
within all models. Linearity was assessed via visual 
inspections, normality was assessed via a Shapiro–
Wilk test, and data points three times the interquartile 
range (i.e., extreme outliers) were removed. Pearson’s 
correlation is robust to deviations from normality but 
is susceptible to outliers; this provided the rationale 
for excluding extreme outliers. Correlation analyses 
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aimed to determine the relationship between FBC 
change (T6-T0) and physical and cognitive perfor-
mance change (T6-T0) in each model’s intervention 
and control arms. In alignment with our previous sys-
tematic review [18], we restricted correlation to only 
FBC connections that survived the most conserva-
tive standards (correcting for FDR and adjusting for 
all covariates). Correlations were two-tailed, and a 
p ≤ 0.05 controlling for FDR (Supplemental Material 
F) indicated statistical significance.

Data availability

The data supporting this study’s findings are avail-
able from the corresponding authors upon reason-
able request.

Results

Demographic information SYN recruited poten-
tial participants from the community and clinics 
serving MCI populations from September 2016 – 
March 2020; the trial was terminated early due to 
the COVID-19 pandemic. 183 participants were ran-
domized into the five study arms. 120 and 90 par-
ticipants completed T0 and T6 MRI, respectively, 
but eight were excluded (left-handedness, n = 6; 
and image artifacts, n = 2) (Fig.  3) from the follow-
ing arms: arm1 (SYN), n = 1; arm2 (PE&CT&VDc), 
n = 1; arm3 (PE&CTc&VD), n = 1; arm4 
(PE&CTc&VDc), n = 2; and arm5 (PC), n = 3. There-
fore, our final analysis included 82 participants. Par-
ticipants abstained from T0 MRI for various reasons 
(i.e., not interested, claustrophobia, etc.), and most 

Fig. 2  Overview of the four models used for statistical analy-
ses. Shading (white, grey, and black) identifies arms that are 
collapsed within each model. Red font helps to identify control 
arms. c = control; CT = cognitive training; PC = pure control; 
PE = physical exercise; SYN = synergic; VD = vitamin D. Post-

hoc testing in model two: A) Collapsed Arms3-4 vs Arm5; B)
Collapsed Arms1-2 vs Arm5; C) Collapsed Arms1-2 vs Col-
lapsed Arms3-4. No post-hoc test in model 3 as comparison of 
all three groups identified no significant differences
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participants missed their T6 MRI due to restrictions 
surrounding the COVID-19 pandemic. The average 
days between T0 MRI and start of the intervention, 
and end of the intervention and T6 MRI were 27 and 
22, respectively.

Despite being a randomized controlled trial, there 
was a significant between-arm difference in sex distri-
bution and height (cm) at T0 (Table 1) for arm4 and 
arm5. However, there were no significant between-
group differences for those that completed imaging 
versus those that completed only T0 imaging or no 
imaging (Supplemental Material G).

FBC region of interest‑to‑region of interest There 
was a significant between-arm difference in T0 Sali-
ence Network connectivity in model four (SYN vs. 
PC). However, this difference no longer existed at T6 
(Supplemental Material H). There were no significant 
between-arm changes (T6-T0) in FBC in models one 
(PE vs. PC), two (PE&CT vs. PE&CTc vs. PC), or 
three (PE&VD vs. PE&VDc vs. PC). The intervention 
arm demonstrated a significant between-arm increase 
(T6-T0) in connectivity for a single cluster in model 
four (SYN vs. PC), (F(2,27) = 6.57; p-FDR < 0.05; 
Supplemental Material I). However, the cluster only 
survived controlling for years of education and sex.

FBC seed‑to‑voxel (Seed = Right hippocampus) There 
were no between-arm differences at T0. Intervention arms 
demonstrated a significant between-arm increase (T6-
T0) in model one (PE vs. PC; Cluster: size = 376 & 215 
p-FDR < 0.01 & < 0.05), two (PE&CT vs. PE&CTc vs. 
PC; Cluster: size = 535 p-FDR =  < 0.001), and four (SYN 
vs. PC; Cluster: size = 381 p-FDR =  < 0.01). In all models, 
the cluster included the left superior division of the lateral 
occipital cortex and left angular gyrus. For model two, 
post-hoc tests showed that the significant between-arm 
increases (T6-T0) were for both intervention arms rela-
tive to the PC (PE&CT; Cluster: size = 265 p-FDR < 0.05 
/ PE&CTc; Cluster: size = 334 p-FDR < 0.01). All connec-
tions maintained significance after controlling for all covar-
iates (Table 2).

FBC seed‑to‑voxel (Seed = Left hippocam‑
pus) There was a significant between-arm differ-
ence in connectivity with the left inferior frontal and 
precentral gyrus at T0 in model four (SYN vs. PC). 
However, this difference no longer existed at T6 

(Supplemental Material H). The intervention arm 
demonstrated a significant between-arm increase 
(T6-T0) in only model four (SYN vs. PC; Cluster: 
size = 297 p-FDR < 0.01). The cluster included the 
left superior division of the lateral occipital cortex. 
The connection maintained significance after control-
ling for all covariates (Table 2).

Despite slight differences in the coordinates of 
clusters that demonstrated a significant change in 
connectivity with the seed(s), they displayed general 
overlap when reviewed in Multi-image Analysis GUI 
(MANGO; version 4.1) (Fig.  4). Given the field’s 
inconsistency in anatomical labelling of the brain [70] 
and because the seed-to-voxel clusters included two 
different but significant anatomical regions, we used 
xjView (version 9.7) [71] to review anatomical label-
ling. In brief, only the left angular gyrus possessed a 
high number (~ 40–70%) of active voxels in all clusters 
and across all models.

Correlation We restricted our Pearson’s correlation 
of change (T6-T0) scores to only the seed-to-voxel 
analyses because it survived controlling for all covari-
ates. Specific to sit-to-stand time, we removed four 
participants from the analysis who could not perform 
the task at either T0 or T6. We also removed outliers 
from the Alzheimer’s Disease Assessment Scale-Cog 
overall (n = 1), grip strength (n = 1), and six-minute 
walk test (n = 4). Supplemental Material J includes 
average scores for all cognitive and physical perfor-
mance outcomes at T0, T6, and T6-T0.

Only connectivity change (T6-T0) in model two 
(PE&CT x PE&CTc x PC) demonstrated statisti-
cally significant correlations at p < 0.05. PE&CTc 
cluster connectivity change showed a small-moderate 
negative correlation with usual gait speed change 
(r(30) = -0.365, p = 0.04); this means that an increase 
in connectivity correlated with a decrease (decline) 
in gait speed. However, this correlation did not sur-
vive correction for FDR. Other correlations across 
multiple models were trending towards but ultimately 
failed to reach a p < 0.05 (Supplemental Material 
K). For example, sit-to-stand time change for PE of 
model one (PE vs. PC) showed a small-moderate 
negative correlation with cluster connectivity change 
(r(59) = -0.226 p = 0.08); this means that connectivity 
increased as sit-to-stand time decreased (improved).
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Discussion

We investigated the effect of PE with and without 
CT and/or VD supplementation on FBC, as assessed 
by fMRI, in older adults with MCI. In support of 
our hypothesis, we found significant increases in 
FBC between the hippocampus and angular gyrus 
in interventions that included PE (model one) with 
CT (model two) and VD (model four). Contrary to 
our hypothesis, there was no significant correlation 
between FBC change (T6-T0) and change in behav-
ioral outcomes of physical and cognitive performance 
after controlling for FDR.

Our results suggest that CT with and without VD 
may provide some additional increases or alterations 
in FBC, but based on its involvement in all models 
and the general overlap of all significant clusters, PE 
appears to be primarily responsible for the observed 
changes post-intervention. Such results suggest that 
combined PE executed at sufficient length and inten-
sity may be as efficacious as multimodal interventions 
at improving brain function in those living with MCI. 
Indeed, type, length, and intensity are essential param-
eters in the design of an exercise prescription and vary 
based on the overarching goals of the program. The 
lack of significant change in FBC when we added just 
VD to PE (model three) inevitably brings into question 
the efficacy of VD. VD is an essential nutrient, and 
work by our group [39], as well as another [72], has 
suggested that high doses provide benefits to physical 
but not cognitive performance in those with the most 
significant deficits (i.e., physically frail and/or insuf-
ficient vitamin D serum levels). Therefore, the lack 
of findings in model three may reflect our failure to 
account for these variables; ~ 40% of our participants 
were identified as having insufficient (≤ 75  nmol/L) 
vitamin D serum levels at T0 [39].

Research has suggested a linkage between the hip-
pocampus and angular gyrus [73, 74]. Although not 
included in CONN’s predetermined regions of interest, 
previous research indicates that both the hippocam-
pus and angular gyrus are part of the Default-Mode 

Network [75, 76], albeit with some evidence of later-
alization [77, 78]. The hippocampus and angular gyrus 
also play a role in the "Core" [78] and "Core Recol-
lection Network" [79], which overlap but differ from 
the Default-Mode [80]. The Default-Mode Network 
is one of the first networks to demonstrate alterations 
(decrease in within-network connectivity) in those at 
risk of Alzheimer’s disease [81]. Anatomically, the 
Default-Mode Network overlaps with regions that 
accumulate the highest degree of Alzheimer’s pathol-
ogy [82, 83]. Therefore, our intervention-induced 
increases in hippocampus to angular gyrus connec-
tivity may help counter some of the initial changes in 
FBC for those at risk of dementia syndromes and, in 
doing so, reflect a return to brain function that may be 
considered more typical of biological or healthy aging.

As part of the Default-Mode Network, the hip-
pocampus and angular gyrus play a role in self-ref-
erential thought, such as remembering the past and 
planning for the future [84]. Hippocampus to angu-
lar gyrus connectivity may also be crucial to spatial 
navigation or knowing where you are and how to 
get to places [85, 86]. Despite not reaching signifi-
cance once corrected for FDR, our findings showed 
that change in usual gait speed and sit-to-stand time 
held small-moderate effect sizes with a change in 
hippocampus to angular gyrus connectivity. There-
fore, such changes in connectivity may influence 
the completion of physical performance or everyday 
functional tasks like walking and sitting. Notably, the 
changes observed in gait speed and sit-to-stand time 
and their relationship with connectivity were con-
flicting, as the former was associated with decreas-
ing performance, while the latter was associated with 
improvement. Research must continue to examine the 
(longitudinal) relationship between FBC and behav-
ioral outcomes, as it will help delineate increases 
and decreases in connectivity. Relative to sit-to-stand 
time, future research should address if increases in 
hippocampus to angular gyrus connectivity impact 
alterations in spatial navigation or the ability to exert 
muscle power, for which sit-to-stand time is consid-
ered a proxy measure. Such information could have 
important implications for interventional strategies.

The present study supports our recent systematic 
review [18] and others [19, 21] showing that RCTs 
can increase within-network FBC, regardless of 
older adults’ cognitive status. Our systematic review 
included five studies on older adults with MCI, three 

Fig. 3  Study flowchart for participants included in imaging 
analysis, stratified by arms. c = control; CT = cognitive train-
ing; PC = pure control; PE = physical exercise; SYN = syner-
gic; VD = vitamin D. UWO = University of Western Ontario; 
UWW = University of Waterloo; WLU = Wilfrid Laurier Uni-
versity; UOM = University of Montreal; UBC = University of 
British Columbia

◂
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[57, 58, 87] of which included the hippocampus as a 
seed. Except for one, the hippocampus demonstrated 
an increase in connectivity to the posterior cingulate 
cortex, middle frontal cortex, and like the present 
study, angular gyrus; two of these three studies also 
identified their anatomical areas as belonging to the 
Default-Mode Network. The remaining two studies 
in our recent systematic review [18] did not conduct 
an independent statistical analysis of FBC [88] or 
focused on the Frontoparietal Network [89]. Simi-
lar to our findings, no previous studies demonstrated 
a significant correlation between FBC change and 
change in physical or cognitive performance in just 
the intervention group after controlling for covariates 
and/or correcting for FDR. Therefore, and as previ-
ously stated, implications for behavioral outcomes 
at this current time are unclear. The effect sizes are 
interesting and, at the very least, warrant further 
examination in future work with an adequately pow-
ered sample size.

Changes in FBC are believed to reflect a cascade of 
physiological changes [90]. Potential downstream effects 
on behavioral outcomes are likely to be moderated by 
various factors. For example, individuals with higher 
(worse) frailty status demonstrate more significant 

clinical impairment despite lower Alzheimer’s pathol-
ogy [91]. Further, frailty may explain why some indi-
viduals progress from MCI to Alzheimer’s while oth-
ers remain stable or revert to cognitively healthy [92]. 
Ultimately, how exactly interventions alter FBC and the 
resulting change, if any, in behavioral outcomes is com-
plex given the variety of biological, cellular, genetic, and 
lifestyle factors involved, further complicated by their 
interaction with neurodegeneration. Given that fMRI is 
a proxy measure of neural activation, one particularly 
insightful avenue for exploration would be determining 
if post-exercise changes in connectivity reflect altera-
tions in neural function, vasculature, or some combina-
tion of the two. It is tempting to suggest that behavioural 
changes, particularly cognition, reflect neural altera-
tions, but modifications in blood flow have also been 
associated with improved cognitive performance [93]. 
Combining fMRI with more direct measures of the vas-
culature, such as arterial spin labelling or transcranial 
Doppler ultrasound, as well as more direct measures of 
neural activity, such as electroencephalography, would 
help delineate neurovascular changes post-intervention. 
Further, it would provide a deeper understanding of the 
underlying physiology and, therefore, create more tar-
geted and effective therapies.

Table 1  T0 (Pre-intervention) characteristics for participants included in imaging analysis, stratified by SYNERGIC arms

All values are mean ± standard deviation, except sex shows the sample size. ANOVA or Pearson chi-square analysis as appropri-
ate. MoCA Montreal Cognitive Assessment; # number; cm centimeters; kg kilograms. c control; CT cognitive training; PC pure con-
trol; PE physical exercise; nmol/L nanomoles per litre; SYN synergic; VD vitamin D; * p-value < 0.05. The threshold for deficient 
vitamin D levels was based on our previous work [39]. Reasons for not completing blood withdrawal included the phlebotomist’s 
inability to find an adequate vein or failure to draw blood after two attempts and the participant declining the blood withdrawal por-
tion of the study; therefore, the sample size for serum levels is less than the sample for every other variable: a = 65; b = 13; c = 13; 
d = 15; e = 11; f = 13

Characteristic Total
(n = 90)

Arm 1 
PE&CT&VD 
(SYN)
(n = 19)

Arm 2 
PE&CT&VDc
(n = 16)

Arm 3 
PE&CTc&VD
(n = 21)

Arm 4 
PE&CTc&VDc
(n = 17)

Arm 5 
PEc&CTc&VDc 
(PC)
(n = 17)

p-value

Age 73.89 ± 6.50 73.68 ± 6.86 73.25 ± 7.39 75.90 ± 7.55 72.12 ± 4.15 74.00 ± 5.77 0.491
# of Males (Females) 47 (43) 9 (10) 11 (5) 11 (10) 12 (5) 4 (13) 0.043*
# of Comorbidities 4.77 ± 2.46 5.21 ± 2.62 5.00 ± 2.10 4.90 ± 3.03 4.18 ± 2.51 4.47 ± 1.84 0.735
Years of Education 15.35 ± 3.66 14.21 ± 2.76 15.75 ± 3.28 14.81 ± 2.98 15.38 ± 2.98 16.88 ± 5.60 0.244
Height (cm) 167.61 ± 10.03 169.33 ± 10.04 168.13 ± 10.68 168.68 ± 7.73 170.74 ± 10.84 160.74 ± 9.02 0.029*
Weight (kg) 76.39 ± 14.61 76.79 ± 16.55 77.89 ± 12.52 77.08 ± 12.67 79.77 ± 15.78 70.31 ± 15.11 0.401
Body Mass Index 27.13 ± 4.39 26.66 ± 4.59 27.62 ± 4.11 27.04 ± 3.75 27.29 ± 4.58 27.17 ± 5.33 0.979
MoCA 22.94 ± 2.96 23.68 ± 4.03 23.13 ± 2.45 22.90 ± 3.05 22.82 ± 1.81 22.12 ± 2.91 0.634
Vitamin D

  Serum Levels 
(nmol/L)

81.95 ± 25.14a 86.92 ± 18.47b 85.23 ± 16.42c 82.87 ± 26.78d 80.36 ± 35.12e 74.00 ± 29.03f 0.731

  Deficient 
(≤ 75 nmol/L)

41.54%a 30.77%b 38.46%c 40.00%d 45.45%e 53.85%f 0.815
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The current study is the first randomized con-
trolled trial to examine the effect of combined PE, 

with and without CT, and/or VD supplementation in 
older adults with MCI, but it is not without limitation. 

Table 2  Clusters with a significant increase (T6-T0) in connectivity with the Hippocampus

All from the seed-voxel analysis. With the exception of model 4L, the significant clusters within each model demonstrated increased 
connectivity with the right Hippocampus. c control; CT cognitive training; PC pure control; PE physical exercise; SYN synergic; VD 
vitamin D; vs. versus

Model Cluster size p-FDR peak p-unc Anatomical area Covering

x, y, z Size % Voxels

1 (PE vs. PC) -50, -64, 36 376 0.008716 0.000004 Lateral Occipital Cortex, superior division Left 60 225
Angular Gyrus Left 38 141
Not Labelled 3 10

-30, -70, 22 215 0.046003 0.000003 Lateral Occipital Cortex, superior division Left 33 71
Angular Gyrus Left 4 8
Not Labelled 63 136

2 (PE&CT vs. 
PE&CTc vs. PC)

-50, -64, 32 535 0.0003 0.000008 Lateral Occipital Cortex, superior division Left 57 303
Angular Gyrus Left 16 87
Not Labelled 27 145

  Post-hoc for 2
  (PE&CTc vs. 

PC)

-50, -64, 44 265 0.035973 0.000023 Lateral Occipital Cortex, superior division Left 60 158
Angular Gyrus Left 37 98
Not Labelled 3 9

  Post-hoc for 2
   (PE&CT vs. 

PC)

-30, -72, 20 334 0.003614 0.000002 Lateral Occipital Cortex, superior division Left 53 177
Angular Gyrus Left 7 25
Not Labelled 40 132

4 (SYN vs. PC) -38, -60, 32 381 0.001073 0.000007 Lateral Occipital Cortex, superior division Left 51 194
Angular Gyrus Left 10 38
Not Labelled 39 149

4L (SYN vs. PC) -46, -66, 42 297 0.00562 0.000012 Lateral Occipital Cortex, superior division Left 84 248
Not Labelled 16 49

Fig. 4  Overlay of all clusters (see Table 2) that showed a sig-
nificant increase (T6-T0) with the Hippocampus. Clusters are 
from the seed-voxel analysis. Clusters extend outside the brain 
but this is due to the combination of slightly different coor-
dinates for each cluster being overlayed onto a single image. 

Created using Multi-image Analysis GUI (MANGO) version 
4.1. Left to right = axial, coronal, and sagittal view. Slice coor-
dinates (x, y, z) = -49, -65, 31. A = anterior; L = left; P = poste-
rior; R = right; S = superior
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Only our seed-to-voxel analysis showed a significant 
change in connectivity and none of our seven behav-
ioral outcomes correlated with a change in connec-
tivity after correcting for FDR. Therefore, most of 
our analyses demonstrated no statistically significant 
results. Furthermore, the present study includes just 
two (region of interest-to-region of interest and seed-
to-voxel) of the many analyses available; network, 
graph, dynamic connectivity, and low-frequency 
fluctuations are all alternative measures of functional 
connectivity that go beyond and/or provide additional 
insight than just the strength of a connection. To this 
end, previous work has demonstrated that research-
ers may take a different approach to answer identical 
questions [94]. Statistical models (1–4) reflect a frac-
tional-factorial design, replicating the parent trial’s 
primary statistical approach [30] and following rec-
ommended guidelines [67]. Such an approach helps 
increase statistical power but does not account for a 
potential interaction between different interventions 
within collapsed arms. For example, Model 3 col-
lapsed arm1 and arm3 to create a PE and VD group. 
However, arm1 received CT, whereas arm3 received 
CTc. Theoretically, individuals that received CTc 
neutralize those that received CT. If we were to cre-
ate a true PE and VD group, then we would utilize 
just arm3, but this would reduce the sample size by 
half. Ultimately, both approaches have their posi-
tives and drawbacks. We did not include site, scanner, 
body mass index, etc., as covariates, but similar to the 
selection of MRI preprocessing methods [95], covari-
ate selection in neuroimaging is an active area of 
research [96]. We did not include a comparator group 
experiencing biological or healthy aging, which 
would likely enhance the interpretation of the pre-
sent results. Specifically, it would help clarify if the 
observed improvements in connectivity reflect resto-
ration or normalization to brain function experienced 
during healthy aging. Although a multi-site trial, we 
only included participants from central and western 
Canada. The Canadian Atlantic provinces hold some 
of the highest obesity rates [97], likely reflecting an 
alternative lifestyle. As such, our sample should not 
be considered indicative of all Canadians. As with all 
exercise interventions and despite excluding individu-
als that participated in a structured exercise program 
for the six months before their T0 assessment, we 
cannot rule out that our current sample reflects those 

with a high affinity for exercise. Given Canada’s low 
rates of physical activity and exercise, our partici-
pants should be considered atypical [98]. Finally, and 
given the already small (~ 20) number of participants 
per study arm, we did not conduct a separate analysis 
for sex, gender, race, and/or ethnicity.

In addition to the previous suggestions, future 
research in FBC must be adequately powered to 
detect true post-exercise intervention differences, 
despite MRI being described as the least enjoy-
able component of tested outcomes [99]. Alterna-
tive techniques, such as electroencephalography, are 
a portable, cost-effective measure of FBC but lack 
the spatial resolution of fMRI. Ultimately, each neu-
roimaging tool possesses positives and drawbacks. 
Future work should also consider vitamin D serum 
levels pre-intervention as it could provide additional 
insight; for the present study, it may help explain 
why vitamin D (model 3) was the only model not 
to impose a significant change on FBC. Researchers 
should also examine factors that moderate the impact 
of PE on FBC. Given recent work, frailty status [91, 
92, 100] and vascular properties (i.e., flow, reserve, 
etc.) [101, 102] represent fruitful avenues. PE is a 
therapeutic intervention with a multitude of benefits 
or “sledgehammer effect” [103, 104]. Still, detailed 
reporting of exercise parameters (i.e., frequency, 
intensity, time, type, etc.) [105] is sometimes inad-
equate [18, 106] despite being critical to replication 
and clinical uptake. Similarly, future work must com-
pare different exercise parameters if we are to iden-
tify an optimal approach. For example, machine ver-
sus free-weight resistance training, specific exercise 
selection, and different intensity ranges (i.e., high-
intensity aerobic interventions may be more benefi-
cial [107, 108] and equally or more enjoyable than 
low-intensity [109, 110]).

The present study examined the impact of com-
bined PE separately and synergistically with CT and/
or VD on FBC, assessed via fMRI, in older adults 
with MCI. In support of our hypothesis, we dem-
onstrated that PE increased FBC between the hip-
pocampus and the angular gyrus, representing regions 
of the Default-Mode Network. CT with and without 
VD appeared to add very little to PE-induced FBC. 
No intervention or control arms demonstrated a sig-
nificant correlation between FBC change and change 
in behavioral outcomes of physical and cognitive 
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performance after controlling for FDR, but some 
effect sizes were in the small-moderate range. These 
findings support previous research suggesting that PE 
is efficacious in altering connectivity of the Default-
Mode Network, one of the initial networks compro-
mised in MCI. Further, appropriately prescribed PE 
may be as beneficial as combined interventional strat-
egies for inducing FBC change.
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