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FIGURE 1 | Participants performing the square-stepping exercise.
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Cardiorespiratory Fitness
We conducted maximal exercise testing (Gibbons et al.,
1997) using a treadmill (Quinton R© TM55) connected to
a desktop computer equipped with the Q-StressTM Cardiac
ScienceTM software, Version 4.5 (Cardiac Science Corp., USA).
The maximal test ended once participants had subjectively
reached their maximum capacity and asked for the test
to be stopped. The test was also ended under the study
physician’s recommendations. We monitored HR via exercise
echocardiogram (ECG) with electrodes (10-lead) connected to
participant’s chest. The Bruce (Bruce et al., 1973) treadmill
test was applied in this study and we retained time to
exhaustion, estimated metabolic equivalent (MET), and HRmax
for secondary outcome analysis.

Samples Size
A meta-analysis (Colcombe and Kramer, 2003) suggested that
exercise improves cognition with an overall effect size of d= 0.48.
Further, Cornelissen and Fagard (2005) reported that exercise
training is associated with an overall 6.9 mmHg reduction in
SBP hypertensive patients, with an effect size of d = 0.85
(Morris, 2008). Considering a greater effect of exercise on SBP,
we estimated our sample size using an approximate effect size
for cognition. Based on this, with 63 participants per group,
our study would have 80% power at the 5% significance level
to detect a moderate effect size of d = 0.55 (Lachin, 1981). We
estimated a dropout rate of 20% during the 6-month period,
which increased our calculation to 70 participants per group.
This proposed sample size is in line with previous investigations
(Lautenschlager et al., 2008).

Statistical Analyses
We analyzed the outcome data based on an intent-to-treat
approach, using linear mixed effects regression models for
repeated measurements (LMM) (Fitzmaurice et al., 2004). We
included all randomized participants, regardless of missing data
at follow-up (Fitzmaurice et al., 2004). Time was considered
as a repeated, categorical variable included as a fixed effect in
addition to group and group-by-time interaction (Fitzmaurice
et al., 2004). For primary outcomes, we examined the difference
between groups in estimated mean change in GCF and SBP from
baseline to 6 months.

For our secondary outcomes, we examined changes
in domain-specific cognition (i.e., memory, reasoning,
concentration, and planning), TMT parts A and B, cardiovascular
outcomes (i.e., office DBP and resting HR), and cardiorespiratory
fitness (i.e., time to exhaustion, METs achieved and HRmax).
We also conducted sensitivity analyses adjusting for age, sex,
MoCA scores, baseline cardiorespiratory fitness (i.e., time to
exhaustion), as well as history and/or medication use for diabetes,
cardiovascular disease (including hypertension), and depression.

Furthermore, to handle missing data and perform
confirmatory analysis in both primary outcomes, we first
conducted complete-case analysis including only participants
who completed baseline and 6-month assessment. Second, we
used multiple imputation under the assumption that data were
missing at random [Little’s MCAR test: χ2(137) = 159.99, p =

0.087]. Following previous methods (Ten Brinke et al., 2020), we
created 40 imputed datasets using random number generation
and repeated the LMM for both GCF and SBP. The results of
each LMM were pooled across all imputed datasets.

Additionally, we used post-hoc analyses to investigate
subgroup effects on primary outcomes based on sex, and baseline
median values for SBP and cardiorespiratory fitness (i.e., time
to exhaustion). We based our interpretation of study results on
estimation and associated 95% confidence intervals (CI). For all
subgroup analyses, we adjusted p using the Benjamini-Hochberg
false discovery rate approach (Benjamini and Hochberg, 1995),
with an adjusted significance threshold p ≤ 0.005.

Analyses were performed on IBM R© SPSS R© Statistics, Version
24 (IBM Corp, USA), and R, Version 3.6.1 (http://www.R-
project.org).

RESULTS

Enrollment and Adherence
Participant flow during the study is shown Figure 2. The study
period ran between July 2018 and March 2020. Participant
demographic information and clinical characteristics are
presented in Table 1, while baseline outcome measures are
reported in Table 2. Overall, at baseline, participants included
(n = 128) had preserved cognitive function (McLennan et al.,
2011), were mostly Caucasian, highly educated (Table 1), and
had “greater than average” cardiorespiratory fitness (Mandsager
et al., 2018) compared to normative data (see Table 2). Average
attendance to the exercise sessions was 54% for the MCT group
and 51% for the HIIT group, with no differences between groups
[t(126) = 0.45, p= 0.65].

Adherence to exercise intensity was monitored using
%HRmax and RPE data collected during the exercise sessions.
Figure 3 demonstrates average exercise intensity for both HIIT
and MCT groups in each exercise session. The data indicate that
both groups exercised at different intensities as prescribed in the
study protocol, with participants in the HIIT group exercising at
higher intensities [mean (standard deviation), %HRmax= 85.01
(6.93), RPE = 6.29 (1.24)] compared to those in the MCT group
[%HRmax = 75.91 (6.28), RPE = 4.68 (1.20)]. An independent
samples t-test comparing average exercise intensity achieved by
each participant across all exercise sessions revealed that indeed
the HIIT group performed at higher intensity as indexed by
%HRmax [t(110) = 7.28, p < 0.001] and RPE [t(110), = 7.00, p <

0.001] data collected.

Outcomes
Main results (intention-to-treat approach) are shown in Table 3.
Complete-case and multiple-imputation data analysis revealed
similar results (see Supplementary Table 1).

Cognition
There were no significant within- or between-group differences
in GCF or any of the domain-specific composite scores at
6 months (see Table 3 and Figures 4, 5); sensitivity analyses
indicated that results remained unchanged in fully adjusted
models (Table 3). While there were no differences between
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FIGURE 2 | Study CONSORT diagram to illustrate participant flow throughout the study.
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TABLE 1 | Participant demographics and clinical characteristics.

Baseline descriptorsa HIIT (n = 65) MCT (n = 63) Total (n = 128) p-valueb

Demographics

Age, yr 71.7 (6.3) 70.4 (7.1) 71.1 (6.7) 0.27

Females, n (%) 32 (49.2) 29 (46.0) 61 (47.7) 0.85

Caucasian, n (%) 56 (86.2) 57 (90.5) 113 (88.3) 0.76

Education, yr 16 (3.2) 16.6 (3.6) 16.3 (3.4) 0.38

MoCA, score 26.9 (1.6) 26.8 (1.5) 26.8 (1.6) 0.81

MMSE, score 29.2 (1.1) 29.2 (1.0) 29.2 (1.0) 0.96

CES-D, score 9.0 (7.3) 8.8 (7.1) 8.9 (7.2) 0.83

IADL 7.9 (0.3) 7.9 (0.3) 7.9 (0.3)

Height, cm 166.7 (9.2) 167.7 (11.3) 167.2 (10.3) 0.57

Weight, kg 81.5 (17.1) 85.4 (21.5) 83.4 (19.4) 0.25

BMI, kg/m2 29.3 (5.8) 30.3 (6.5) 29.8 (6.2) 0.38

Diagnosed comorbidities, n (%)

Hypertension 51 (78.5) 49 (77.8) 100 (78.1) 1.00

Arthritis 23 (35.4) 25 (39.7) 48 (37.5) 0.75

Diabetes 11 (16.9) 13 (20.6) 24 (18.8) 0.76

Depression 4 (6.2) 12 (19.0) 16 (12.5) 0.053

Medication usage, n (%)

Blood pressure 53 (81.5) 53 (84.1) 106 (82.8) 0.88

Cholesterol 31 (47.7) 33 (52.4) 64 (50.0) 0.72

Diabetes 9 (13.8) 13 (20.6) 22 (17.2) 0.43

Depression 6 (9.2) 11 (17.5) 17 (13.3) 0.27

Arthritis 6 (9.2) 5 (7.9) 11 (8.6) 1.00

Blood thinners 3 (4.6) 4 (4.8) 7 (5.5) 0.97

aData presented as mean (standard deviation) unless otherwise indicated. bSignificance for independent samples t-test for continuous variables, or Chi-square test for independence for

categorical variables. HIIT, high-intensity interval training; MCT, moderate-intensity continuous training; MoCA, Montreal Cognitive Assessment; MMSE, Mini-Mental State Examination;

CES-D, Center for Epidemiologic Studies Depression Scale; IADL, Instrumental Activities of Daily Living Scale.

TABLE 2 | Study baseline measures.

Baseline outcomesa HIIT (n = 65) MCT (n = 63) Total (n = 128) p-valueb

Cognition, z score

GCF 0.004 (0.553) −0.004 (0.594) 0 (0.571) 0.94

Memory −0.03 (0.609) 0.031 (0.695) 0 (0.651) 0.60

Concentration −0.01 (0.745) 0.01 (0.752) 0 (0.746) 0.88

Planning 0.031 (0.791) −0.032 (0.839) 0 (0.812) 0.66

Reasoning 0.023 (0.668) −0.024 (0.739) 0 (0.702) 0.71

Blood pressure, mm Hg

Systolic 129.8 (16.0) 128.8 (16.0) 129.3 (15.9) 0.73

Diastolic 73.3 (8.3) 72.8 (8.7) 73.1 (8.5) 0.75

Trail-Making Test, s, median (IQR)

Part A 36.0 (28.0, 44.0) 32.0 (28.0, 41.7) 34.5 (28.0, 43.0) 0.39

Part B 65.0 (49.0, 94.5) 68.0 (49.0, 92.0) 65.2 (49.0, 92.75) 0.81

Cardiorespiratory fitnessc

Time to exhaustion, min 7.0 (2.3) 6.9 (2.2) 6.9 (2.2) 0.93

Maximum intensity, METs 8.6 (2.4) 8.6 (2.2) 8.6 (2.3) 0.97

Maximum heart rate, bpm 144.2 (18.4) 144.9 (18.8) 144.5 (18.5) 0.85

aData presented as mean (standard deviation) unless otherwise indicated. bSignificance for independent samples t-test for continuous variables. cExercise stress test data available

from 118 (HIIT = 62, MCT = 56). HIIT, high-intensity interval training; MCT, moderate-intensity continuous training; GCF, global cognitive functioning; IQR, interquartile range; METs,

metabolic equivalent.

Frontiers in Aging Neuroscience | www.frontiersin.org 7 April 2021 | Volume 13 | Article 643809

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

