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ABSTRACT

Introduction The benefits of physical activity for
glycaemic control in type 2 diabetes (T2D) are well-
known. However, whether established glycaemic and
cardiovascular benefits can be maximised by exercising

at a certain time of day is unknown. Given postprandial
glucose peaks contribute to worsening glycated
haemoglobin (HbA1c) and cardiovascular risk factors,

and that exercise immediately lowers blood glucose,
prescribing exercise at a specific time of day to attenuate
peak hyperglycaemia may improve glycaemic control and
reduce the burden of cardiovascular disease in people with
T2D.

Methods and analysis A single-centre randomised
controlled trial will be conducted by the University of
Wollongong, Australia. Individuals with T2D (n=70, aged
40-75 years, body mass index (BMI): 27-40 kg/m?) will

be recruited and randomly allocated (1:1), stratified for
sex and insulin, to one of three groups: (1) exercise at
time of peak hyperglycaemia (ExPeak, personalised), (2)
exercise not at time of peak hyperglycaemia (NonPeak) or
(3) waitlist control (WLC, standard care). The trial will be
5months, comprising an 8-week intervention and 3-month
follow-up. Primary outcome is the change in HbA1c
preintervention to postintervention. Secondary outcomes
include vascular function (endothelial function and arterial
stiffness), metabolic control (blood lipids and inflammation)
and body composition (anthropometrics and dual-energy
X-ray absorptiometry (DEXA)). Tertiary outcomes will
examine adherence.

Ethics and dissemination The joint UOW and

ISLHD Ethics Committee approved protocol (2019/
ETH09856) prospectively registered at the Australian

New Zealand Clinical Trials Registry. Written informed
consent will be obtained from all eligible individuals

prior to commencement of the trial. Study results will be
published as peer-reviewed articles, presented at national/
international conferences and media reports.

Trial registration number ACTRN12619001049167.

INTRODUCTION
Approximately 463 million adults are living
with type 2 diabetes (T2D) and this number is

Strengths and limitations of this study

» A strength of this randomised controlled trial is the
use of continuous glucose monitoring for personal-
ising exercise timing to attenuate peak hyperglycae-
mia, as well as the inclusion of an active placebo
control condition.

» This study will employ a variety of data collection
methods (in-lab and free-living) to measure chang-
es in cardiovascular and metabolic health, physical
activity and behaviour change.

» Recruitment of participants across Australia (urban
and rural) with remote delivery is both a strength
in diversity and inclusion and a limitation given the
reliance on dried blood spot home collection, and
vascular/body composition measures will not be
available for those unable to attend the university
visits.

» This study is robust in its adaptation to the COVID-19
pandemic, while retaining high-quality study design
and data collection with strong external validity.

expected to increase to 700 million by 2045."
Individuals with T2D have a twofold greater
risk of developing atherosclerotic cardiovas-
cular disease (CVD; eg, myocardial infarc-
tion, stroke, etc) and CVD accounts for ~70%
of deaths in patients with T2D.* T2D is char-
acterised by elevated fasting and postpran-
dial blood glucose levels.” Large excursions
in blood glucose, especially during the post-
prandial period (ie, postprandial hypergly-
caemia) cause oxidative stress, inflammation
and endothelial dysfunction, which mecha-
nistically links impaired glucose regulation
with the development of CVD in people with
T2D.*’ Acute and chronic exercise training
improve blood glucose regulation and reduce
cardiovascular risk factors. The benefits of
exercise training on glycaemic control are
largely attributed to the accumulated effects

BM)

Chang CR, et al. BMJ Open 2022;12:¢057183. doi:10.1136/bmjopen-2021-057183 1


http://bmjopen.bmj.com/
http://orcid.org/0000-0001-9518-0750
http://dx.doi.org/10.1136/bmjopen-2021-057183
http://dx.doi.org/10.1136/bmjopen-2021-057183
http://crossmark.crossref.org/dialog/?doi=10.1136/bmjopen-2021-057183&domain=pdf&date_stamp=2022-03-29

of individual exercise sessions’’ increasing contraction-
mediated and insulin-mediated glucose uptake’® consis-
tently and overtime. The current guidelines for physical
activity recommend adults to accumulate ~150-300 min
of moderate intensity aerobic activity throughout the
week to improve or maintain health,” including glycaemic
control (ie, glycated haemoglobin (HbAlc)) in people
with T2D." However, mounting evidence'™ indicates
that exercise timing (eg, premeal vs postmeal or morning
vs afternoon) influences glycaemic responses, yet there
are no consistent guidelines on exercise timing in any
current physical activity recommendations globally.

Multiple systematic reviews have recently examined
the effects of exercise timing on measures of glycaemic
control in people with T2D and suggest the best time
to exercise is within the first few hours after a meal.'' ™"
However, performing exercise at different times of the day
(ie, morning vs afternoon) has also shown to influence
glycaemic responses.'* '* For example, Savikj et al (2019)
recently demonstrated that 2weeks of high-intensity
interval training (HIIT; 3days/week) performed in the
afternoon improved 24hours glucose concentration by
—-0.6 mmol/L more than HIIT in the morning,14 whereas
a separate study by Teo et al (2019) found no significant
differences in any glycaemic outcomes (HbAlc, fasting or
postprandial glucose) after 12 weeks of exercise (3 days/
week) performed in the morning versus afternoon.'”
Given the inconsistent findings and broad recommenda-
tions in the current literature (ie, exercise timing relative
to time of day or meal consumption), a more person-
alised approach may be needed to target CVD and for
practitioners to prescribe exercise timing for people with
T2D. Postprandial hyperglycaemia is linked to CVD and
timing exercise to specifically target the largest postpran-
dial excursion (ie, peak hyperglycaemia) of the day may
lead to greater glycaemic benefits and reduced cardiovas-
cular risk.

It is unknown if prescribing daily exercise at a specific
time of day, to attenuate peak hyperglycaemia, will lead
to greater improvements in HbAlc compared with the
current physical activity guidelines of accumulating
~150-300min/week at any time. Further, the vascular
effects of exercising specifically to attenuate peak hyper-
glycaemia are unknown. The endothelium is a key regu-
lator of vascular homeostasis and endothelial function is
an early risk factor for CVD.'®'” Hyperglycaemia increases
production of reactive oxygen species'® and the resulting
oxidative stress reduces vascular homeostasis (ie, by
increasing vasoconstriction and decreasing vasodilation)
which can lead to endothelial dysfunction and CVD over
time. A longer-term intervention of daily exercise is now
warranted to garner a better understanding of exercise
timing on glycaemic control and to examine whether
exercising at the time of peak hyperglycaemia improves
HbAlc and reduces cardiovascular risk factors.

The aim of this trial is to determine whether exercising
to attenuate peak hyperglycaemia (exercise beginning
~30min before peak hyperglycaemia) improves glycaemic

control (HbAlc and 24hours mean, fasting and post-
prandial glucose) and reduces cardiovascular risk factors
(including lipids, C reactive protein (CRP), vascular func-
tion), more than exercising not at time of peak hypergly-
caemia (exercise ~90min after peak hyperglycaemia) or
atany time of the day (no prescribed exercise time that is,
physical activity guidelines) in people with T2D. The effi-
cacy, feasibility and adherence to prescribing an exercise
time will also be explored during a 3-month follow-up.
Given that postprandial hyperglycaemia is associated
with worsening HbAlc' and endothelial dysfunction®
in T2D, we hypothesise that exercising to attenuate peak
hyperglycaemia will lead to the greatest improvements
in glycaemic control, which in turn will improve vascular
function and reduce cardiovascular risk.

METHODS AND ANALYSIS

A single-centre randomised controlled trial will be
conducted at the University of Wollongong, Australia
from July 2019 to December 2022 (figure 1). Participants
will be recruited through online advertising using a clin-
ical trials recruitment company (Trial Facts). A medical
screening questionnaire and informed consent (online
supplemental material) will be obtained from all eligible
individuals prior to participation. Study data will be
collected and managed using the secure online REDCap
(Research Electronic Data Capture) tools hosted at the
University of Wollongong, Australia.”' **

Participants

Inclusion criteria:

» Physician diagnosed T2D (registration with the

National Diabetes Services Scheme).

HbAlc between 6.5% and 9.0%.

Aged between 40 and 75 years.

BMI between 27 and 40kg/m”.

Diabetes treated with lifestyle, oral medications and/

or intermediate/long-acting insulin

Stable weight for previous 3 months (+4kg)

Stable medications for previous 3 months

» Able to speak and understand English

Exclusion criteria:

» Any absolute contraindications to exercise (ie, muscu-
loskeletal/joint injury, etc)

» Presence or history of CVD, kidney or liver disease

» Diagnosed diabetes complications that is, neuropathy,
retinopathy and so on.

» Diabetes treated with short-acting insulin

» Uncontrolled hypertension (>160/90mm Hg)

» >150min of moderate to vigorous intensity exer-
cise/week (per Godin leisure time physical activity
questionnaire)

vyvyyvyy

vy

Study design

Seventy males and females (aged 40-75 years, BMI:
27-40kg/ m2) will be recruited and randomised to one
of three groups for 8weeks: (1) ExPeak, (2) NonPeak or
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Figure 1

Study design and flow chart. Eligible participants will be randomised (n=54) to one of three groups: (1) exercise

at peak hyperglycaemia (ExPeak; n=18), (2) exercise after peak hyperglycaemia (NonPeak; n=18) or (3) waitlist control (WLC;
n=18). Participants randomised to WLC will be rerandomised to ExPeak or NonPeak after the waitlist period. Following the 8-
week intervention (phase 1), the ExPeak (n=27) group will continue to exercise at peak hyperglycaemia, whereas the non-peak
(n=27) group will become the control (CTL; n=27) group for the 3-month follow-up (phase 2). Participants in the WLC and CTL
groups will receive standard care advice to exercise in accordance with the WHO physical activity guidelines.

(3) WLC. Participants allocated to the WLC group will
be rerandomised to the ExPeak or NonPeak intervention
group following the waitlist period. During the 8-week
intervention (Phase 1), all groups will be prescribed
~150min/week of physical activity as per the current
guidelines. The intervention groups will be prescribed
daily exercise at a specific time. During the exercise inter-
vention, participants will have five telehealth consults
with an accredited exercise physiologist, in line with
Australia’s Medicare health plan for people with diabetes.
An automatic computer-generated random number table
will be used to perform random allocation of participants
(1:1 ratio), stratified for sex and exogenous insulin usage.
A sealed envelope system will be used to blind researchers
from group allocations. Allocations will be sealed in an
opaque envelope (by a person independent to the clin-
ical trial) until a participant is enrolled and needing to
commence the intervention.

Participants will undergo a 3-month follow-up (Phase
2), where adherence to exercising at a prescribed time
(with minimal contact from the research team) will be
assessed. During Phase 2, participants in the ExPeak
group will be advised to continue exercising daily at their
time of peak hyperglycaemia and participants in the
NonPeak group will be advised to exercise in accordance
with the World Health Organization 2020 guidelines for
physical activity, that is, accumulate ~150-300 min of phys-
ical activity per week at any time of day,9 thus becoming
the control group.

Interventions

All exercise sessions will be performed in a free-living
setting (home-based) for the duration of this trial.
Participants in the ExPeak and NonPeak groups will be
prescribed ~22min of daily moderate-intensity physical

activity (aerobic exercise, eg, walking, cycling, swimming,
etc) for 8 weeks, to align with the physical activity guide-
lines of accumulating at least 150 min of aerobic activity
per week. The preintervention Continuous Glucose Moni-
toring (CGM) data (outlined below) will be used to deter-
mine time of peak hyperglycaemia. The ExPeak group
will begin exercising ~30 min before their peak hypergly-
caemia typically occurs and the NonPeak group will begin
exercising ~90min after their peak hyperglycaemia typi-
cally occurs. Participants in the control groups will exer-
cise in accordance with the physical activity guidelines.g
Exercise intensity will be determined using the Borg
Scale to indicate Rate of Perceived Exertion, which uses
numbered categories from 6 to 20 (ie, no exertion at all
to maximal exertion) to gauge how hard a person ‘feels’
they are working.23 Daily exercise should be completed
as one continuous bout but may be accumulated over a
30-min period depending on individual needs (ideally
accumulated in bouts of >10min, interspersed with short
periods of rest). Participants will have two phone consults
and five telehealth video consults with an accredited
exercise physiologist on alternate weeks throughout the
8-week exercise intervention, in addition to maintaining
standard care treatment with healthcare professionals
and habitual medication and diet.

Experimental protocol

The intervention period will be 5months in total, with
the 8week intervention (Phase 1) commencing after
2weeks of preintervention monitoring, and the 3-month
follow-up (Phase 2) commencing after 2weeks of postin-
tervention monitoring. Preassessments and postassess-
ments will be conducted at the University of Wollongong
to evaluate glycaemic and metabolic control, vascular
function and body composition (figure 2). Participants
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Figure 2 Timeline of study protocol. Participants randomised to the waitlist control (WLC) group will undergo measures
before and after an 8-week waitlist control period. Then are randomised to one of two intervention groups for 8 weeks: (1)
exercise at peak hyperglycaemia ((ExPeak) ExRx: begin exercise ~30min before peak hyperglycaemia) or (2) exercise after
peak hyperglycaemia ((NonPeak) ExRx: begin exercise ~90min after peak hyperglycaemia). All groups undergo preintervention
CGM to measure time of peak hyperglycaemic prior to interventions. Phase 1—8-week intervention: both intervention groups
will perform ~22 min of daily exercise at their prescribed time. Participants will receive two phone consults and five telehealth
video consults (via zoom or skype) with an accredited exercise physiologist. Phase 2—3-month follow-up: the ExPeak group
will continue to exercise for ~22 min/day at peak hyperglycaemia and the NonPeak group will exercise according to the physical
activity guidelines. Three adherence surveys will be conducted (at the end of each month), but no formal contact. Free Living
Assessments: 14-day CGM, 2-hour MMTT, 7-day ActiGraph activity monitoring, 7-day HR monitoring (midpoint only; polar
Bluetooth HR monitor worn on same days as ActiGraph, only during prescribed exercise), 7-day diet record, quality of life
survey and self-regulatory efficacy and physical activity questionnaire. In-lab assessments: (1) blood sample HbA1c, CRP and
blood lipids (TG, Tc, HDL and LDL); (2) vascular measures FMD and arterial stiffness via PWV/PWA; and (3) anthropometrics
(height and weight) and body composition DEXA. AEP, accredited exercise physiologist; CGM, continuous glucose monitoring;
CRP, C reactive protein; DEXA, dual X-ray absorptiometry; ExPeak, exercise at peak hyperglycaemia (intervention group); ExRX,
exercise prescription; FMD, flow-mediated dilation; HbA1c, glycated haemoglobin; HDL, high-density lipoprotein; HR, heart
rate; LDL, low-density lipoprotein; MMTT, mixed meal tolerance test; NonPeak, exercise after peak (intervention group); PWA,
pulse wave analysis; PWV, pulse wave velocity; Tc, total cholesterol; TG, triglyceride; WLC, waitlist control.

will be instructed to abstain from physical activity for raw CGM data using the following methods. After the
>24hours and to fast for ~10hours before each in-lab CGM data is cleaned and separated into full days (ie,

assessment. >24hours of uninterrupted data), maximum glucose and
A 2-week monitoring period will be conducted prein- the time it occurs will be calculated for each day of the
tervention, midway through, postintervention and after 2-week monitoring period. The average time of day that
the 3-month follow-up. Participants in the WLC group peak hyperglycaemia occurs will be then determined for
will have two additional weeks of baseline monitoring each participant—if peak hyperglycaemia occurs at the
before the waitlist period commences. Participants will same time of day (or within ~30 min) on five or more occa-
maintain normal daily activity and dietary patterns during sions over the 14 days CGM period, that time of day will
each monitoring period, except for the midpoint assess- be identified as the time of peak hyperglycaemia. Alterna-
ment where they will continue to follow intervention tively, time of peak hyperglycaemia will be calculated as
protocol. During the 3-month follow-up, participants an average from 14 days of continuous glucose measure-
will complete three short surveys (one at the end of each ments. Exercise for the ExPeak group will be prescribed
month, seven questions each) to assess adherence to the in relation to the highest peak (ie, greatest glucose excur-
exercise prescription but will otherwise have no formal sion); if there are multiple glucose excursions throughout
contact with the research team (figure 2). Other than the the day with the same peak level, participants will be given
prescribed exercise, participants will be asked to maintain an option of the times to exercise, but must stick with one
normal dietary habits and medication usage throughout time for the duration of the intervention. Time of peak
the study period. hyperglycaemia will be reassessed following the waitlist
period for participants initially randomised to the WLC

Determination of peak hyperglycaemia group and again in the ExPeak group for the 3-month

The ‘Glucose Pattern Insights’ report (automatically follow-up.

generated via LibreView software), for the 2-week prein-

tervention CGM (Freestyle Libre, Abbott), will be used Outcome measures

to determine the average time that peak hyperglycaemia ~ The primary outcome is the change in HbAlc following
occurs for each participant (figure 3). Trained researchers the 8-week intervention. Secondary outcome measures
will verify time of peak hyperglycaemia by analysing the = will examine additional indices of glycaemic control (via
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Figure 3 Example ‘Glucose Pattern Insights’ report. Via LibreView, of a 24 hours blood glucose curve averaged from 14 days

of continuous glucose measurements.

CGM-derived variables (including 24hours mean, area
under the curve (AUC), glycaemic variability, time in
range, etc) and a mixed meal tolerance test (MMTT)),
vascular function (endothelial function and arterial stiff-
ness), metabolic control (blood lipids and inflamma-
tion) and body composition (BMI, total and regional fat
and fatfree mass). Tertiary outcome measures will focus
on the efficacy, feasibility and adherence to exercise
prescription (accelerometer and surveys). Apart from
the midintervention assessment, participants will resume
normal daily living (not exercise at their prescribed time)
to assess training effects.

Glycaemic control

The primary outcome of glycaemic control will be
assessed by measuring HbAlc. A finger-prick blood
sample will be collected using a HbAlc (~2pL) specific
test disc and immediately analysed with the Cobas b 101
System (Roche Diagnostics).

Secondary glycaemic outcomes will also be assessed
with CGM and a MMTT (low glycaemic index, Glucerna).
From each 2-week CGM, we will calculate mean 24 hours
glucose, 24hours and 3hours postprandial AUC and
incremental area under the curve (iIAUC) calculated
using the trapezoid method,** hyperglycaemia (time spent
>10mmol/L), glycaemic variability (mean amplitude of
glycaemic variability) and nocturnal glucose profiles. We
will also calculate mean glucose, total AUC and iAUC for
2hours following the MMTT. The MMTT will begin after
an overnight fast (>10hours), and blood glucose will be
measured with the CGM and finger pricks (0, 15, 30, 60,
90 and 120 min) following drink consumption.

Metabolic control
Metabolic control will be assessed by measuring blood
lipids (triglyceride, total cholesterol, high-density

lipoprotein and low-density lipoprotein) and inflamma-
tion (CRP). Finger-prick blood samples will be collected
via lipid (~19pL) or inflammation (~12pL) specific test
discs and immediately analysed with the Cobas b 101
System.

Body composition

Waist to hip ratio, height and weight will be measured
to the nearest 0.1 cm and 0.1kg, respectively, using stan-
dard scales, a stadiometer and measuring tape. Total and
regional fat and fat-free mass will be measured by DEXA
(MedixDR Whole Body DEXA, Sydney, Australia).

Vascular function

Endothelial function will be assessed by measuring
endothelium-dependent flow-mediated dilation (FMD).
This technique wuses ultrasound imaging (Terason
uSmart 3300) of the brachial artery. Following 10—-15min
of laying supine (at rest), a longitudinal section of the
brachial artery, 2-3cm above the antecubital fossa, will
be imaged using B-mode ultrasound imaging (insonation
angle of 60°). A blood pressure cuff placed around the
forearm, 1-2cm below the olecranon process, will then
be rapidly inflated to ~60mm Hg above resting systolic
blood pressure for 5min. Brachial artery diameter and
blood flow velocity will be recorded for 1 min before cuff
inflation (baseline), ~30s prior to cuff release (ischaemic
stimulus), and 3 min following cuff release (recovery) 20
The ~5min recording will then be analysed with custom-
designed edge-detection and wall-tracking software
(Cardiovascular Suite, Quipu, Italy) which reduces user
bias and increases accuracy. FMD will be reported as an
absolute change in artery diameter (absolute FMD = post-
occlusionmwn diameter preocclusionmeam diamem), and a rela-
tive change in artery diameter from baseline (%FMD=100
x (absolute FMD/preocclusion )). Allometric

mean diameter
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scaling will be used to account for potential confounders
from baseline diameter.?®?’

Blood flow (mL/min) will be measured using non-
invasive Doppler from the cross-sectional area and blood
velocity (velocity x m x (diameter2/4)x60). Shear rate
(s-1) will then be determined from the diameter and
velocity measures (four times velocity/diameter).” Shear
rate area under the curve (SR,;,) will automatically be
calculated from the diameter and velocity measures from
the time of cuff release to peak dilation of the artery.
Antegrade and retrograde mean blood velocities will
be used to calculate baseline antegrade and retrograde
shear rates (four times mean baseline antegrade or retro-
grade velocity + mean baseline diameter), and the mean
blood flow to mean arterial pressure ratio will be used
to measure vascular conductance (mL/min/mmHg) 2526

Central arterial stiffness will be assessed via pulse wave
analysis (PWA) and pulse wave velocity (PWV) measure-
ments (SphygmoCor XCEL System, AtCor Medical). PWA
will be used to measure central blood pressure. A brachial
blood pressure cuff will be inflated and the central
aortic pressure waveform, derived from pulsations at the
brachial artery, will be recorded for 5s and then automat-
ically analysed through the SphygmoCor software. Key
parameters of central blood pressure and arterial stiffness
will be determined from the aortic waveform including
systolic pressure, diastolic pressure, pulse pressure, aortic
pressure, augmentation index and mean arterial pres-
sure. PWV will be measured by holding a tonometer on
the carotid artery for 10-15s, while a femoral blood pres-
sure cuff is automatically inflated. Once fully inflated,
the femoral cuff and carotid tonometer will simultane-
ously record a 10s capture of the carotid and femoral
pressure waveforms. PWV will then be calculated by
dividing the carotid—femoral distance by the pulse transit
time; the carotid—femoral distance will be calculated by
subtracting the proximal distance (distance between the
carotid artery and sternal notch) from the distal distance
(distance between the sternal notch and proximal edge
of the femoral cuff) (PWV (m/s) = (distal — proximal
anee)/ transit time) 2 Measurements will be performed in
duplicate. A third measurement will be taken if the differ-
ence between the two PWV values is >0.5 m/s and the
average of the three values will be used.

An automatic blood pressure monitor (Oscar2 Ambu-
latory Blood Pressure Monitor with SphygmoCor inter-
facing, SunTech Medical) will also be used to continuously
assess blood pressure and pulse wave analyses every hour
for 24 hours. We will report 24 hours blood pressure as an
average of 24 measurements.

Diet and physical activity monitoring

Participants will complete a 7-day diet record during each
2-week monitoring period. Food diaries will be analysed
(using FoodWorksl10 Nutrition Software) to confirm
macronutrient composition and total energy intake are
consistent throughout the study period. Physical activity
will be monitored during the same 7-day period using an

accelerometer (ActiGraph Bluetooth Smart wGT3X-BT),
worn around the waist during wake hours. Physical activity
and sedentary time will be compared between groups at
each timepoint during wake hours. The accelerometers
will also be used to confirm exercise intensity and compli-
ance to the exercise prescription. A heart rate monitor
(Polar H7 Bluetooth Heart Rate Monitor) will be worn
during the midpoint monitoring period on the same days
as the accelerometer, only during the exercise sessions, to
assess exercise intensity.

Adherence and lifestyle questionnaires

Participants will complete a quality of life (SF-36) survey and
a selfregulatory efficacy and physical activity questionnaire
during each 2-week monitoring period. Participants will also
complete three surveys during the follow-up period, one
at the end of each month that is specific to their exercise
group, to assess adherence to exercise prescription between
the ExPeak and control groups. Surveys will include ques-
tions on known perceived facilitators and barriers to filling
the exercise prescription and, in turn, support or aggrava-
tion of intervention efficacy. Such factors will include the
availability of nearby green and open spaces (eg, beaches,
parks)™ and levels of felt safety to exercise outdoors during
the day and evening hours.”"

Remote participants

Participants who cannot attend the university (eg, due to
COVID-19 restrictions) for in-lab assessments will receive
a home-based testing kit (via mail) which includes a dried
blood spot test kit (ZRT Laboratory kit for measurement
of HbAlc, lipids, CRP and insulin), CGM, accelerometer
and Glucerna MMTT drink. Instructions will be provided
and followed-up via a phone or video call. All other study
protocols will be the same, however data for the DEXA and
vascular assessments will not be available.

Statistical analysis

Sample size

Sample size was calculated based on a previous study inves-
tigating the effect of exercise timing in people with T2D,
where they reported a difference of -0.6 mmol/L in 24hours
blood glucose between exercise performed in the morning
versus afternoon.'! To detect a clinically meaningful change
in HbAlc between groups, with a moderate effect size
of 0.2, statistical power of 80%, and an alpha level of 0.05
(two-sided), a total of ~54 participants (27 per intervention
group) is required for this trial. The power calculation is
based on the change in HbAlc from a previous trial in our
lab in people with T2D.” To account for an expected 30%
drop-out rate, 70 participants will be recruited.

Statistics

This study will be reported according to the CONSORT
2010 Statement and the CONSERVE 2021 Statement for
randomised controlled trials. Descriptive statistics will be
assessed (means, SD and frequencies), and histograms,
Q-Q plots and the Shapiro-Wilk test will be used to identify
outliers and test for normality. Linear mixed models (with
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time x intervention, and main effect of time) will be used
to assess differences between groups, for primary (HbAlc)
and secondary (CGM, MMTT, vascular function, meta-
bolic control and body composition) outcomes. Tertiary
outcomes (eg, adherence to the exercise prescription) will
be analysed from the accelerometer and follow-up surveys
(Qualtrics™). Attention to treat analyses will be performed
for primary analyses (Phase 1) and per protocol analyses will
be undertaken for secondary and tertiary outcomes (Phase
2). Data with skewed distribution will be log-transformed or
square-rooted prior to the statistical analysis. For the 3-month
follow-up, intention to treat analysis will be used and missing
data will not be imputed.

Patient and public involvement
No patient involved.

ETHICS AND DISSEMINATION

This research has been reviewed and approved by the Univer-
sity of Wollongong Human Research Ethics Committee
(2019/ETHO09856). This trial was prospectively registered
at the Australian New Zealand Clinical Trials Registry
(ACTRN12619001049167). Written informed consent will
be obtained from all eligible individuals prior to commence-
ment of the trial. Participants will remain anonymous, and
all collected data will be deidentified and coded. An alpha-
numerical code (stored on a password-protected central
spreadsheet) will be allocated to each participant and used
for identification on all subsequent paperwork. All results
from the study will be published as peerreviewed articles
in international journals, presented at international confer-
ences and promoted through social media. Changes to the
protocol due to COVID-19 will be reported according to the
CONSERVE 2021 Statement.””

DISCUSSION

The primary objective of this trial is to determine if strategi-
cally timing exercise, to reduce daily peak hyperglycaemia,
will improve glycaemic control and lower cardiovascular risk
factors in people with T2D. This is the first study to inves-
tigate whether prescribing exercise that is personalised to
target daily peak hyperglycaemia, using CGM, can improve
cardiovascular risk factors in T2D. Based on evidence from
prior research,'’ *7 it is hypothesised that strategically
timing daily exercise to attenuate peak hyperglycaemia will
improve glycaemic control (HbAlc), and the reduction in
peak glycaemia will improve vascular function (endothelial
function and arterial stiffness), blood lipids and CRP, more
than exercising not at peak hyperglycaemia or control stan-
dard care (ie, physical activity guidelines).

Recent evidence suggests exercise timing may be
important to offset circadian rhythms'* and to target post-
prandial hyperglycaemia'' in T2D. However, there are no
recommendations for exercise timing in the current physical
activity guidelines (ie, physical activity can be accumulated at
any time throughout the week). Further, adherence to the

current recommendations is notoriously poor. Regardless
of the effectiveness for an intervention to improve diabetes
management, findings will only be translatable if patients
comply with and adopt to the treatment over the long-term.
Therefore, adherence to prescribed daily exercise time
(ie, creating more of a habit) will be assessed for 3months
following the 8-week intervention. Exercising at the time of
peak hyperglycaemia may improve self-efficacy to the exer-
cise prescription, as results from the CGM data (pre/mid/
post 8-week intervention) will allow participants to see the
direct impact of exercise on blood glucose levels. Use of
CGM in this trial not only offers the distinct advantage of
determining time of peak hyperglycaemia, but will also allow
us to examine any changes in daily glycaemic patterns, such
as glycaemic variability, which are more closely related to
cardiovascular risk than HbAlc.” If strategically timing exer-
cise to attenuate peak hyperglycaemia improves long-term
glycaemic control (HbAlc), reduces cardiovascular risk
(endothelial dysfunction and arterial stiffness) and improves
exercise adherence then this may be an alternative recom-
mendation for physical activity prescription in people with
T2D.

Strengths and limitations

This is the first randomised controlled trial to examine the
effects of personalising exercise timing to attenuate peak
hyperglycaemia (determined via CGM technology) on
cardiometabolic and vascular health outcomes in individ-
uals with T2D. This study will be conducted in free-living
conditions, with exercise performed at home and contact/
delivery of Phase 1 (8-week exercise intervention) mirroring
standard care (five telehealth calls with an exercise physiolo-
gist), while Phase 2 (3-month follow-up) will assess adherence
to the exercise prescription (with minimal contact from the
research team); thus informing us of the real-world appli-
cability of the proposed exercise prescription. In addition,
this study will use a variety of data collection methods (in-
lab and free-living) to objectively measure cardiometabolic
health, vascular function, physical activity and behaviour
change across the trial. Due to the COVID-19 pandemic,
remote participants from across rural and urban Australia
will be included, allowing for a wider range of individuals
to be recruited while adhering to the COVID-19 restric-
tions. However, this is also a limitation as the vascular and
body composition measures will be excluded for those who
cannot attend university assessments, and dried blood spot
testing kits will be used rather than the gold-standard plasma
measurement of HbAlc. Finally, a limitation of the waitlist
control group is the potential overestimation of intervention
effects and bias in favour of the treatment group. Neverthe-
less, inclusion of the waitlist control group will provide insight
on the cause—effect relationship between the intervention
and subsequent health outcomes/behaviour changes, as
these participants will follow a delayed-start design (ie,
will receive treatment following the waitlist period), thus
allowing for direct comparisons to be made under various
conditions with reduced error variance and not withholding
treatment to individuals.
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