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1 | INTRODUCTION

Most studies on exercise and glycemic regulation have been con-
ducted in supervised laboratory/research settings where exercise
compliance is ensured with diet and medications controlled'™> making
it difficult to draw real-world insights. New developments in technol-
ogy have made real-world monitoring of exercise a viable alternative
to traditional in-person exercise supervision.® However, the effects of
free-living exercise on glycemic regulation are virtually unknown. We
aimed to determine if a 210-min bout of purposeful exercise per-

formed in a real-world setting leads to improvements in glucose

Trial registration: ClinicalTrials.gov NCT04653532.

regulation assessed by continuous glucose monitoring (CGM) in indi-

viduals with recently diagnosed type 2 diabetes.

2 | METHODS

21 | Research design

We performed a secondary analysis of the MOTIVATE T2D trial
(NCT04653532), a two-centre (UK and Canada), parallel-group ran-
domized controlled trial (RCT) investigating the feasibility of an
mHealth exercise intervention vs. active control for individuals with
recently (5-24 months) diagnosed type 2 diabetes. Detailed methods
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are provided in the published protocol” and main trial papers. Key eli-
gibility criteria can be found in Table S1 and Supporting Information
Methods.

Participants (N = 120) completed baseline assessments before a
26-week exercise intervention. Follow-up assessments took place
during the final 2 weeks of the intervention (sample time period 1, T1;
weeks 24-26) and 6 months later (sample time period 2, T2; weeks
50-52). During both 14-day periods, participants wore a blinded con-
tinuous glucose monitor (Freestyle Libre Pro, Abbott Technologies) on
the upper arm while continuing their exercise programme. Exercise
sessions in the intervention group were tracked using a Polar Ignite
fitness watch and Polar Verity Sense heart rate strap. As heart rate
data were required to verify exercise sessions, data from the interven-

tion group (n = 61) only were analysed.

2.2 | Exercise program

Over 24 weeks leading to T1, participants received a personalized
progressive exercise program (performed independently). The exercise
prescription aimed to increase intensity and duration in the first
12 weeks to meet the physical activity (PA) guidelines and then main-
tain this level of activity for the next 14 weeks (150-300 min of
moderate-to-vigorous activity per week).>

221 | Progression of Exercise Program
Although individualized, exercise progression was guided by an age-

predicted maximum heart rate (HR.,)-based framework:

1. Moderate aerobic training began at 50%-60% HR.x for 20 min
per session in week 1 and incrementally increased to 45 min by
week 12, maintaining the same heart rate (HR) range throughout.
Warm-up included an additional 5 min at low intensity (<60%
HRmax)-

2. Vigorous aerobic training also started at 50%-60% HRa.—6 min
at the HR,,. target in week 1—with session duration rising to
25 min at the HR,,. target by week 12. In week 3, the HR,. tar-
get shifted upward to 60%-70% for the remainder of the interven-
tion. Warm-up included an additional 5 min at low intensity (<60%
HRmax)-

3. Interval training was prescribed at 80%-90% HR.x with total
work time progressing from 4 min at the HR .., target in week 1 to
9 min at the HR ., target by week 12. Warm-up included an addi-
tional 2 min at low intensity (<60% HR ay)-

4. Strength training started with three sets of five exercises per ses-
sion and was scaled to four sets of six exercises by week 12.
Warm-up included an additional 2 min at low intensity (<60%
HRmax)-

Exercises were individually tailored and included moderate and

vigorous aerobic, interval, and strength training based on participant

TABLE 1
at the primary 24-week time point (T1).

Descriptive characteristic

Overall, N
Sex
Male, n (%)

Female, n (%)
Age, years, mean (SD)
40-60, n (%)
>60, n (%)
Diagnosis, months
0-6,n (%)
7-12,n (%)
13-18,n (%)
19-24,n (%)

Baseline HbA1c, %, mean (SD); mmol/mol, mean

(SD)
<6.0,n (%)
6.0-6.5,n (%
6.5-7.0,n (%
7.0-7.5,n (%
7.5-8.0,n (%
>8.0, n (%)

BMI (body mass index), kg/m?, mean (SD)
<25.0,n (%)
25.0-30.0, n (%)
>30.0, n (%)

)
)
)
)

Mean arterial pressure, mmHg, mean (SD)
<90, n (%)
90-92, n (%)
92-96, n (%)
>96, n (%)
CGM wear time, days, mean (SD)
<7,n (%)
7-10, n (%)
11-14,n (%)

Total exercise-energy expenditure during
2 weeks, kcal, mean (SD)

<500, n (%)
500-1500, n (%)
>1500, n (%)

Number of exercise sessions over the 2 weeks,

mean (SD)
0, n (%)
1,n (%)
%)
%)
>3, n (%)

2,n(
3,n(

Note: Descriptive statistics of the participants at T1.

Descriptive statistics of participants included in analyses

Participant
characteristic

Time point 1 (T1)
45

23 (51)

22 (49)

57 (8)

30 (67)

15 (33)

13(7)
13(29
11 (24
10 (22
11 (24
6.7 (1.1); 50 (12.0)

)
)
)
)

10(22)
11(24)
10 (22)
4(9)
2(4)
4(9)
32.9(5.3)
1(2)
12(27)
32(71)
95.6(9.6)
11(24)
8(18)
3(7)

23 (51)
12.6 (2.5)
3(7)

1(2)
41(91)
1757 (1501)

7 (16)
20 (44)
18 (40)
7(7)

0(0)
6(13)
5(11)
3(7)
31(69)
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preference. All exercise types (aerobic, strength, classes, sports) and
modes (gym, outdoor, home, commuting) were offered to increase
adherence. From weeks 27-52, participants maintained their exercise

routine with no further support.

2.3 | Exercise session analysis

Raw 1-Hz HR data were extracted for each exercise session and com-
pared with time-aligned CGM data from T1 (24-26 weeks with sup-
port; main analyses) and T2 (50-52 weeks without support;
supplementary analyses).

Sessions 210 min in duration were included and corroborated by
cadence/speed/GPS data, participant notes, and text messages. Valid
sessions contributed to the analysis of exercise and non-exercise days.
An exercise day was defined as the 24-h period following an exercise
session. A non-exercise day was a 24-h period without exercise in the
preceding 48 h, in line with guidelines that state no more than 2 days
should elapse between exercise sessions.>

24 | CGM analysis

CGM data were retrieved using LibreView software. Time-aligned exer-
cise and non-exercise days were marked in the CGM file, and metrics
were calculated for the 24 h after using the Diametrics platform.” Ses-
sions required valid HR data, a CGM reading within 10 min before the
exercise session, and consistent CGM data for 24 h afterward.

2.5 | Statistical analysis

Baseline characteristics are presented as means (standard deviation,
SD) for continuous or N (%) for categorical variables. A linear mixed
model examined differences in the primary (24-h mean glucose) and
secondary (other CGM metrics) outcomes between exercise and non-
exercise days at T1 and T2. Further details can be found in Supporting
Information Methods.

3 | RESULTS

3.1 | Study participants

At T1, 45/61 participants (49% female) had sufficient CGM data for at
least one exercise session/day in the 14-day period. Participant char-

acteristics are provided in Table 1.

3.2 | Exercise sessions and heart rate

Three-hundred exercise sessions were recorded from 45 participants

at T1 and 105 sessions were recorded among 18 participants at T2.

TABLE 2 Descriptive statistics of the exercise sessions included
in analyses at the primary 24-week time point (T1).

Exercise sessions
characteristic

Time point 1 (T1)

Descriptive characteristic

Overall, N 300

Sex -
Male, n (%) 189 (63)
Female, n (%) 111 (37)

Age, years, mean (SD) —
40-60, n (%) 187 (62)
>60, n (%) 113 (38)

Diagnosis, months -
0-6,n (%) 86 (29)
7-12,n (%) 57 (19)
13-18,n (%) 59 (20)
19-24,n (%) 98 (33)

Baseline HbA1c, %, mean (SD); mmol/ —

mol, mean (SD)
<6.0, n (%) 65 (22)
6.0-6.5, n (%) 132 (44)
6.5-7.0, n (%) 50(17)
7.0-7.5,n (%) 15 (5)
7.5-8.0, n (%) 6(2)
>8.0, n (%) 17 (6)

BMI (body mass index), kg/m?, mean (SD) —
< 25.0,n (%) 10 (3)

25.0-30.0, n (%) 92 (31)
>30.0, n (%) 198 (66)
Mean arterial pressure, mmHg, mean (SD) —
<90, n (%) 53(18)
90-92, n (%) 35(12)
92-96,n (%) 21(7)
>96, n (%) 191 (64)
Exercise session duration, minutes, mean 65 (43)
(SD)
<10, n (%) 0(0)
10-30, n (%) 78 (26)
>30, n (%) 221 (74)
Average HR, bpm, mean (SD) 110 (9)
<100 bpm, n (%) 61 (21)
100-120 bpm, n (%) 170 (60)
>120 bpm, n (%) 53(19)

Note: Descriptive statistics of the exercise sessions at T1.

HR data and a breakdown of exercise types comprising the exercise
sessions can be found in Table S8. Sixty-three percent of the exercise
days were measured on a weekday and 37% were on a weekend.
Additional characteristics of the participants contributing exercise ses-

sions to the analysis at T1 are in Table 2 (see Table S3 for T2 details).
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FIGURE 1 Estimated marginal means with individual data points and the corresponding confidence intervals from continuous glucose

monitoring (CGM) outcome variables at the 24-week time point (T1) based on N = 45 participants with valid CGM data and at least one exercise
session. * indicates statistical significance, p < 0.05.

3.3 | Non-exercise days

34 |
exercise days

A total of 106 non-exercise days were identified at T1 and 53 were

identified at T2. Fifty-six percent of the non-exercise days were mea-

sured on a weekday and 44% were on a weekend.

Glycemic regulation on exercise versus non-

At T1, a significant reduction of —0.2 mmol/L (95% CI [-0.4, 0.0],

p = 0.01) in 24-h mean glucose was evident when comparing exercise
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days to non-exercise days (Figure 1). Compared with non-exercise
days, exercise days also had lower minimum glucose (—0.3 mmol/L;
95% Cl [-0.5, —0.1], p = 0.01), lower area under the curve (AUC)
(—0.2 mmol/L/h.; 95% CI [-0.3, —0.9], p = 0.03), lower high blood
glucose index (HBGI; —0.6; 95% CI [-1.2, —0.1], p = 0.03) (Figure 1),
and a reduction in time spent in level 2 hyperglycemia (above
13.9 mmol/L) (—1.2%; 95% CI [-2.4, —0.1], p =0.03) (Table S4).
These results are supported by analysis of the exercise sessions from
T2, where significant reductions in mean 24-h glucose, minimum glu-
cose, AUC, and HBGI were also noted (see Table Sé). For complete-
ness, all consensus reporting CGM metrics*® can be found in
Tables S6 and S7.

4 | DISCUSSION

This study provides the first, to our knowledge, real-world evidence
that individuals living with recently diagnosed type 2 diabetes have
improved glycemic regulation for 24 h after a bout of unsupervised
exercise.

The primary strength of this study is that it presents results from
a large sample of free-living exercise sessions, with high ecological
validity, showing that exercise can benefit glycemic regulation outside
of controlled lab-based studies. Knowing that a bout of exercise, per-
formed in the real world without supervision or dietary control, can
improve CGM metrics, should empower patients and clinicians. A
reduction in mean 24-h glucose, minimum glucose, glucose AUC, and
HBGI would be expected over time to contribute to improvements in
clinical markers such as glycated haemoglobin (HbA1C); supported by
the improved estimated glycated haemoglobin (eA1C) in our results
(Table S3). The synergy arising from the mHealth nature of the study
also highlights the potential for this approach to exercise therapy
when hands-on resources are limited.

Several factors warrant consideration when interpreting these
findings. This study was a secondary, exploratory analysis of a larger
RCT, and data were not collected with the primary aim of addressing
the research question reported here (e.g., an a priori sample size calcu-
lation was not conducted). Only 45 participants (300 exercise
vs. 106 non-exercise days) contributed CGM data at post-intervention
and 18 participants at 6-month follow-up (105 exercise vs. 53 non-
exercise days), so though the day-level mixed-effects estimates may
be strong at T1 and exploratory at T2, both require confirmation in
larger cohorts. Secondly, the glucose-lowering effect of real-world
exercise appeared lower than prior studies with supervised exercise
and controlled dietary conditions, which is perhaps not surprising
given that exercise dose, diet, and medications were not standard-
ized.>>* Although this analysis lacked dietary, pharmacologic, or beha-
vioural standardization (e.g., medication adjustments, sleep, or stress),
this “uncontrolled” context is also a key strength. It demonstrates that
even in the real world, bouts of unsupervised exercise yield modest
but clinically meaningful improvements in 24-h glycemic control. The
mechanisms underlying lower 24-h glucose following exercise are

likely related to improved insulin sensitivity, but we cannot rule out

other potential contributing factors (e.g., compensatory changes to
diet, sleep, stress, activity, etc.). Additionally, individual variability in
response to exercise and underlying metabolic health may modulate
the magnitude of glycemic changes observed, and the study was not
able to explore individual predictors of response.

In conclusion, we provide the first real-world evidence that a single
bout of exercise lowers glucose over the subsequent 24 h in people
with recently diagnosed type 2 diabetes. The findings explicitly rein-
force the PA guidelines for type 2 diabetes, which state that individuals
should not allow more than 2 days to elapse between exercise ses-
sions.?* This study adds important real-world data to support the role
of exercise in managing blood glucose in people with type 2 diabetes.
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