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Glucose Changes with 497 adults with type 1 diabetes (ages 18 to 68 years)
Exercisein T1D Randomly assigned to “at home” study exercise sessions for 4 weeks
Exercise
Time of day

Resistance

Age Exercise type Aerobic Exercise §
Exercise
Sex Recent glucose N=162 = N=170
trends
Activity habits Heart rate Measurements: CGM-based glycemia, insulin delivery, continuous heart rate
Duration of T1D Nutrition monitoring, activity patterns, food intake, sleep patterns, etc.

HbA1c levels Insulin on board

Outcomes: Change in glucose during exercise, time in range 70-180 mg/dL (TIR), on
active days and sedentary days

Primary Results: A [Glucose] s A [Glucose]
Mean + SD glucose change during study exercise -18 + 39 mg/dL -9 +36 mg/dL

Exercise type, sex, baseline HbA1c, pre-exercise glucose level, rate of change in glucose before
exercise, baseline heart rate, exercise time of day, insulin on board

Sleep patterns

[ Factors influencing glucose responseto exercise:

-~

Secondary Findings: Sedentary day TIR (70-180 mg/dL) 69 +23% 71+£22% 69 + 22%
Exercise day TIR (70-180 mg/dL) @uEm®» 76 +20% 76 +20% G 76+ 19%

Summary: Greater drops in glucose occur with aerobic exercise as compared to interval or resistance exercise. However, significant
improvements in daily TIR occur with all three forms of exercise. Several event-level and participant-level factors influence the glucose
\_response to exercise, which may need to be consideredforthe development of new automated insulin delivery systems for T1D.

Type 1 Diabetes Exercise Initiative

ARTICLE HIGHLIGHTS

e Glucose drop during structured at-home exercise was greatest with aerobic exercise, followed by high-intensity
interval exercise and resistance exercise, in adults with type 1 diabetes.

 |n addition to exercise type, factors that influenced glucose change during exercise included pre-exercise glucose
concentration, sex, baseline HbA. level, pre-exercise heart rate, exercise time of day, and on-board insulin level.

 Structured aerobic, interval, and resistance exercise increased daily time in range by 6% in adults with type 1 dia-
betes who had good glycemic control, but they also increased 24-h time below range, even in those using hybrid
closed-loop insulin delivery systems.
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Type 1 Diabetes in a Real-World
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OBJECTIVE

Maintenance of glycemic control during and after exercise remains a major chal-
lenge for individuals with type 1 diabetes. Glycemic responses to exercise may
differ by exercise type (aerobic, interval, or resistance), and the effect of activity
type on glycemic control after exercise remains unclear.

RESEARCH DESIGN AND METHODS

The Type 1 Diabetes Exercise Initiative (TIDEXI) was a real-world study of at-
home exercise. Adult participants were randomly assigned to complete six struc-
tured aerobic, interval, or resistance exercise sessions over 4 weeks. Participants
self-reported study and nonstudy exercise, food intake, and insulin dosing (multi-
ple daily injection [MDI] users) using a custom smart phone application and pro-
vided pump (pump users), heart rate, and continuous glucose monitoring data.

RESULTS

A total of 497 adults with type 1 diabetes (mean age * SD 37 + 14 years; mean HbA,
+SD 6.6 + 0.8% [49 + 8.7 mmol/mol]) assigned to structured aerobic (n = 162), interval
(n = 165), or resistance (n = 170) exercise were analyzed. The mean (t SD) change in
glucose during assigned exercise was —18 + 39, —14 + 32, and —9 * 36 mg/dL for aer-
obic, interval, and resistance, respectively (P < 0.001), with similar results for closed-
loop, standard pump, and MDI users. Time in range 70-180 mg/dL (3.9-10.0 mmol/L)
was higher during the 24 h after study exercise when compared with days without ex-
ercise (mean £ SD 76 + 20% vs. 70 * 23%; P < 0.001).

CONCLUSIONS

Adults with type 1 diabetes experienced the largest drop in glucose level with
aerobic exercise, followed by interval and resistance exercise, regardless of insu-
lin delivery modality. Even in adults with well-controlled type 1 diabetes, days
with structured exercise sessions contributed to clinically meaningful improve-
ment in glucose time in range but may have slightly increased time below range.

Regular exercise is recommended for adults living with type 1 diabetes for a variety of
health and fitness reasons (1,2). However, only ~30% of adults with type 1 diabetes
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achieve the recommended 150 min per
week of accumulated moderate- to vigor-
ous-intensity exercise (3), with hypoglyce-
mia identified as one of several barriers
to engagement (4).

A single bout of exercise can promote
a drop or rise in glucose level (5), al-
though considerable interindividual varia-
tion in the acute glucose responses to
aerobic (6,7) or anaerobic (8) exercise ex-
ists, even when exercise conditions are
standardized in a laboratory environment.
There are likely many factors that influ-
ence glycemic responses to exercise, such
as exercise type, carbohydrate intake, on-
board insulin level, and counterregulatory
hormone levels. Our understanding of the
magnitude of effect of these and other
variables, such as sex, fitness level, insulin
delivery modality, and recent glycemic
control, remains unclear (9).

To provide needed data for develop-
ing new adult-specific type 1 diabetes
exercise management guidelines and in-
forming automated insulin delivery sys-
tem algorithms, we conducted a large
at-home observational study to exam-
ine acute effects of structured aerobic,
high-intensity interval, and resistance
exercise on glycemia, as measured by
continuous glucose monitor (CGM),
across a range of patient characteristics.

RESEARCH DESIGN AND METHODS

Study Design and Population
Participants learned of this study through
social media, diabetes interest groups, and
endocrinology centers. An institutional re-
view board approved the study, and elec-
tronic informed consent was obtained
from each participant. Participants were
U.S. residents age =18 years with type 1
diabetes for at least 2 years who were
using a commercially approved hybrid
closed-loop (HCL) system, a standard insulin
pump, or multiple daily injections (MDls)
to administer insulin. Detailed eligibility cri-
teria are listed in Supplementary Table 1.

Participants self-reported their diabetes
history (recent HbA;, insulin delivery mo-
dality, and so on), hypoglycemia awareness
(Clarke Hypoglycemia Awareness Question-
naire), sleep quality (Pittsburgh Sleep Qual-
ity Index), and physical activity patterns
(International Physical Activity Question-
naire) via an online portal. Participants
then completed a virtual visit to review
the study protocol and set up study devi-
ces and smart phone applications.

Participants were randomly assigned
to complete one of three video-guided
exercises (aerobic, interval, or resistance)
at home for a total of at least six sessions
throughout a 4-week observational pe-
riod. Study exercise assignment was strat-
ified by insulin administration method
(HCL, standard pump, or MDI), age group
(18-25, 26-44, or 45-70 years), and sex.
Study videos were 30 min in duration, in-
cluding warm-up and cool-down periods
that lasted ~3 min each, and were de-
signed to elicit a target heart rate based
on exercise type: 70-80% of the age-
predicted maximal heart rate (aerobic),
up to 80-90% of age-predicted maximal
(interval), or major muscle group fatigue
after three sets of eight resistance-band
repetitions (resistance). Participants were
asked to complete study exercise sessions
each week, with no restrictions on the
time of day for exercise or frequency of
sessions completed. Participants were also
encouraged to continue their usual regi-
mens of activity, nutrition, and insulin dos-
ing for exercise and achieve =150 min of
weekly physical activity, inclusive of the
study exercise video sessions.

Participants used a study-developed,
cloud-connected smartphone application
(TADEXI app) to enter information about
study exercise and other personal physi-
cal activities, including work and chores
(6). Activity entries included time, dura-
tion, activity type, self-reported exercise
intensity rating, if activity was competi-
tive, and timing since last meal. Self-
reported food intake through the T1DEXI
app included carbohydrate content and
categorical (low/small, typical, or high/
large) estimates of fat and protein con-
tent as well as meal size.

Participants used their personal Dex-
com G6 CGM (San Diego, CA), or a
blinded Dexcom G6 CGM if they did
not use a personal Dexcom G6 CGM,
as well as a Verily Study Watch (South
San Francisco, CA) to collect continu-
ous heart rate data. During study exer-
cise, participants were asked to wear a
Polar H10 chest strap heart rate system
(Polar Electro Oy, Kempele, Finland) to
gauge their relative exercise intensity.

Statistical Analyses and Outcomes

The primary analysis assessed the mean
change in glucose level during study ex-
ercise sessions by assigned exercise type
and by insulin delivery modality using a
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mixed-effects linear model, adjusted for
baseline glucose, age, and sex as fixed
effects and a random participant effect.
A sample size of 660 was calculated such
that the margin of error of a 95% Cl on
the adjusted mean change in glucose dur-
ing exercise was at most 5 mg/dL for
each exercise type and for each insulin
modality stratum. Inclusion in the primary
analysis required a study exercise session
with duration =10 min, a CGM reading in
the 10 min before the exercise session,
and a CGM reading in the 10 min after
the end of the exercise session.
Secondary analyses compared glyce-
mic outcomes on study exercise days
with those on sedentary days. A study
exercise day was defined as a 24-h pe-
riod after the end of a study exercise
session, whereas a sedentary day was
defined as a 24-h period without any
exercise (study or personal) in the cur-
rent or past 24 h. In the pilot T1DEXI
study (10), the effect of exercise on gly-
cemia seemed to last 12-16 h, so for
this study, a sedentary day could start
24 h after an exercise session. Outcomes
were summarized as means and SDs or
summary statistics appropriate to the
distribution. Exploratory analyses as-
sessed the impact of different event-
and participant-level factors on change
in glucose during study exercise and over-
all glycemia on study exercise and seden-
tary days. Multiple comparisons were
corrected using the Benjamini-Hochberg
adaptive false discovery rate correction
procedure (11). Additional details of the
statistical methods are described in
Supplementary Table 2.

RESULTS

Study Participants

A total of 561 adults with type 1 diabetes
enrolled, and 497 had sufficient CGM
data for at least one study exercise event
in the 4-week observational period for in-
clusion in the analyses (n = 162 were as-
signed to study aerobic exercise, n = 165
to interval exercise, and n = 170 to resis-
tance exercise) (Supplementary Fig. 1).
For HCL and standard-pump groups, the
margin of error of the 95% Cl on the ad-
justed mean change in glucose during ex-
ercise was between 4 and 5 mg/dL for
the three exercise types, whereas for the
MDI group, the margin of error was
between 6 and 7 mg/dL for the three
exercise types. Sufficient CGM data were
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available for 398 participants for the sec-
ondary analyses.

Participants had a mean (range) age
of 37 (18-70) years, mean + SD HbA;.
of 6.6 + 0.8% (49 + 8.7 mmol/mol), and
mean = SD disease duration of 18 + 13
years, and they reported a median of
2,319 weekly MET minutes of physical
activity before study initiation. Ninety-
five percent were current CGM users
(89% Dexcom, 9% Medtronic, and 3%
Abbott). Insulin delivery was by HCL in
45% (84% Tandem and 16% Medtronic),
standard pump in 37%, and MDIs in
18%. Other baseline characteristics are
listed in Supplementary Table 3.

Ninety-seven percent of the 497 par-
ticipants completed the full 28-day ob-
servation period. Eighty-nine percent of
the 497 participants completed the tar-
get of at least six study exercise sessions
during their 4-week study period, with an
additional 6% completing five study exer-
cise sessions. The median time between
study exercise sessions was 4.0 days
(interquartile range [IQR] 2.1-6.0 days).
The median duration of all study exercise
sessions was 30 min (IQR 22-30 min).
Overall, participants were physically active
for a median (IQR) of 4.3 (3.0-6.2) hours
per week; the prescribed exercise video
sessions accounted for 0.7 (0.6-0.8) of
these hours per week. The median (IQR)
daily step count was 7,991 (6,200-10,487)
(Supplementary Table 4). Overall, a total
of 2,756 study video exercise sessions
(905 aerobic, 903 interval, and 948 re-
sistance) were logged that met criteria
for primary analyses.

Heart Rate at Baseline and During
Study Exercise

Baseline heart rate (mean + SD) was 74 +
11, 74 £ 10, and 74 £ 10 bpm in the aer-
obic, interval, and resistance exercise
video sessions, respectively, increasing to
a peak of 145 + 16, 134 £ 17, and 129 £
17 bpm, respectively, or 65 + 15%, 56 +
18%, and 52 + 15% of age-predicted max-
imal heart rate, respectively.

Changes in Glucose Concentration
by Exercise Type

The mean * SD baseline (pre-exercise)
glucose level was 149 + 52 mg/dL and
was similar among the three exercise
types and insulin delivery modalities. The
mean * SD change in glucose was —18 +
39 mg/dL during aerobic compared with
—14 + 32 mg/dL during interval (adjusted

difference —4 mg/dL; 95% Cl —8 to
—1 mg/dL; P = 0.02) and —9 + 36 mg/dL
during resistance exercise (adjusted dif-
ference —10 mg/dL; 95% ClI —13 to
—6 mg/dL; P < 0.001). The adjusted
difference between interval and re-
sistance exercise was —5 mg/dL (95% Cl
—9 to —2 mg/dL; P = 0.003). Aerobic ex-
ercise resulted in a larger drop in glucose
compared with interval and resistance
exercise, regardless of the insulin delivery
modality (Fig. 1). Similarly, the median
(IQR) change in glucose during exercise,
as measured from baseline to nadir, was
—14 (—33 to —1), —10 (—26 to 0), and
—8 (—26 to 0) mg/dL in the aerobic, in-
terval, and resistance sessions, and this
was similar among the insulin delivery
modalities (Supplementary Table 5). Re-
producibility in response to study exer-
cise glucose change within each study
participant was variable within each
study exercise type (overall intraclass
correlation coefficient 0.12).
Temporary basal rates and/or periods
of basal rate suspensions were strategies
used during study exercise; suspensions
were more common for those using auto-
mated insulin delivery (Supplementary
Table 6). Carbohydrate intake in the
hour before exercise occurred in 23% of
all sessions, whereas carbohydrate intake
during exercise was infrequent (6% of
sessions); it was similar across the three
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insulin treatment modalities. Average to-
tal daily basal insulin delivery was similar
between exercise days and sedentary
days, across all insulin modalities.

Other Factors Influencing Glucose
Change During Study Exercise

Exercise sessions performed by men were
associated with a greater drop in glucose
compared with sessions performed by
women, even after predefined adjustment
for insulin modality, baseline HbA,., base-
line glucose, and baseline age (P = 0.009)
(Table 1). The sex effect was no longer sig-
nificant after post hoc adjustment for ad-
ditional potential confounders, including
insulin on board during exercise (higher
for men) and mean heart rate before ex-
ercise (higher for women). Baseline HbA.
also influenced the change in glucose level
during exercise (P = 0.004), with sessions
performed by those with lower HbA, lev-
els (<7%) having greater drops in glucose
during exercise. For event-level factors,
measured at or before the start of exer-
cise, a greater decline in glucose during
exercise was associated with a higher
baseline glucose (P < 0.001), a declining
glucose immediately before exercise (P <
0.001), a greater percent time <70 mg/dL
in the 24-h preceding start of exercise (P =
0.03), a lower baseline heart rate (P = 0.02),
afternoon/evening exercise (P < 0.001),
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Figure 1—Boxplots of change in glucose during study exercise by exercise type and insulin mo-
dality (N = 2,756 exercise sessions from 497 participants). Black lines in the middle of colored
boxes represent medians; solid black dots in the middle of boxes represent means. Whiskers
outside of the colored boxes represent the 10th and 90th percentiles. The number above each

box indicates the number of exercise sessions.
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and a greater amount of insulin on board at
the start of exercise (P < 0.001) (Table 1).

Overall Glycemic Control on Exercise
Versus Sedentary Days

Compared with sedentary days (n = 2,470),
study exercise days (n = 1,302) had a lower
mean glucose level (P < 0.001), a higher
percent time in range (TIR) (P < 0.001),
and a lower percent time >180 mg/dL
(Table 2). Improvement in TIR on exercise
versus sedentary days was consistent across
the different exercise modalities (Fig. 2 and

Table 2), and more participants achieved
a greater average TIR on exercise days
compared with sedentary days, regard-
less of exercise type (Fig. 2). Overall,
40% of participants increased their aver-
age TIR by >5% on study exercise days
compared with sedentary days, whereas
18% of participants decreased their TIR
by >5% on study exercise days com-
pared with sedentary days (Fig. 2).

TIR was higher on both exercise days
and sedentary days for those who were
older, had shorter diabetes duration, had

Table 2—Glycemia on exercise versus sedentary days

Summary statistics

Metric Exercise day Sedentary day P*
No. of participants 398 398
No. of days 1,302 2,470
Median (IQR) hours of glucose readings 24 (23-24) 24 (23-24)
Mean (SD) glucose, mg/dL 145 (31) 155 (35) <0.001
Mean (SD) coefficient of variation, % 29 (9) 29 (9) 0.76
Mean (SD) TIR 70-180 mg/dL, % 76 (20) 70 (23) <0.001
Median (IQR) time >180 mg/dL, % 17 (5-32) 23 (9-41) <0.001
Time >250 mg/dL, % <0.001
Median (IQR) 0.0 (0.0-5.6) 0.7 (0.0-10.1)
0, n (%) 775 (60) 1,198 (49)
>0 to <2, n (%) 83 (6) 149 (6)
2 to <5, n (%) 107 (8) 223 (9)
5 to <10, n (%) 117 (9) 275 (11)
=10, n (%) 220 (17) 625 (25)
Median (IQR) time <70 mg/dL, % 1.1 (0.0-4.0) 0.4 (0.0-3.1) <0.001
Mean (SD) 3.1 (5.2) 2.5 (4.6)
Days with hypoglycemic event <70 mg/dL, n (%)t 611 (47) 976 (40) <0.001%
Time <54 mg/dL, % <0.001
0, n (%) 1,002 (77) 2,030 (82)
>0 to <0.5, n (%) 40 (3) 56 (2)
0.5 to <1, n (%) 36 (3) 58 (2)
1to <3, n (%) 158 (12) 228 (9)
3 to <5, n (%) 32 (2) 55 (2)
=5, n (%) 34 (3) 43 (2)
Days with hypoglycemic event <54 mg/dL, n (%)t 167 (13) 246 (10) 0.01%

To convert from mg/dL to mmol/L for glucose, divide mg/dL value by 18. *CGM metrics tested
as a continuous outcome unless otherwise noted. P values computed from a mixed-effects
linear model adjusting for insulin modality, assigned exercise type, age, baseline HbA;., and
sex as fixed effects and a random participant effect. Multiple comparisons were adjusted for
using the Benjamini-Hochberg adaptive false discovery rate correction method. Because of a
skewed distribution, percent time <70, <54, and >250 mg/dL were rank transformed. TA CGM
sensor—defined hypoglycemic event <70 mg/dL is defined as at least 15 consecutive mi-
nutes <70 mg/dL. The hypoglycemic event ends when there is at least 15 consecutive minutes
=80 mg/dL, at which point the participant becomes eligible for a new hypoglycemic event. A
CGM sensor—defined hypoglycemic event <54 mg/dL is defined as at least 15 consecutive mi-
nutes <54 mg/dL. The hypoglycemic event ends when there is at least 15 consecutive minutes
=70 mg/dL, at which point the participant becomes eligible for a new hypo event. #CGM metrics
tested as a binary outcome. P values computed from a logistic regression model adjusting for in-
sulin modality, assigned exercise type, age, baseline HbA;.,, and sex as fixed effects and a re-
peated participant effect with a compound symmetry covariance structure. Multiple comparisons
were adjusted for using the Benjamini-Hochberg adaptive false discovery rate correction method.
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lower baseline HbA,. level, were using
closed-loop systems, and had lower pa-
tient-reported baseline physical activity
levels (Supplementary Table 7). The in-
crease in TIR on exercise days compared
with sedentary days did not differ by any
participant characteristic (interaction P
values not significant) (Supplementary
Table 7). On study exercise days, exercise-
specific factors that were significantly
associated with greater TIR included
lower pre-exercise heart rate and a
smaller drop in glucose during exer-
cise (Supplementary Table 8).

Participants had more time <70 mg/dL
on exercise days than on sedentary days
(median 1.1 vs. 0.4%; P < 0.001) (Table 2),
although the percent time below range
(TBR) was low overall on both exercise
and sedentary days. The percentage of
participants with =1% time <54 mg/dL,
which is considered by consensus as ex-
cessive (12), was 18% on exercise days
vs. 13% on sedentary days (P = 0.03)
(Supplementary Fig. 2). The percentage
of days with a CGM-measured hypogly-
cemic event, defined as <54 mg/dL for
at least 15 consecutive minutes, was
also greater on exercise versus sedentary
days (13 vs. 10%; P = 0.01) (Table 2). Par-
ticipants with longer diabetes duration
had a higher proportion of sedentary days
with hypoglycemic events compared with
participants with shorter diabetes duration
(P=10.03), but the increase in hypoglycemic
events on exercise days when compared
with sedentary days was present regardless
of the participants’ baseline characteristics
(Supplementary Table 9). Three severe hy-
poglycemic events were reported, all in
the study-assigned aerobic exercise group,
none of which occurred on the day of or
day after study exercise.

CONCLUSIONS

Mean declines in glycemia during study-
assigned exercise in adults with type 1 dia-
betes differed by type of activity. The
mean drop in glucose was greatest for aer-
obic exercise, followed by interval and
then resistance exercise, with considerable
heterogeneity in the glycemic responses
within each exercise type. Heterogeneity
in change in glucose during exercise seems
to be explained, in part, by several partici-
pant- and event-level characteristics, in-
cluding recent HbA,. level, sex, baseline
glucose concentration, rate of change in
glucose before exercise, time <70 mg/dL


https://doi.org/10.2337/figshare.21799550
https://doi.org/10.2337/figshare.21799550
https://doi.org/10.2337/figshare.21799550
https://doi.org/10.2337/figshare.21799550
https://doi.org/10.2337/figshare.21799550
https://doi.org/10.2337/figshare.21799550
https://diabetesjournals.org/care

Type 1 Diabetes in Exercise Initiative

100%

90% —
80% —
70% —
60% — o
. 50%
40% —
S 30% —
20% o 2- o

10% — -7

Exercise Day % Time 70-180 mg/dL
(3.9-10.0 mmol/L)

® Aerobic
® Interval
® Resistance

0% | T | T

0% 10%  20% 30%  40%

50% 60% 70% 80%  90% 100%

Sedentary Day % Time 70-180 mg/dL (3.9-10.0 mmol/L)

B

N= N= N= N=

100% —| 1302 2470 427 743

90% —
80% —
70% —
2 60% —
Y 50% —
40% -
30% -
20% —

% Time 70-180 mg/dL
(3.9-10.0 mmol/L)

N= N= = N=
388 819 487 908
@ Exercise Day

@ Sedentary Day

Overall Aerobic

Interval Resistance

Exercise Group

60% —
50% —
40% —

Exercise Day

Sedentary Day

69%/58% with >70% TIR
on exercise/sedentary days

Cumulative % of Participants

0% T I I T
>0% >10% >20% >30%

>40%

T l
>50% >60%

>70% >80% >90%

% Time 70-180 mg/dL (3.9-10.0 mmol/L)

Figure 2—N = 398 participants. A: Scatterplot of participant-level exercise versus sedentary day per-
cent time 70-180 mg/dL. B: Boxplots of day-level percent time in range 70-180 mg/dL on exercise
versus sedentary days. Black lines in the middle of colored boxes represent medians; solid black
dots in the middle of boxes represent means. Whiskers outside of the colored boxes represent the
10th and 90th percentiles. The number above each box indicates the number of days. C: Cumulative
distribution of participant-level percent time 70-180 mg/dL on exercise versus sedentary days.

in the 24 h before exercise, time of day of
exercise, and estimated insulin on board
during the activity. Although the mean de-
cline in glucose differed among the three
exercise types, and change in glucose was

variable, we also report that TIR generally
increased by ~6% over the next 24 h after
the 30-min structured exercise session, re-
gardless of activity type, compared with
a day with no reported exercise. The
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heterogeneity of each participant’s glu-
cose change during exercise, as demon-
strated by the low intraclass correlation
coefficient of 0.12, has been observed in
other studies that have also allowed vari-
ation in the time of day for exercise and
the temporal relationship of exercise tim-
ing relative to bolus insulin dosing (13).

Continuous moderate-intensity aero-
bic exercise is known to promote a de-
cline in glycemia in type 1 diabetes (14),
even if HCL systems are used (15,16).
The risk of hypoglycemia during aerobic
exercise increases as the duration of ac-
tivity increases, particularly if insulin is
not reduced or if the pre-exercise glu-
cose concentration is not elevated (9). In
contrast, brief periods of very intense ex-
ercise (i.e., >80% peak aerobic capacity)
(17), high-intensity interval training, or
resistance exercise can cause a rise in
glucose level that may require insulin treat-
ment (18,19). In this large real-world study,
we found that all three types of home-
based exercise resulted in significant de-
clines in mean glucose, with aerobic exercise
generating the greatest effect. At-home
interval and resistance exercise both pro-
moted a drop in glycemia, rather than the
expected rise that has been observed in
laboratory-based studies (8,19,20), per-
haps because the intensity of effort was
lower than expected, according to col-
lected heart rate data, and because the
exercise was not restricted to the morn-
ing in a fasted state, which is typical of
laboratory-based research. Evidence is
emerging that prandial state (i.e., fasting
vs. postmeal vs. postabsorptive) is a more
important determinate of the glucose re-
sponse to exercise in type 1 diabetes than
exercise mode (21). Additional analyses
of the T1DEXI nonstudy exercise session
data, which include competitive activities
that could also influence glycemic re-
sponses, with a more detailed examina-
tion of the prandial state, should provide
further insight into which types and in-
tensities of real-world exercise promote a
rise in glycemia.

There is currently insufficient infor-
mation to model an HCL system that
can predict insulin needs for exercise in
individuals with type 1 diabetes. Our
analyses identified only two participant-
level variables, sex and recent HbA;.
level, that influenced the change in glu-
cose during exercise. After adjusting for
potential confounders that included in-
sulin modality, baseline glucose, age,
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and baseline HbA,., men had a greater
drop in glycemia during exercise than
women; however, sex-related differences
in glucose responses to exercise were no
longer significant after adjusting for base-
line heart rate and insulin on board. Our
finding that a greater decrease in glucose
during exercise occurred in men than in
women is consistent with a recent report
on resistance exercise (22) and supports
the hypothesis that women may prefer to
exercise with less insulin on board to help
with weight management and/or reduce
requirement for carbohydrate feeding
(23). We also found that after correcting
for other confounders, particularly pre-
exercise glucose concentration, HbA;.
level influenced the magnitude of the
drop in glucose during study exercise.
Specifically, those individuals achieving
or exceeding glycemic control targets
for HbA,. had greater drops in glucose
during exercise compared with those with
higher HbA,. levels, after accounting for
pre-exercise glucose levels, perhaps be-
cause the former have heightened skeletal
muscle insulin sensitivity (24) and/or an
increased capacity to take up and oxidize
glucose (25).

Lower baseline heart rate values were
associated with greater declines in glyce-
mia during exercise, which is a novel
finding. However, baseline heart rate has
a reciprocal relationship to aerobic fit-
ness, at least in individuals without dia-
betes (26), and individuals with type 1
diabetes who have higher fitness levels
are known to have greater decreases in
glycemia compared with those who are
less fit (13,27). Interestingly, self-reported
physical activity levels and sleep duration
did not seem to influence the change in
glucose levels during exercise.

Greater drops in glucose were found in
the exercise sessions with the highest pre-
exercise glucose levels, as has previously
been noted (7), and in the sessions where
glucose levels were already declining be-
fore exercise. Greater declines in glucose
were also observed in sessions with more
TBR in the 24 h before exercise, when ex-
ercise occurred in the evening/nighttime
compared with morning, and when insulin
on board was high at exercise start time.
These findings, which are largely confir-
matory (9), may be important in further
informing next-generation closed-loop sys-
tems for exercise.

We observed a near-identical mean
drop in glycemia and similar variability

within all forms of study exercise among
the three distinct insulin delivery modali-
ties (i.e., HCL, standard pump, and MDI).
These real-world findings are counter to
a recent meta-analysis of clinical trial
data suggesting that HCL systems im-
prove glucose control around exercise
(28) when temporary target modes are
used ~120 min before the start of exer-
cise (16). Some information, such as
pump basal rate value, was available
for both HCL and standard-pump sys-
tems, but data related to proprietary
HCL features, such as transition to ex-
ercise mode, were not available. Addi-
tional analyses of the TIDEXI data may
help to determine the optimal timing
and setting for the temporary target
mode for exercise based on exercise
type, time of day, baseline glucose, re-
cent glucose control, and other factors
that seem to influence the rate of change
in glucose level during exercise.

Like our pilot work (10), we found that
an average of 30 min of structured exercise
markedly improved TIR over the next 24 h
compared with being sedentary. Remark-
ably, >40% of the participants improved
their TIR by >5% on exercise days relative
to sedentary days, which is deemed of clin-
ical importance, if sustained, for the pre-
vention of diabetes-related complications
(29). This larger data set also allowed us
to better determine if any participant- or
event-level characteristic influenced the
glycemic benefits of the structured exer-
cise sessions. Universally, we observed
significant improvements in TIR, with low
exposure to TBR, on exercise days versus
sedentary days, regardless of age, assigned
exercise type, disease duration, baseline
HbA, level, baseline activity level, baseline
reported sleep duration, or insulin modal-
ity. These findings suggest that regular
sessions of structured exercise should be
universally recommended for adults living
with type 1 diabetes, who are deemed fit
for exercise by their health care provider,
to improve daily TIR.

A single bout of exercise lasting
=30 min is known to increase insulin sensi-
tivity and hypoglycemia risk in type 1 diabe-
tes, particularly over the next 12-24 h (30).
More prolonged or atypical activity seems
to increase hypoglycemia risk over the next
48 h, at least based on epidemiological evi-
dence (31). Consistent with these previous
studies, we observed a small but significant
increase in TBR on study exercise days
compared with sedentary days, along with
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an increase in hypoglycemic event rates,
as defined by an interstitial glucose level
<54 mg/dL. TBR was low overall in the co-
hort, even on active days (i.e., <4%), with
level 2 hypoglycemia occurring only on
13% of active days compared with 10% on
sedentary days. Thus, this cohort may not
be representative of the general type 1
diabetes population, given their high ac-
tivity level and overall good to excellent
glycemic control. None of the participant-
or event-level factors that we examined
seemed to influence the likelihood of de-
veloping postexercise hypoglycemia.

The primary strength of this study is
that it presents results from a large co-
hort demonstrating how three primary
exercise types affect glycemia during
and after exercise under real-world con-
ditions in adults with type 1 diabetes.
The data set will be open access and
free for researchers to access and use.
Other strengths include randomization by
study exercise type and measurement of
participant- and event-level factors using
exercise wearables, CGM, and a cloud-
connected study smartphone application.

The limitations of this study should
also be acknowledged. The cohort may
not be representative of the general
population of adults with type 1 diabe-
tes; participants in the study regularly
exercised, had good glycemic control,
and used real-time CGM, and individu-
als using MDIs were underrepresented.
Women were overrepresented in the
cohort, relative to the typical clinical
population. Our analyses comparing ex-
ercise versus sedentary days assessed
glycemia within participants rather than
examining if increased exercise volume
improved daily TIR in those initially sed-
entary. However, we believe the im-
proved TIR would be similar, if not
larger, for participants who do not regu-
larly exercise or have lower baseline
TIR. The three study-assigned exercise
types, although of different forms, may
not have differed much in the flux of
energy systems or hormonal responses,
which can profoundly affect glycemia
(32). The peak heart rate achieved dur-
ing interval exercise was lower than an-
ticipated, and although not measured,
lactate concentrations generated using
resistance bands may have been lower
than those generated with other forms
of strength training activity. This was
an observational study that measured,
but did not manipulate, many of the
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variables thought to influence the glyce-
mic response to exercise in type 1 dia-
betes, including exercise time of day
and insulin dosing (9). Finally, carbohy-
drate intake data from analyses of food
photos were unavailable at the time of
these analyses.

In summary, this real-world study sug-
gests that although glucose response
during and after individual exercise events
is highly variable, aerobic exercise produ-
ces a greater decline in glycemia than
high-intensity interval exercise, followed
by resistance exercise, in adults with
type 1 diabetes. Nonetheless, all three
forms of exercise equally increase TIR
over the next 24 h, compared with days
without exercise. Importantly, the vari-
able change in glucose during an acute
exercise session is at least partially re-
lated to several quantifiable participant-
and event-related characteristics that
may be deemed valuable to incorporate
into new decision support tools, and po-
tentially HCL insulin delivery systems, to
better manage glycemic control during
and after exercise in adults living with
type 1 diabetes.
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