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Abstract

Aims: To compare the effects of dose reductions of ultra-rapid-acting insulin aspart
(URA-IAsp) and rapid-acting insulin aspart (IAsp) on blood glucose concentrations
during continuous moderate-intensity exercise in people with type 1 diabetes (T1D).
Materials and Methods: In this double-blind, laboratory-controlled study, 43 adults
with T1D completed four experimental visits in a randomised crossover design. Par-
ticipants injected a 50% or 75% reduced dose of URA-IAsp or IAsp with a standar-
dised breakfast 60 min prior to 45 min of cycling at ~61% VOzpeak. The same insulin
type and dose were administered 4 h after the first injection, alongside an identical
lunch meal. Venous blood samples were taken at 5-, 10-, and 15-min epochs, for a
total of 70 timepoints, throughout the trial day until 4 h after the second injection to
determine blood glucose and insulin concentrations. The primary endpoint was the
four-way comparison of blood glucose change from exercise start to end.

Results: Blood glucose declined during exercise to a similar extent between 50%
dose URA-IAsp (—4.0 + 2.8 mmol L) and all other conditions (all p > 0.05), yet fell
more in the 50% IAsp dose (—5.1 + 3.0 mmol L~%) compared to the URA-IAsp (—2.8
+ 3.3 mmol L™%) and IAsp (—3.4 + 3.3 mmol L) 75% reduced dose conditions (both
p < 0.05). Differences in blood insulin concentrations between trials were only resul-
tant of insulin doses and not insulin type from 30 min after the first insulin injection.
Conclusions: Insulin dose reductions around acute moderate-intensity exercise yield
similar glucose-lowering effects with URA-1Asp and IAsp. The extent of dose reduc-

tions exerts greater influence on glycaemia than the type of fast-acting insulin.
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1 | INTRODUCTION

The latest generation of commercially available ultra-rapid-acting insulins
— faster-acting insulin aspart (URA-lAsp, Fiasp®) and ultra-rapid lispro
insulin (Lyumjev®) - present faster pharmacodynamic and pharmacokinetic
(PD/PK) profiles. Compared to their predecessors (insulin aspart [IAsp,
NovoRapid®/NovoLog®] and insulin lispro [Humalog®], respectively),
ultra-rapid-acting insulins demonstrate a left-shift in PD/PK characteristics,
with earlier onset and a greater early insulin effect.X™> These properties
allow ultra-rapid-acting insulins to be administered closer to the antici-
pated postprandial glucose peak (e.g., immediately before eating).

URA-IAsp was the first ultra-rapid-acting insulin to be approved by
the FDA. A series of studies, the ‘ONSET” trials, were conducted to estab-
lish PD/PK comparisons between URA-IAsp and |Asp and to compare
long-term glucose control outcomes across different populations. In adults
with type 1 diabetes (ONSET 1), URA-IAsp was shown to provide favour-
able post-prandial glucose control and similar or favourable HbA;. over
26 and 52 weeks (both ONSET 1 trials)*> and when participants were
using either detemir (ONSET 1) and degludec (ONSET 8)° basal insulins.

To mitigate the risk of hypoglycaemia during exercise, interna-
tional guidelines recommend reducing the bolus insulin dose adminis-
tered with a meal prior to engaging in continuous moderate-intensity
exercise.”® It is plausible that transitioning from rapid-acting to ultra-
rapid-acting insulin may lead to different glucose outcomes under the
same exercise protocol and the same pre-exercise mealtime insulin
administration protocol, particularly when exercise occurs within the
primary window of insulin action (~2 h).

Literature investigating the use of the latest generation of meal-
time insulins around exercise is limited. Molveau et al.” have previ-
ously compared the use of URA-IAsp to IAsp under different timing
conditions prior to exercise when using 50% dose reductions only. It
was found that the decline in blood glucose during exercise was less
pronounced when administering URA-IAsp instead of |Asp, indepen-
dent of whether the dose was administered alongside a mixed meal
either 60 or 120 min prior to moderate-intensity cycling exercise.
Nevertheless, there are no data currently available to investigate dif-
ferent dose reductions of an ultra-rapid-acting insulin around exercise,
with a comparator rapid-acting insulin. As ultra-rapid-acting insulins
become increasingly integrated into clinical practice, timely data on
their comparative effects on blood glucose during exercise would be
valuable for refining insulin reduction recommendations.

The aim of this study was to compare the effect of an URA-IAsp
and a rapid-acting insulin (IAsp) on blood glucose concentrations in
response to equivalent peri-exercise dose reductions. The primary
outcome assessed the effects of dose reduction of insulin type on the

change of blood glucose during exercise.

2 | MATERIALS AND METHODS
21 | Study design

This study was a prospective, two-site, double-blind, randomised
four-arm cross-over clinical trial (German Clinical Trials Register

DRKS00015855; Eudra-CT 2019-001281-14). The study was per-
formed in accordance with the Declaration of Helsinki (1996) and
Good Clinical Practice. Ethical approval was provided by national
ethics committees (18/WA/0421 and EK 31-314 ex 18/19).

2.2 | Screening visit

Participants were invited to attend a screening visit to take informed
consent, gauge eligibility for the study, take baseline measurements,
and to perform a cardiopulmonary exercise test (CPET). Key eligibility
criteria included: 18-65 years of age (inclusive), T1D 212 months,
multiple daily injection regimen =12 months, and HbA;. < 9.5%
[80.3 mmol.mol ™. After trial inclusion, participants were switched to
a basal-bolus regimen of insulin degludec (Tresiba®, Novo Nordisk
A/S, Denmark) and IAsp (Novorapid®, Nordisk A/S, Denmark), unless
already prescribed. Patients already using URA-IAsp [Fiasp®, Nordisk
A/S, Denmark] were not switched to IAsp. Insulin therapy dosing was
adapted where necessary to ensure stable glucose control.

2.3 | Experimental trials visits: Trial protocol
This study consisted of four experimental trial visits, each representing
one of the four trial arms, in a randomised crossover design. Partici-
pants arrived at the research facility on an experimental trial day at
07.30, with the prerequisites of being fasted, without having taken a
bolus insulin dose for the preceding 5 hours, and without having under-
gone strenuous physical activity, consuming alcohol, or had blood glu-
cose concentrations of <3.0 mmol L~ for the previous 24 hours as
assessed by continuous glucose monitor (CGM; FreeStyle Libre
2, Abbott, USA). Participants had a cannula inserted into a vein in the
antecubital fossa and had an electrocardiogram (ECG) Holter monitor
fitted (eMotion Faros 180°, Bittium Biosignals Ltd., Finland). At 08.00,
basal insulin degludec was taken as per usual regimen (one participant
took a split dose of insulin degludec the evening before and on the
morning of each trial day). At 08.30, participants injected a reduced
dose of mealtime insulin subcutaneously into the abdomen according
to their assigned randomised trial arm: (1) 50% reduced dose of URA-
I1Asp (U50), (2) 75% reduced dose of URA-1Asp (U75), (3) 50% reduced
dose of lAsp (A50), (4) 75% reduced dose of IAsp (A75). Both
researchers and participants were blinded to insulin dose and type.
Insulin doses for 50% and 75% reductions were calculated based on
what the individual participant would normally administer for the meals
and insulin pens were prepared for injection independently of the
research team. Immediately after, participants consumed a drink meal
(Fortijuce, Nutricia, Netherlands [Macronutrients per 100 mL: carbohy-
drates 33.5 g, fats 0.0 g, protein 3.9 g]) equating to 1 g carbohydrate
per 1 kg of body mass. Participants were allowed no longer than 5 min
from the point of insulin injection to consume the drink meal.

At 09.30, the exercise protocol commenced, consisting of a 3-min
warm-up (20-40 W) and 42 min of moderate-intensity exercise on a
cycle ergometer (Lode Corival CPET, Cranlea, UK) cycling at 70-80

revolutions per minute. Experimental trial visits' (moderate) exercise
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intensity was calculated as the midpoint between lactate turnpoint
1 and lactate turnpoint 2 achieved during the CPET.1°

An identical carbohydrate-containing drink and (reduced) insulin
dose from the morning protocol were taken at 12.30. Participants
were rested throughout the entire trial day, except for the exercise
session, until 16.30 when the trial concluded. Trial day protocol times,
as listed above, were kept consistent and accurate between and
within participants to promote robust data collection methods
(Figure S1). Water was consumed ad libitum. Hypoglycaemia
(23.9 mmol L) was treated with 10-20 g of high glycaemic index
carbohydrates (Lift Glucose Shots, Lift, UK) once every 15 min until
blood glucose 24.0 mmol L~ (Table S1).

2.4 | Experimental trials visits: Methods of testing
To track PD/PK changes, venous blood samples were drawn in pairs
of two separate 1.2 mL samples throughout the trial day. One sample
from the pair was dedicated to the analysis of plasma glucose (col-
lected via 1.2 mL S-Monovette Glucose, Sarstedt, Germany) and one
sample was dedicated to the analysis of serum insulin concentrations
(collected via 1.2 mL S-Monovette Serum, Sarstedt, Germany). Time
intervals in between venous sample timepoints were either 5, 10, or
15 min, equating to 70 scheduled pairs of venous blood samples per
trial day per participant (Figure S1). Plasma and serum samples were
frozen at —80°C immediately after centrifugation until analysed for
glucose (analysed via Cobas® €501, Roche, Switzerland) and insulin
concentrations (analysed via ADVIA Centaur® XPT, Siemens Healthi-
neers, Germany), respectively.

CGM, spirometry (METAMAX 3B, Cortex, Germany), ECG, and
heart rate (Polar T31, Polar, Finland) data were measured continuously
throughout exercise. Finger-prick capillary blood glucose (FreeStyle
Libre, Abbott, USA), earlobe capillary blood glucose and lactate
(Biosen C-Line, EKF Diagnostics, Germany), and rating of perceived
exertion (Borg Scale'!) were taken immediately before the warm-up,
immediately after the warm-up, once every 6 min during exercise, and
immediately after exercise. Blood ketones (FreeStyle Libre, Abbott,

USA) were measured when blood glucose was 217.0 mmol L%

2.5 | Data analysis

All statistical analyses were performed on SPSS 29.0 (IBM, USA). The pri-
mary endpoint of this study was the comparison between the change in
blood glucose from exercise start to exercise end between the four trial
arms. As n < 50, normality testing was carried out using the Shapiro-
Wilk test.*? Comparisons between the four trial arms were made using
repeated-measures analysis of variance (ANOVA). Sphericity testing was
performed using Mauchley's test of sphericity. Where the assumption of
sphericity was violated, Greenhouse-Geisser correction was implemen-
ted. In instances of ANOVA significance, post-hoc analysis via
Bonferroni-corrected t-tests was performed to identify significance

between all possible group pairings.

TABLE 1
randomised).

Participant characteristics at screen visit (n = 44

Screen visit
Characteristic Mean * SD Range
Participant information
Sex (male:female) 30:14
Age (years) 39 +13 19-62
Anthropometry
Body mass (kg) 77.5+13.8 58.5-126.9
BMI (kg m—?) 244 + 35 19.2-38.3
Diabetes information
Diabetes duration (years) 15+ 12 1-49
HbA (%) 69+1.0 5.1-8.8
HbA (mmol mol~*) 51.6 £+ 10.5 32.2-72.7
Pre-study total daily 0.57 £0.27 0.24-1.51
insulin dose (IU kg™
Insulin dosage for 50% 49+52 2-36
reduced conditions (IU)
Insulin dosage for 75% 25+26 1-18
reduced conditions (IU)
Cardiopulmonary exercise test information
VOspeak (L min~?) 2.85+0.80 1.78-5.12
VOspeak (ML kg™t min~?) 36.7+9.0 20.0-58.0
Powerpeak (W) 220 + 59 133-380
Blood lactatepeax (mmol LY 9.3+23 4.2-13.1
Heart ratepeax (beats min~?%) 175+ 14 153-202

Abbreviations: BMI, body mass index; HbA1c, glycated haemoglobin.
VOzpeak, peak volume of oxygen uptake.

Comparisons between screening visit and final visit data were
made using the paired samples t-test. Metrics relating to maximum
concentration (C,.,) and time to maximum concentration (t..,) were
individualised by identifying each participant's C.x and tmax. Incre-
mental area under the curve (AUC) was calculated via trapezoidal
method.?® To identify outliers in time series data, an adjusted Hampel
filter’* was employed, as similarly used in recent analyses of blood
glucose-related time series data.>'¢ Adjustment was made after
assessment of its aggression or leniency towards known outliers and
known acceptable, but extreme, values (e.g., the apex or nadirs of
steep curves). Where an outlier was identified, the value was checked
by a researcher (e.g., via visual inspection of a box and whisker plot)

before a decision on removal from the dataset.

3 | RESULTS

3.1 | Participant characteristics
Participant baseline characteristics determined at the screening visit
are detailed in Table 1. There were no differences between body mass

or HbA;. metrics at the screening versus final visit (all p > 0.05). A
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TABLE 2 Blood glucose concentrations during 45 minutes of moderate-intensity cycling exercise (60-105 min).
Parameter U550 uU75 A50 A75 p value
Exercise start BGgo (mmol L™%) +7.1+£28  4+83£22° +7.0 £ 2.6 +8.6£1.9°  <0.001*
Cnax0-105min (Mmol L~ +84+27% 499+21>  4183+239  1100+22° <0.001*
tmax Cmax0-105min (MiN) 658+ 141 73.6+11.2°® 63.1+114>  721+111° <0.001*
Difference between baseline (O min) and end of exercise BG (mmol L)  +3.0 £3.2°®> 456+34* 420z 3.3“ +50+3.3  <0.001*
Reduction in BG from start to end of exercise (mmol L™2) —40+28 —2.8+3.3 —5.1+3.0% -34+33°>  <0.001*
AUC ¢0_105min relative to exercise start (pmol min L% —44 +71 —16 + 822 —68 + 847 —42 +91 0.014*
AUCo_105min (MMol min L) 483194 601+ 142 509 + 194° 604 = 147°*  0.003*

Note: All data relativised to resting blood glucose concentration taken at baseline (BGgo) unless otherwise indicated. Ciax0-105min, individualised maximum

blood glucose concentration between rest (O min) and end of exercise (105 Min); tmax cmaxo-105min, iNdividualised time until maximum blood glucose

concentration between rest (0 min) and end of exercise (105 min); %<4

conditions.

Abbreviations: AUC, area under the curve (incremental); BG, blood glucose.

*Denotes statistical significance for main effect.

total of 23 578 out of a possible 24 220 venous blood samples
(97.3%) were taken in this study. 20 venous blood sample datapoints
were excluded via filtration of outliers. Of 44 participants randomised
to the study experimental visits, one dropout occurred after the par-
ticipant's first experimental visit for personal reasons. Data for 44 par-
ticipants were retained for intention to treat analysis; however,
analyses relating to multi-trial comparisons for the one dropout were

unavailable.

3.2 | Primary outcome: Blood glucose during
exercise (60-105 min)

The (non-relativised) immediate pre-exercise blood glucose concen-
trations were similar across all conditions (U50 16.9 + 4.0, U75 17.7
+4.0, A50 17.1 4.1, A75 17.9 = 4.3 mmol L™%; p = 0.263). Blood
glucose declined from concentrations measured immediately before
exercise to those immediately after exercise (U50-4.0 £ 2.8, U75-
2.8 +3.3, A50-5.1 + 3.0, A75-3.4 + 3.3 mmol L™1; p < 0.001) with
post-hoc analysis revealing that the decline in blood glucose in U50
was not different to all other conditions (Table 2; all p > 0.05). A50
fell to a greater degree than both U75 (p <0.001) and A75
(p =0.001), which themselves fell similarly to each other
(b = 1.000). There were no differences between conditions in any
spirometry-derived or exertion-related exercise data (Table S2;
all p > 0.05).

3.3 | Secondary outcomes: Trial day blood glucose
concentrations

Participants arrived fasted at the research facility with similar baseline
blood glucose concentrations across conditions (U50 9.8 + 3.2, U75
9.5+30, A50 10.0£33, A75 9.4+35mmolL™Y p=0.544).
Figure 1 depicts the changes in blood glucose concentrations relative
to rest (BGgo) and serum insulin concentrations relative to rest (INSgo)
over the whole trial day (0-480 min).

represent statistically significant (p < 0.05) post-hoc comparison between two

3.4 | Pre-exercise blood glucose (0-60 min)

All trials showed a significant increase in blood glucose concentrations
from baseline to 60 min post-injection, with greater rises observed in both
the U75 and A75 conditions compared to both U50 and A50 (Table 3).

3.5 | Blood glucose during the post-exercise
period (105-240 min)

When compared against baseline concentrations (0 min), relative
blood glucose was only higher at the end of the first prandial period
(240 min) in U75 and A75 conditions (U50 + 0.4 + 3.8, U75 + 3.6
+5.1,A50-0.3 + 4.8, A75 + 3.2 + 4.7 mmol L™1; p < 0.001). AUC was
also lower in both 50% dose reduction arms in the first prandial period
compared to both 75% reduction arms (i.e., U50 and A50 vs. U75 and
A75; all p <0.05) and comparisons between insulins were similar
(i.e., U50 and U75 vs. A50 and A75; all p > 0.05).

3.6 | Blood glucose during the second post-
prandial period (240-480 min)

At 240 min (the sample taken immediately before second prandial
insulin injection and carbohydrate drink) blood glucose concentrations
were different between conditions (U50 10.2 + 4.6, U75 13.1 + 5.8,
A50 9.6 + 4.5, A75 12.3 = 5.3 mmol L™%; p < 0.001) with both 50%
dose arms lower than both 75% reduced dose arms (all p < 0.05).
URA-IAsp and IAsp comparisons within each equivalent dose condi-
tion remained similar (both p > 0.05). Inter-trial AUC differences only
occurred 60 min post-injection in the second post-prandial period
(Table S3). BGrg concentrations were lower in both 50% reduced dose
arms than both 75% arms at the end of the trial day (480 min) (U50-
03+4.5, U75+35+52  A50-0.2+55  A75+3.0+5.6;
p < 0.001). Across the whole trial day, the number of hypoglycaemic
events (3.9 mmol L) were weighted more towards the 50% trial
arms (36 events) than the 75% trial arms (11 events) (Table S1).
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FIGURE 1 Blood glucose (A) and serum insulin concentrations (B) over the whole trial day (0-480 min), involving two carbohydrate drinks,

two bolus insulin administrations, and one 45-min exercise period. Dashed vertical black lines indicate insulin administration prior to consumption
of a carbohydrate drink (1 g per kg body mass). Grey dashed box indicates the exercise session. All data are means with SEM error bars (n = 44).
Markers of statistically significant comparisons have been omitted for clarity and detailed in subsequent text.

3.7 | Secondary outcomes: Trial day serum insulin
concentrations
3.7.1 | Pre-exercise serum insulin (0-60 min)

Participants displayed similar serum insulin concentrations across con-
ditions at baseline (U50 49.2 +26.9, U75 45.5 +20.5, A50 46.7

+22.6, A75 46.5 + 23.1 pmol L™%; p = 0.267). Insulin concentrations
relative to baseline (INSgo) rose similarly in 50% reduction arms to a
greater extent than 75% reduction arms (p < 0.05 for all inter-dose
comparisons) to the start of exercise at 60 min (U50 + 21.3 + 13.2,
U75 + 13.7 £ 11.0, A50 + 20.6 + 12.6, A75 + 11.6 + 7.9 pmol L™%;
p < 0.001). Table 4 details the insulin concentration metrics between

rest (O min) and exercise start (60 min).
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TABLE 3 Blood glucose concentrations relative to baseline (O min) in the first post-prandial period (0-60 min).
Condition
Parameter U50 U75 A50 A75 p value
Timepoint metrics
ABG at 15 min (mmol L) +1.9+1.0 +2.0+0.9 +2.1+1.0 +2.1+0.8 0.504
ABG at 30 min (mmol L) +43+15 +45+14 +4.7+£1.6 +4.9+1.2 0.156
ABG at 45 min (mmol L) +6.1+22 +6.5+1.7 +6.3+21 +7.0+1.6 0.080
ABG at 60 min (mmol L) +7.1+28° +83+22° +7.0 £ 2.6 +8.6 £ 1.9 <0.001*
AUC metrics
BGro AUCo_15min (mmol min L~?) 11+7 12+7 12+8 12+ 6 0.727
BGro AUC15_30min (mmol min L™ 48 £ 17 50 + 16 52 + 20 54 + 15 0.237
BGgro AUC30_45min (mmol min L™?) 79 £ 27 85+ 26 85 + 27 91+ 19 0.090
BGro AUC4s_gomin (mmol min L™%) 98 + 38° 111 +27 100 + 33° 116 + 26 0.003*
BGro AUCo_s0min (mmol min LY 240 + 80 262 + 70 251 + 82 274 + 57 0.088

Note: All data relativised to resting blood glucose concentration taken at baseline (BGgo). > represent statistically significant (p < 0.05) post-hoc

comparison between two conditions.

Abbreviations: AUC, area under the curve (incremental); BG, blood glucose.

*Denotes statistical significance.

TABLE 4 Serum insulin concentrations relative to baseline (O min) in the first post-prandial period (0-60 min).

Parameter u50 U75 A50 A75 P value
Timepoint metrics
ASerum insulin at 15 min (pmol L~%) +13.2 £ 8.6™ +81+72° +84+114° +5.8 £5.5¢ <0.001*
ASerum insulin at 30 min (pmol L™1) +21.1+12.3%® +14.3 + 11.8*¢ +19.6 + 15.4« +9.3+7.9% <0.001*
ASerum insulin at 45 min (pmol L) +20.4 £ 10.7* +12.8 £ 10.5% +21.2 £ 15.6% +11.2 £ 8.0" <0.001*
ASerum insulin at 60 min (pmol L™2) +21.3+132% +13.7 £ 11.0°¢ +20.6 * 12.6% +11.6 £ 7.9" <0.001*
Pre-exercise Cp,,x metrics
tmax Cmax0—60min (MIN) 421+134 429 +147 442+ 126 43.6+11.6 0.889
Cnaxo-60min (pmol L) +26.6 £ 12.5%° +18.2 + 11.8%¢ +26.7 * 16.0% +14.8 + 7.9" <0.001*
AUC metrics
INSgo AUCo_15min (Pmol min L™%) 92 + 74%¢ 62 + 58™ 40 £ 66° 24 + 40¢ <0.001*
INSgro AUC15-30min (PMol min L2 261 + 156 171 + 130%¢ 203 + 195¢ 118 + 84.8° <0.001*
INSgo AUC30_45min (PMol min L2 311 +177% 197 + 145%¢ 309 + 2324 162 + 108 <0.001*
INSgo AUC45_s0min (Pmol min L) 310 + 187 199 + 158°¢ 315 + 200 172 + 114> <0.001*
INSgo AUCo_60min (Pmol min L™%) 992 + 580°° 628 = 475° 877 + 703° 471 + 325 <0.001*

Note: All data relativised to insulin concentrations at baseline (INSgo). tmax cmaxéomin, time until maximum concentration before start of exercise (60 min);
represent statistically significant (p < 0.05) post-hoc comparison between two

Cinaxé0min, Maximum concentration before start of exercise (60 min

conditions.
Abbreviation: AUC, area under the curve.
*Denotes statistical significance for main effect.

) ab,cd

3.7.2 | Insulin concentrations during exercise (60- U75 + 187 + 396, A50 + 112 + 260, A75 + 132 + 188 pmol min L™3;
105 min) p = 0.410).

From exercise start to end, serum insulin concentrations relativised to

baseline (INSgo) increased from 62.5 to 67.1 pmol L™ averaged 3.7.3 | Insulin concentrations post-exercise

across conditions (p < 0.001); the increase was similar across all con-
ditions (U50+ 34 +9.1, U75+6.9+151, A50-+ 34838,
A75 + 5.2 + 7.7 pmol L™, p = 0.328). There were no differences in
incremental AUC from exercise start to end (U50 + 85 + 239,

AUC during the first prandial period (0-240 min) was higher in the
50% dose reduction arms compared to the 75% reduction arms, with-
out an insulin type effect (U50 519 + 234, U75 679 + 179, A50
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534 + 237, A75 671 + 189 pmol min L™%; p < 0.001). At 240 min (the
sample taken immediately before second prandial injection and drink
meal), serum insulin, relativised to baseline (0 min), was similar
between trial arms (U50 + 16.0+ +17.8, U75 + 16.5+24.3,
A50 + 12.5+ 9.7, A75 + 14.6 + 13.3 pmol L™%; p = 0.518). Similarly
to the first prandial period, incremental AUC in the second prandial
period (relativised to concentrations at 240 min) was higher in the
50% dose conditions after 60 min post-injection and 105 min post-
injection (both p < 0.001).

4 | DISCUSSION

This study is the first to compare an URA-IAsp and a IAsp in different
dose reductions around exercise in individuals with T1D using MDI.
Our findings demonstrated that mealtime dose reduction of either
50% or 75% ahead of exercise has a greater effect on blood glucose
concentrations within and around exercise than insulin type. Further-
more, although early post-prandial serum insulin concentrations were
influenced by insulin type, these differences diminished in exercise

and later post-prandial periods.

4.1 | Pre-exercise

Trials using URA-1Asp (U50 and U75) exhibited greater serum insulin
AUC from rest to 15 min post-injection than equivalent doses in I1Asp
(A50 and A75, respectively). By 30 min, point concentrations between
insulin types were similar across conditions and, subsequently, at
45 and 60 min, insulin concentrations expressed as relative point con-
centrations and AUC were similar between URA-IAsp and |Asp when
administered at the same dose. Greater early exposure has been well
demonstrated in URA-lAsp versus IAsp up to 2 h post-injection
(e.g., Heise et al.'”); however, dosing quantity may influence the dura-
tion of AUC differences between the two insulins.'® A euglycaemic
clamp study demonstrated that injections of 0.1, 0.2, or 0.4 Ul per
kilogram of body mass produced higher insulin exposure up to 30 min
post-injection in URA-IAsp compared to IAsp, yet, by 60 min, there
were no differences between the two insulin types under the 0.1
Ul kg™ condition, despite ongoing differentiation in the 0.2 and
0.4 Ul kg~* arms.*? The similarity in AUC after 60 min between insu-
lins aligns with our data, which is closest to the 0.1 Ul kg™ trial arm,
albeit still some magnitudes less in dosage.

Despite differences in early insulin exposure in the pre-
exercise period, differences in blood glucose concentrations
between trials were not significant until 60 min after injection.
These data might be explained by a low glucose-lowering capability
of reduced doses of both insulins relative to the rapid influx of a
large amount of carbohydrate as glucose into the circulation from
the digestive system. Furthermore, the carbohydrate-heavy meal
(1gkg™! carbohydrates [~90%], ~0.1gkg ! protein [~10%],
0gkg™! fat [0%]) contained predominantly high-glycaemic index
ingredients (i.e., glucose syrup and maltodextrin) which may have

further contributed to the steep rise in blood glucose concentra-

tions over a 1-h rested period.

4.2 | Impact of insulin type and dose on exercise
glycaemia

This is the first study to compare the glycaemic effects of different
reduced dosages of URA-IAsp and IAsp around exercise using MDI
regimen. Moderate-intensity cycling at around 60% VOzpeak induced a
reduction in blood glucose in all conditions. Regarding the comparison
between conditions, blood glucose concentrations fell similarly
between insulin types in both —50% and —75% conditions. Post-hoc
testing revealed that, while blood glucose declined similarly in U50
compared to all other conditions, A50 fell to a greater extent than
both U75 and A75 conditions. While there was a trend for A50 (5.1
+ 3.0 mmol L™Y) blood glucose to decline further than U50 (—4.0
+ 2.8 mmol L™, this did not reach statistical significance (p = 0.067).
Molveau et al.” recently performed a comparable study, where 50%
reduced URA-IAsp or IAsp was injected 60 or 120 min prior to 60 min
of moderate-intensity continuous exercise on a cycle ergometer.
When combining the timing effects, URA-IAsp was reported to have
declined to a lesser extent compared to lIAsp (—4.1 £+ 2.3 vs. —4.4
+2.8 mmol L% p = 0.037), a result that is in partial agreement with
our findings.

IAsp is recommended to be taken up to 15 min prior to the start
of mealtimes.?® Conversely, URA-IAsp may be taken at the start of
mealtimes and still provide a glucose-lowering effect that effectively
matches glucose absorption profiles.?* The potential for a shorter time
between ultra-rapid insulin injection and a bout of exercise may be
advantageous to individuals adjusting insulin dosing at short notice.
Our data suggest that even when taken immediately prior to a drink
meal, URA-IAsp and IAsp produce similar glucose-lowering effects in
reduced doses, potentially providing some assurance for the individual
exercising in the post-prandial period who is switching from a rapid-
acting insulin to an ultra-rapid-acting insulin.

Serum insulin concentrations rose similarly (by approximately 7%)
during cycling in all conditions—even with heavy insulin dose
reductions—with comparable AUC during exercise between URA-1Asp
and IAsp conditions. The exercise sessions in this study took place
between 60 and 105 min after injection. In PD/PK studies performed
at rest, this would typically be a period where rapid-acting insulin con-
centrations would peak, plateau, and subsequently begin to decline.
Furthermore, in people without T1D performing moderate-intensity
exercise, pancreatic insulin output decreases to prevent an unregu-
lated decline in blood glucose concentrations. The phenomenon of a
transient rise in insulinaemia demonstrated during the exercise period
in our study is congruent with findings from other studies®? and is
potentially attributable to a combination of exercise-induced relative
hypovolaemia (i.e., the lowering of blood volume typical during acute
exercise will increase the concentration of blood insulin, without more
insulin entering the system) and increased rate of insulin absorption

from the injection depot.2>%*
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4.3 | Post-exercise

Results from this study suggest that a 50% reduction in URA-IAsp will
result in post-exercise glucose concentrations at 2 h 15 min (135 min)
to be similar to those at baseline, that is, before the pre-exercise meal
(~A +0.4 mmol L™1). At the same timepoint, blood glucose concentra-
tions were elevated under the URA-IAsp 75% reduction condition (A
+3.6 mmol L% p < 0.001). Molveau et al.? observed concentrations
most similar to baseline after 90 min post-exercise when injecting a
50% reduction in URA-IAsp dose 60 min pre-exercise (A
—2.8 mmol L™Y) compared to 120 min (—4.6 mmol L™%; p = 0.001).
Combined, these data indicate that a person taking a 50% reduced
dose of URA-IAsp 60 min prior to a bout of moderate-intensity con-
tinuous exercise can attain glucose concentrations similar to baseline

~2 h (between 90 and 135 min) after exercise.

44 | Second prandial period

Inter-individual variability in AUC metrics was significant throughout
the trial days in both glucose and insulin concentrations, emphasising
the need for personalised insulin adjustments around exercise. Never-
theless, the pattern of elevated serum insulin AUC in 50% over 75%
reduction condition continued consistently throughout the second
prandial period. The similarity between URA-IAsp and IAsp at the
point of the second injection allows previously established duration of
insulin action guidelines to be applied to the reduced doses of
URA-IAsp as with IAsp, where the individual with T1D should be
mindful that residual insulin activity may be present 4 h after the first
bolus injection of the day—particularly in pump users—to avoid insulin

stacking.2>2¢

4.5 | Strengths and limitations

This study has several strengths. This is the first laboratory-controlled
exercise-based study to compare two insulin dose reductions in cross-
over comparison with an ultra-rapid-acting insulin, URA-1Asp, and a
rapid-acting insulin, I1Asp. A high venous sampling frequency was used,
up to every 5 min, to gain high resolution of blood glucose and serum
insulin changes throughout periods where pharmacokinetic differ-
ences between URA-IAsp and |Asp have been shown to be marginal.
However, the study is not without limitations. The use of a high gly-
caemic index drink with a high carbohydrate load at mealtimes fre-
quently led to level 2 hyperglycaemia (>13.9 mmol L™%) throughout
the trial day.?” Nevertheless, this study provides a platform to exam-
ine the glucose lowering effects of the different insulin conditions
under a nutritionally controlled environment.

We included both males and females in this study which pro-
vides improved applicability than the inclusion of any single sex
alone; however, we did not account for female menstrual cycle,
which may impact blood glucose concentrations during the day and

during exercise.?® Lastly, data collection was halted during

government-enforced lockdown due to COVID-19, significantly pro-
tracting the data collection period over which the study was

performed.

5 | CONCLUSION

This is the first study to compare the use of URA-IAsp and IAsp when
using different bolus insulin dose reductions around exercise. Altering
mealtime insulin dose reductions between 50% and 75% exerts a
greater influence on glycaemia around post-prandial exercise than
altering between ultra- or rapid-acting insulins, and that insulin dose
reductions around acute moderate-intensity exercise can be used with

similar glucose-lowering effects in URA-IAsp and |Asp.
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