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Abstract

Objective: To evaluate the use of faster acting (FIA) and standard insulin aspart (SIA) with hybrid automated
insulin delivery (AID) in active youth with type 1 diabetes.
Research Design and Methods: In this double-blind multinational randomized crossover trial, 30 children and
adolescents with type 1 diabetes (16 females; aged 15.0 – 1.7 years; baseline HbA1c 7.5% – 0.9%
[58 – 9.8 mmol/mol]) underwent two unrestricted 4-week periods using hybrid AID with either FIA or SIA in
random order. During both interventions, participants were using the hybrid AID (investigational version of
MiniMed� 780G; Medtronic). Participants were encouraged to exercise as frequently as possible, capturing
physical activity with an activity monitor. The primary outcome was the percentage of sensor glucose time
above range (180 mg/dL [10.0 mmol/L]) measured by continuous glucose monitoring.
Results: In an intention-to-treat analysis, mean time above range was 31% – 15% at baseline, 19% – 6% during
FIA use, and 20% – 6% during SIA use with no difference between treatments: mean difference = -0.9%; 95%
CI: -2.4% to 0.6%; P = 0.23. Similarly, there was no difference in mean time in range (TIR) (78% and 77%) or
median time below range (2.5% and 2.8%). Glycemic outcomes during exercise or postprandial periods were
comparable for the two treatment arms. No severe hypoglycemia or diabetic ketoacidosis events occurred.
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Conclusions: FIA was not superior to SIA with hybrid AID system use in physically active children and
adolescents with type 1 diabetes. Nonetheless, both insulin formulations enabled high overall TIR and low time
above and below ranges, even during and after documented exercise.
Trial Registration Clinicaltrials.gov: NCT04853030.

Keywords: Exercise, Faster acting insulin, Children, Adolescents, Automated insulin delivery, Type 1 diabetes.

Introduction

Automated insulin delivery (AID), with its glucose-
responsive approach and mimicking the physiological

response of a healthy beta cell, has revolutionized the
management of type 1 diabetes. Numerous clinical studies
evaluating various AID systems have unequivocally dem-
onstrated safe improvements in glycemic outcomes in indi-
viduals with type 1 diabetes of different ages, genders, and
diabetes durations.1–6 As such, current clinical guidelines
recommend offering AID systems to all youth and adults with
type 1 diabetes.7,8

All current commercially available AID systems adopt the
hybrid approach, requiring prior meal and exercise an-
nouncements by the user to achieve recommended glycemic
targets.9,10 Part of the challenge with current AID technology
is due to the pharmacokinetic and pharmacodynamic delay,
and comparatively slow absorption time from the subcuta-
neous administration of insulin.11 Faster insulin formulations
are continuously being developed that have the potential to
further advance the efficacy and safety of AID systems, with
the goal of becoming fully AID technology in the future.12

Faster acting insulin aspart (FIA) is a recent aspart (Novo
Nordisk, Denmark) formulation, to which two excipients
have been added to increase the early absorption (nicotin-
amide) and to optimize the stability (l-arginine) of the for-
mulation.13 Studies have shown that administration of FIA
bolus, either with subcutaneous injections or with an insulin
pump, are associated with earlier insulin exposure and action,
and earlier offset of exposure than with standard insulin as-
part (SIA).14–16

In a first double-blind randomized clinical trial evaluating
glycemic outcomes using AID with either FIA or SIA in
adults with type 1 diabetes, time in range (TIR; 70–
180 mg/dL) was comparable between the two arms.17 Note-
worthy, this study was conducted in a supervised inpatient
setting, with a fully AID approach involving unannounced/
uncovered meals and an unannounced afternoon exercise
protocol.17 Recently, randomized clinical trials including
adults with type 1 diabetes have demonstrated a modest im-
provement in glycemic outcomes with FIA compared with
SIA using various hybrid AID systems over several
weeks.18–20 However, there is currently limited evidence
from randomized controlled trials enrolling children and
adolescents with type 1 diabetes.21

We aimed to evaluate the use of FIA in a second-
generation hybrid AID system in youth with type 1 diabetes
over a longer period that included frequent physical activity.
Based on available data, we hypothesized that AID with FIA
would improve glucose time above range (>180 mg/dL)
due to improved postprandial glycemic outcomes compared
with SIA.

Methods

Study design

This double-blind, multinational, two-period randomized
crossover trial was conducted at two locations: University
Children’s Hospital Ljubljana in Slovenia and Medical
University of Graz in Austria. Written informed consent was
obtained from all participants before any study-related ac-
tivities. The protocol and informed consent or assent forms
were approved by the appropriate institutional review boards
and ethics committees, and regulatory approval to conduct the
study was obtained in both countries. The study is listed on
clinicaltrials.gov under registration number NCT04853030.

During the two unrestricted 4-week periods, each partici-
pant used one of the two insulin formulations with the
MiniMed� 670G 4.0 (investigational version of MiniMed
780G with equivalent algorithm but without Bluetooth con-
nectivity and with two glucose set points 100 and 120 mg/dL)
Medtronic AID system: FIA or SIA, assigned in random or-
der. Randomization was done using a computer-generated
sequence with a permuted block size of four. Study partici-
pants and investigators were blinded to the treatment
allocation.

Eligible participants were children and adolescents aged
10–18 years, diagnosed with type 1 diabetes for at least 6
months, using an insulin pump for at least 3 months, and had a
screening HbA1c <11% (97 mmol/mol). Key exclusion cri-
teria were untreated celiac or thyroid disease, current treat-
ment with drugs known to interfere with glucose metabolism,
and diabetes management using an ultrarapid acting insulin
analogue. A full list of the inclusion and exclusion criteria is
given in Supplementary Table S1.

Before randomization, participants completed a run-in
period of at least 1 week using the study insulin pump
(without AID mode) and continuous glucose monitoring
(CGM; Guardian� Sensor 3). Capillary fingerstick blood
glucose testing was performed using a Contour Next Link 2.4
blood glucose meter (Ascensia Diabetes Care), and blood
ketone testing was performed using the Abbott Precision Xtra
meter (Abbott Laboratories). Successful completion of the
run-in period required at least 80% CGM wear time during
the prior 7 days and an average of at least three blood glucose
meter tests per day.

Randomization occurred on the same day that the run-in
period was completed. Participants received AID system
training at the beginning of each crossover period. Partici-
pants were contacted 6–10 days into each study period to
initialize AID mode, and then continued to use the AID
system for 4 weeks. All participants started with an AID
mode target glucose set point of 100 mg/dL and active insulin
time set at 2 h. At the AID mode initiation contact, partici-
pants were reminded to obtain an overnight fingerstick blood
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glucose measurement (between 2 and 3 AM) for one night
after AID initiation, and if blood glucose was <70 mg/dL, to
treat with fast-acting carbohydrates, discontinue AID mode,
and notify the investigators the next day for advice to increase
the glucose set point and/or active insulin time.

During both periods after AID mode was initialized, par-
ticipants had telephone contacts at 24 h, 3 days, and 2 weeks,
and clinic visits at 1, 3, and 4 weeks. Participants were asked
to upload device data for study staff review before each
contact, and device data were collected during each follow-
up visit. Participants were encouraged to engage in exercise
frequently to meet current exercise guidelines of at least
60 min of moderate-to-vigorous exercise per day.22

In line with current consensus recommendations, partici-
pants were also advised to set a higher (exercise) glucose
target (150 mg/dL) at least 1 h before exercise11,23 and to
capture the exercise on a commercially available physical
activity monitor (Garmin Venu Sq, Garmin). In the second
half of each study period, participants were invited to par-
ticipate in a 1-day supervised sports camp (*5 h of exercise
per day).

Adverse events were recorded throughout the trial. An
adverse event was defined as any untoward medical occur-
rence in a study participant, irrespective of the relationship
between the adverse event and the treatments under investi-
gation. Reportable adverse events were any serious adverse
event, an adverse device effect, an adverse event occurring in
association with a study procedure, an adverse event that
leads to discontinuation of a study device for 2 or more hours,
severe hypoglycemia, or diabetic ketoacidosis.24,25

Statistical methods

The primary outcome of the trial was time above range
(>180 mg/dL) as measured by CGM tested for superiority.
Secondary outcomes included mean glucose concentration,
glucose coefficient of variation, TIR (70–180 mg/dL), and the
percentage of time >250 mg/dL, time below range
(<70 mg/dL), and time <54 mg/dL. CGM and insulin metrics
were calculated over a 24-h period, and separately for daytime
(6 AM–11:59 PM), nighttime (12 AM–5:59 AM), postmeal
periods (3 h after carbohydrates were entered), and exercise
periods (from start of exercise to 2 h after exercise cessation).

Postprandial periods began when carbohydrates were first
entered and stopped either 3 h after a meal, when additional
carbohydrates were entered, or exercise began. Postexercise
periods began when the exercise session was initiated and
stopped either 2 h after the exercise session ended or when
carbohydrates were entered or another exercise session be-
gan. Data from the sports camp days were analyzed sepa-
rately and were not included in the main analysis. CGM and
insulin outcomes were calculated in each respective period if
a participant had at least 3 days of CGM data for the 24-h
period, 2 days for daytime period, 1 day for nighttime and
postmeal periods, and 4 h for exercise periods.

Additional secondary outcomes for postmeal periods in-
cluded peak glucose concentration, glucose excursion, time
to peak glucose concentration, and postprandial area under
the curve. These additional outcomes were only calculated if
each individual postmeal period lasted at least 2 h and then
were averaged over all meals for each participant. All CGM
and insulin outcomes were summarized appropriately to their

distribution. A post hoc analysis was conducted examining
postprandial excursions by time of day: breakfast (4 AM–<11
AM), lunch (11 AM–<4 PM), and dinner (4 PM–<9 PM).

Participants completed various quality-of-life surveys in-
cluding the Diabetes Distress Scale, the Glucose Monitoring
Satisfaction Survey, Hypoglycemia Confidence Survey, the
Diabetes Technology Attitudes Survey, and Insulin Dosing
Systems: Perceptions, Ideas, Reflections, and Expectations
(INSPIRE) Survey.

A sample size of 30 participants was selected to provide
80% power with a two-sided type 1 error rate of 5% to reject
the null hypothesis of no between-group difference in per-
centage time >180 mg/dL, under the assumption that the
mean percentage time >180 mg/dL in the FIA group would be
6.7% lower than that in the SIA group, with a standard de-
viation of paired differences of 12.7%.

Statistical analyses were performed on an intention-to-
treat basis, and all randomized participants were included in
the primary and secondary analyses. A per-protocol analysis
was conducted including participants who used the CGM and
AID feature at least 80% of the time in both periods. Sub-
group analyses were conducted to examine the relationship
between the primary outcome and several baseline factors,
including age, baseline HbA1c, type 1 diabetes duration,
gender, and random C-peptide level. For the primary out-
come, the treatments were compared using a repeated mea-
sures least squares regression model with an unstructured
covariance structure adjusting for study period and HbA1c at
randomization as fixed effects.

Missing data were handled by means of direct likelihood.
Analyses for the secondary outcomes, per-protocol analysis,
and subgroup analyses paralleled the primary analysis. For
secondary analyses, the false discovery rate was controlled
using the adaptive two-stage Benjamini–Hochberg proce-
dure. All P values are two tailed. Analyses were performed
using SAS software, version 9.4 (SAS Institute).

Results

Between April 21, 2021, and June 28, 2021, 30 participants
were screened and enrolled. University Children’s Hospital
Ljubljana enrolled 24 participants and the Medical Uni-
versity of Graz enrolled 6 participants. Participants ranged in
age from 11 to 18 years, and HbA1c at screening ranged from
5.9% to 9.9% (Table 1). All participants enrolled were non-
Hispanic White.

All participants who were randomized completed both
periods using each treatment arm and visit and phone com-
pletion rates were 100% (Fig. 1). CGM and AID use were
high with a median percentage time spent using CGM of 91%
during the FIA arm and 89% during the SIA arm, and a
median percentage time spent using AID mode of 89% during
the FIA arm and 87% during the SIA arm (Supplementary
Table S2).

Mean percentage of time above range (>180 mg/dL) was
31% – 15% at baseline, 19% – 6% during the FIA arm, and
20% – 6% during the SIA arm (mean difference [FIA-
SIA] = -0.9%; 95% CI -2.4% to 0.6%; P = 0.23; Table 2 and
Fig. 2). There was no evidence of a treatment effect by period
carryover effect (P = 0.89; Supplementary Fig. S1). The per-
protocol analysis showed results similar to the primary
analysis (Supplementary Table S3).
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Mean glucose was 158 – 24 mg/dL at baseline,
140 – 10 mg/dL during the FIA arm, and 141 – 8 mg/dL
during the SIA arm (mean difference [FIA-SIA] = -1.2 mg/
dL; 95% CI -4.9 to 2.5 mg/dL; P = 0.45; Table 2). Mean
percentage of TIR was 66% – 14% during baseline,
78% – 6% during the FIA arm, and 77% – 7% during the SIA
arm (mean difference [FIA-SIA] = 1.4%; 95% CI -0.8% to
3.6; P = 0.18). Median percentage of time with glucose levels
<54 mg/dL was 0.36% (0.06%, 0.96%) during baseline,
0.41% (0.14%, 1.05%) during the FIA arm, and 0.42%
(0.24%, 1.27%) during the SIA arm (mean difference [FIA-
SIA] = -0.11%; 95% CI -0.33% to 0.08%; P = 0.23).

During postmeal periods, mean percentage time
>180 mg/dL was 37% – 16% during baseline, 28% – 9%
during the FIA arm, and 29% – 9% during the SIA arm (mean
difference [FIA-SIA] = -1.8%; 95% CI -5.8% to 2.2%;
P = 0.48; Table 2). Other postprandial CGM metrics includ-
ing peak glucose and postprandial area under the curve were
not significantly different for the two treatment arms. Post-
prandial excursion for breakfast meals was 42 – 38 mg/dL
during baseline, 64 – 21 mg/dL during the FIA arm, and
77 – 21 mg/dL during the SIA arm (mean difference [FIA-
SIA] = -12 mg/dL; 95% CI -20 to -3 mg/dL; P = 0.004;
Supplementary Table S13). There was no significant differ-
ence in postprandial excursion during the lunch or dinner
meals.

The mean glucose over the 24 h was largely similar for the
two treatment arms (Fig. 3). Other CGM outcomes by time of
day were also similar for the two treatment arms (Supple-
mentary Table S4). There were also no treatment group dif-
ferences for CGM outcomes during exercise (Supplementary
Table S5).

Mean total daily insulin dose was 1.19 – 0.63 units/kg per
day during baseline, 0.75 – 0.12 units/kg per day during the
FIA arm, and 0.77 – 0.15 units/kg per day during the SIA arm
(mean difference [FIA-SIA] = -0.02 units/kg per day; 95%

CI -0.08 to 0.05 units/kg per day; P = 0.80; Supplementary
Table S6). Total, basal, and bolus daily insulin were similar
for the two treatment arms during daytime, nighttime, and
postmeal periods.

Treatment group differences between FIA and SIA on
percentage time >180 mg/dL did not differ by age, HbA1c,
diabetes duration, gender, or C-peptide level (Supplementary
Table S7). The treatment effect by age group and by baseline
HbA1c group is shown in Supplementary Tables S8 and S9.

Exploratory outcomes for the sports camp days and meal
challenge test are given in Supplementary Tables S10 and
S11. TIR and time >180 mg/dL for the sports camp days were
similar to the 24-h outcomes. Insulin use for the sports camp
days was similar to that of the rest of the study. TIR (70–
180 mg/dL) was 41% – 21% for FIA and 55% – 28% for SIA
for the missed bolus test and 51% – 29% for FIA and
54% – 29% for SIA for the delayed bolus test. Questionnaire
results are reported in Supplementary Table S12.

One adverse event was reported during baseline, two ad-
verse events during the FIA period, and two adverse events
during the SIA period. One of the adverse events in the FIA
period was ketonemia, and the rest were viral infections.
None of these adverse events were serious, and there were no
cases of severe hypoglycemia nor diabetic ketoacidosis
during the study.

Discussion

In this randomized controlled trial investigating the use of a
faster acting insulin analogue with hybrid AID in youth with
type 1 diabetes, we demonstrate comparable glycemic out-
comes between FIA and SIA. The primary outcome of this
study, the superiority of FIA compared with SIA in time above
range (>180 mg/dL), was not met. However, given that the
achieved glycemic outcomes in both study arms, which ex-
ceeded the current consensus clinical recommendations (time

Table 1. Participant Characteristics at Enrollment

Overall N = 30 FIA first N = 15 SIA first N = 15

Age at randomization (years)
10–13 6 (20%) 2 (13%) 4 (27%)
14–18 24 (80%) 13 (87%) 11 (73%)
Mean – SD 15.0 – 1.7 15.1 – 1.6 15.0 – 1.7
Range 11.8–18.3 12.2–18.3 11.8–17.9

Gender—Male 14 (47%) 7 (47%) 7 (47%)
Race—White non-Hispanic 30 (100%) 15 (100%) 15 (100%)
Diabetes duration at randomization (years)

Mean – SD 7.8 – 3.8 8.8 – 4.2 6.8 – 3.3
Range 1.3–14.8 1.3–14.8 2.9–12.6

HbA1c at screening (%)
£8.5 24 (80%) 12 (80%) 12 (80%)
‡8.6 6 (20%) 3 (20%) 3 (20%)
Mean – SD 7.5 – 0.9 7.3 – 0.9 7.7 – 0.9
Range 5.9 to 9.9 5.9 to 8.9 6.8 to 9.9

C-Peptide at screening (ng/mL)
Mean – SD 0.10 – 0.06 0.10 – 0.05 0.11 – 0.06
<0.1 13 (43%) 8 (53%) 5 (33%)

Baseline % time in range (70–180 mg/dL)
Mean – SD 66% – 14% 68% – 10% 63% – 17%

FIA, faster acting insulin aspart; SIA, standard insulin aspart.
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above range 19% and 20% and TIR 78% and 77%, respec-
tively), an additional significant improvement in glycemic
outcomes with FIA could be challenging to achieve.

The performance of the hybrid AID system during the
study was noteworthy, with a reduction in time above range
from 31% during the baseline period to *19% during the
observational period, and a concomitant improvement in TIR
from 66% during the baseline to *78% during the obser-
vational period, irrespective of insulin formulation.

Results of this study observed in active children and ad-
olescents with type 1 diabetes are complementing results

observed in adults using different insulin delivery modali-
ties,17,26–29 including three recent studies evaluating FIA
with different AID systems in an unsupervised environ-
ment.18–20 Lee et al.20 reported small (-1.4%) improvements
in time above range and in TIR (+1.9%) with FIA use over 6
weeks, and Beck et al.18 reported similar improvements in
time above range (-2%) and TIR (2%) with FIA use over 13
weeks. Importantly, both the above-mentioned studies were
open label, hence participants’ knowledge of the insulin
formulation used could have influenced their decision mak-
ing when administering insulin.

FIG. 1. Visit completion flowchart.
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On the contrary, Boughton et al.19 reported unchanged time
above range and TIR with double-blinded FIA use in another
AID system over 8 weeks and reporting a slight improvement
in time below range (-0.3%) with FIA use. In our study, there
was no difference between study interventions in hypogly-
cemia metrics, and both time <70 mg/dL and time <54 g/dL
values were within the consensus clinical recommendations.9

To our knowledge, this is the first free-living study to
evaluate glycemic outcomes in children and adolescents with
type 1 diabetes using AID during unsupervised exercise.
During exercise and recovery periods, AID was able to

maintain near-normoglycemia (TIR 78% and 81%, respec-
tively) regardless of insulin formulation used. Although time
below range was moderately higher than overall results
(7.2% with FIA and 5.9% with SIA), time in clinically rele-
vant hypoglycemia <54 mg/dL was low in both study arms
(0.00% with FIA and 0.12% with SIA).

A previous free-living study estimated glycemic outcomes
associated with exercise indirectly through setting a higher
(exercise) target (150 mg/dL) in two different AID systems.30

The study demonstrated that the use of a higher target, re-
commended to be initiated before exercise, maintained the
same TIR and time in clinically relevant hypoglycemia as in
matched periods when a higher target was not used. Notably,
without activity monitor data, no temporal association be-
tween exercise intensity, duration, and timing of higher
glucose target initiation could be made.30

Ekhlaspour et al.31 demonstrated improved TIR with hy-
brid AID use during a 48-h ski camp with prolonged physical
activity in children and adolescents with type 1 diabetes.
Under real-time remote monitoring, daytime (62.4%) and
overall (66.4%) TIR achieved with hybrid AID use were
comparable with our observations. Recently, Morrison
et al.32 showed no difference in TIR between FIA and SIA
(81% for both insulin formulations) with AID use over 24 h
after exercise in adults with type 1 diabetes.

We evaluated postprandial glycemic outcomes, and TIR
approached the recommended clinical consensus target of
>70% (i.e., 69% with FIA and 67% with SIA) in this period
with no difference between the arms. However, a post hoc
analysis assessing postprandial excursion by type of meal
found FIA has a lower excursion than SIA during breakfast.
Previous studies have demonstrated that FIA provides mod-
est improvements in postprandial glycemic outcomes20,28 or
no differences at all27 when used within AID.

It might be possible that due to the highly adaptable AID
control algorithm that readjusts insulin delivery based on

FIG. 2. Boxplots for % time >180 mg/dL by treatment
group and period. Box plots of the % time >180 mg/dL
during baseline, period 1, and period 2 are shown. Baseline
is represented by the grey box, FIA period is represented by
red boxes, and SIA period is represented by blue boxes.
Black dots indicate the mean values, horizontal bars in the
boxes indicate the medians, and the bottom and top of each
box represent the 25th and 75th percentiles. FIA, faster
acting insulin aspart; SIA, standard insulin aspart.

FIG. 3. Mean glucose by 15-min period over 24-h day. The dots and solid curve represent the median value, the shaded
region represents the 25th and 75th percentiles, and the dashed curves represent the 10th and 90th percentiles.
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glycemic profiles, differences in pharmacokinetics and
pharmacodynamics of currently approved insulin analogues
are not of sufficient extent to provide a clinically meaningful
advantage.11 To further improve postprandial glycemic out-
comes, significantly faster insulin analogues33 or adjunctive
therapies are likely needed.34

The second-generation AID systems have been adapted to
further improve glycemic management and usability, with
several algorithmic advancements, including adjustable glu-
cose targets, automated correction boluses, factory-calibrated
CGM technology, and updated controllers that ensure a more
robust personalization of the therapy and increased time in
AID mode.1 Certain AID systems also have a meal detection
feature that, if prompted, can alert the system to deliver more
aggressive automated-correction doses.29,35,36

Importantly, during the entire study duration, participants
maintained a high level of AID use (*90%), reflecting the
usability of the system, a key element to fulfilling the gly-
cemic benefits of AID use also in children and adolescents.

The strengths of our study include the multinational,
double-blind, crossover design and including children and
adolescents. In addition, there was no remote monitoring or
close supervision, hence the assessment of glycemic out-
comes with AID use, including during free-living exercise
captured with activity monitors, supports generalizability of
these findings.

Our study also has limitations worth noting. Our study
cohort included only participants who were already using an
insulin pump and/or CGM (including first-generation AID
system), which does not necessarily represent the broader
type 1 diabetes population. Furthermore, despite the rela-
tively favorable baseline HbA1c levels (mean HbA1c 7.5%,
range 5.9%–9.9%), the participants consistently achieved
recommended glycemic outcomes throughout the study pe-
riod, irrespective of their diverse socioeconomic back-
grounds and baseline glycemic status. Finally, each study
period was only 4 weeks, so the change in HbA1c could not
be compared between the two treatment arms.

However, CGM metrics may provide a more comprehen-
sive assessment of glycemic control.37 In addition, CGM
metrics calculated over 4 weeks of CGM use have been
shown to be strongly correlated with their 3-month CGM
metric, so we expect these results to be similar over a longer
study duration.38

In conclusion, this randomized, double-blind clinical trial
did not demonstrate superiority of FIA over SIA in physically
active children and adolescents with type 1 diabetes using an
advanced hybrid AID system. Both insulin formulations en-
abled high TIR and low time above range and time below
range, including during periods with documented physical
activity.
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