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Abstract

Background: We recently reported that use of an ‘‘advanced’’ hybrid closed-loop system reduced hypergly-
cemia without increasing hypoglycemia compared to a first-generation system. The aim of this analysis was to
evaluate whether this improved performance was specifically related to better mealtime glycemic control.
Methods: We conducted a secondary analysis of postprandial glycemic control in an open-label, multinational,
randomized crossover trial of 112 participants with type 1 diabetes, aged 14–29, of the Medtronic MiniMed�
670G hybrid closed-loop system (670G) versus the Medtronic advanced hybrid closed-loop (AHCL) system, for
12 weeks each. We compared glycemic and insulin delivery metrics over a 3 h horizon across all meals to assess
system performance and outcomes.
Results: Overall meal size and premeal insulin on board were similar during run-in and between 670G and
AHCL arms. Compared with 670G arm, premeal, peak, and mean glucose levels were numerically lower in the
AHCL arm (167 – 23, 231 – 23, and 177 – 20 mg/dL vs. 175 – 23, 235 – 23, and 180 – 19 mg/dL, respectively),
with a trend to lower hyperglycemia level 2 in AHCL arm. Adjusting for premeal glucose level, all postmeal
outcomes between 670G and AHCL were statistically similar. Prandial insulin delivery also was similar in both
treatment arms (21 – 9 vs. 23 – 10 U), with a shift in basal/bolus ratio from 28%/71% in 670G arm to 20%/80%
in AHCL arm.

1Department of Pediatrics, Yale School of Medicine, Yale University, New Haven, Connecticut, USA.
2Jaeb Center for Health Research Foundation, Inc., Tampa, Florida, USA.
3International Diabetes Center, HealthPartners Institute, Minneapolis, Minnesota, USA.
4Department of Pediatrics, College of Medicine, University of Florida, Gainesville, FL.
5Sacker Faculty of Medicine, Tel-Aviv University, Tel-Aviv, Israel.
6University of Florida College of Medicine, Gainesville, Florida, USA.
7Joslin Diabetes Center, Harvard Medical School, Boston, Massachusetts, USA.
8University Medical Center Ljubljana, University Children’s Hospital, Ljubljana, Slovenia.
9Faculty of Medicine, University of Ljubljana, Ljubljana, Slovenia.

10Auf der Bult Centre for Children and Adolescents, Hannover, Germany.
*The full listing of the members of the study group are included in the Acknowledgments.

DIABETES TECHNOLOGY & THERAPEUTICS
Volume 24, Number 8, 2022
ª Mary Ann Liebert, Inc.
DOI: 10.1089/dia.2021.0568

573



Conclusions: Reduced hyperglycemia with AHCL compared to 670G was not related to early postprandial
glycemic excursions after adjusting for premeal glucose level (<3 h after meal), but likely to later (>3 h) post-
prandial or overnight improvements. Further refinements to mealtime bolus algorithms and strategies may more
optimally control prandial glycemic excursions.
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Introduction

Improvements in insulin pumps, continuous glucose
sensors, and control algorithms have led to their integra-

tion into advanced systems that automatically adjust insulin
delivery based on glucose sensor values and trends. These
closed-loop systems are still considered ‘‘hybrid,’’ as their
intended function is to adjust insulin delivery automatically
while still requiring user input of carbohydrate intake and
manual triggering of insulin bolus at mealtimes. The first
two systems to achieve regulatory approval in the United
States, the Medtronic MiniMed 670G (670G) hybrid closed-
loop system (Medtronic, Northridge, CA) and the t:slim X2
with Control-IQ technology (Tandem, San Diego, CA) have
been shown in large-scale trials to improve A1c levels and
time in range and to reduce hyperglycemia and hypoglyce-
mia in both pediatric and adult age ranges.1–4 A third sys-
tem, in development, but not yet commercially available,
(Omnipod5; Insulet, Acton, MA) has demonstrated similar
results in a recently completed clinical study.5

The 670G, as the first commercial hybrid closed-loop sys-
tem, used a conservative approach to glucose control, mod-
ifying basal insulin delivery in response to glucose levels and
choosing a fixed target glucose setpoint of 120 mg/dL. An
updated version of this algorithm, the ‘‘advanced hybrid
closed-loop system’’ (AHCL), was subsequently released by
Medtronic. It incorporates some features developed in the
MD-Logic automated insulin delivery system (Dreamed,
Petah Tikva, Israel), including selectable target glucose set-
points of 100 or 120 mg/dL, and additional algorithmic
enhancements designed to improve performance around
meals, including an autobolus module that delivers correction
doses automatically and an automated meal-detection algo-
rithm, which when triggered, enables the system to deliver
more aggressive autocorrection boluses.6–8

We previously reported the results of a randomized cross-
over trial comparing glycemic outcomes during 12 weeks
of treatment with the 670G to 12 weeks of the AHCL System
in 113 adolescents and young adults with type 1 diabetes
(T1D). Use of the advanced hybrid closed-loop (AHCL)
was associated with less daytime (6 AM–11:59 PM) hyper-
glycemia (time >180 mg/dL was 34% with AHCL vs. 37%
with 670G), with no increase in hypoglycemia. AHCL use
was also associated with improved mean glucose 159 – 13
vs. 166 – 13 mg/dL) and 24 h time in range (67% – 8% vs.
63% – 8%).9

These improvements were accompanied by an average
10% increase in total insulin dose in AHCL arm compared to
670G arm and shift of the basal/bolus ratio toward greater
percentage of insulin delivered as bolus (64% for AHCL
compared to 50% for 670G). Approximately 1/3 of the bolus
insulin in the AHCL arm was provided by automated cor-
rection boluses.

Given the improved daytime glucose control (when most
meals occur), the increased insulin delivery, and the propor-
tion of insulin boluses delivered by automated correction in the
AHCL arm compared to the 670G arm, we sought to examine
more closely the glycemic dynamics and insulin delivery
characteristics specifically related to mealtimes during the
Fuzzy Logic Automated Insulin Regulation (FLAIR) study.

Methods

The FLAIR study compared the 670G system and the
AHCL system in adolescents and young adults with T1D.
The study was conducted at seven endocrinology practices:
four in the United States and one each in Germany, Israel,
and Slovenia. The protocol and informed consent/assent
forms were approved by the appropriated institutional review
boards and ethics committees, and regulatory approval to
conduct the study was obtained in all four countries. The
protocol is available online at https://public.jaeb.org/datasets
and details of the trial and methods have been published
elsewhere9 and summarized here.

Of the 113 participants randomized in the study, mean
age was 19 – 4 years (range: 14–29 years), mean HbA1c at
baseline was 7.9% – 0.7% (range: 7.0%–10.9%), 62% were
female, 20% were not using a pump, and 38% were not using
a continuous glucose monitor (CGM). Key exclusion crite-
ria were concomitant disease that affects metabolic control
or HbA1c levels, one or more episodes of severe hypogly-
cemia requiring treatment by another person or ketoacidosis
requiring admission to the hospital within 6 months before
screening, and clinically significant nephropathy or on dialysis.

Eligible participants were entered in a run-in phase where
participants were trained to use a study pump without auto-
mated insulin delivery and a CGM. Participants already using
a 670G system in auto mode or using an insulin pump and
CGM were able to skip the run-in training. All other partic-
ipants were started on the study pump for *14 days and then
used the study CGM for *14 days (with an opportunity to
repeat). Participants who had 80% of CGM data over the
possible 14 days and an average of ‡3 blood glucose meter
tests per day were entered into the randomized trial.

Participants were randomly assigned to receive 12 weeks
of 670G followed by 12 weeks of AHCL or vice versa. There
was no washout period in-between. At the beginning of each
12-week period, participants, and a parent or guardian when
applicable, were trained on the assigned closed-loop system.
The AHCL was started with an auto mode target glucose
setpoint of 120 mg/dL (6.7 mmol/L) and an active insulin
time of 3–4 h. These could be adjusted to a target glucose
setpoint of 100 mg/dL (5.5 mmol/L) and an active insulin
time down to 2 h based on assessment visits conducted every
2 weeks. The 670G had a fixed target glucose setpoint of
120 mg/dL.
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Table 1. Glycemic Outcomes During Postmeal Periods

Run-in 670G arm AHCL arm

Baseline-adjusted difference
between AHCL and 670G

(95% CI) [P-value]a

No. of participants 98 112 112
No. of meals per participant 67 – 20 229 – 29 229 – 27
Meal size (g) 46 – 16 46 – 16 44 – 15
Baseline glucose at start

of meal (mg/dL)
181 – 30 175 – 23 167 – 23

Insulin on board at start
of meal (U)b

9.1 – 3.4 9.1 – 3.1 9.3 – 3.1

Peak glucose (mg/dL) 241 – 30 235 – 23 231 – 23
Time to peak (minutes) 73 – 15 78 – 12 82 – 12
Nadir glucose (mg/dL) 128 – 24 124 – 14 121 – 16
Glucose excursion

(peak—baseline; mg/dL)
59 – 15 61 – 13 64 – 13 1.7 (-0.6 to 4.1) [0.10]

Overall glucose control
Mean glucose (mg/dL) 185 – 27 180 – 19 177 – 20 1.8 (-0.4 to 4.0) [0.10]
% Time in the target range

(70–180 mg/dL)
49% – 15% 53% – 11% 54% – 11% -0.8% (-2.1% to 0.4%) [0.12]

% Time in the tight target
range (70–140 mg/dL)

28% – 11% 29% – 8% 30% – 9% -0.1% (-1.4% to 1.1%) [0.85]

Glycemic variability
Coefficient of variation 35% – 5% 36% – 4% 36% – 3% 0.0% (-0.7% to 0.7%) [0.96]

Hypoglycemia
% Time <70 mg/dL 2.2% – 1.9% 2.1% – 1.4% 2.1% – 1.5% -0.1% (-0.4% to 0.2%) [0.48]
% Time <54 mg/dLb 0.46% – 0.52% 0.49% – 0.39% 0.46% – 0.34% -0.05% (-0.13% to 0.03%) [0.13]

Hyperglycemia
% Time >180 mg/dL 49% – 16% 45% – 11% 44% – 12% 1.0% (-0.4% to 2.3%) [0.12]
% Time >250 mg/dL 18% – 12% 15% – 9% 14% – 9% 1.0% (0.0% to 1.9%) [0.05]

Values are reported as mean – SD.
aBaseline-adjusted difference is the mean outcome in AHCL minus mean outcome in 670G estimated from a repeated measures least

squares regression model adjusting for baseline glucose at start of meal, period, prestudy 670G system use, and HbA1c at randomization as
fixed effects. The model includes three time points: (1) baseline, (2) period 1 outcome, and (3) period 2 outcome. Nominal (uncorrected)
P-values were adjusted for multiple comparisons using the Two Stage Benjamini-Hochberg adaptive false discovery rate procedure.

bSummary statistics winsorized at the 10th and 90th percentiles to account for skewness.
AHCL, advanced hybrid closed-loop; CI, confidence interval; SD, standard deviation.

FIG. 1. Boxplots of peak, time to peak, nadir, and excursion by type of meal and treatment arm.
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Table 2. Glycemic Outcomes During Postmeal Periods by Time of Day

Time of meal Run-in (n = 98) 670G arm (n = 112) AHCL arm (n = 112)

Breakfast
No. of meals per participant 13 – 7 46 – 25 45 – 23
Meal size (g) 41 – 16 41 – 15 40 – 15
Baseline glucose (mg/dL) 166 – 30 162 – 28 148 – 23
Peak glucose (mg/dL) 233 – 32 230 – 29 225 – 28
Time to peak (minutes) 79 – 32 80 – 21 87 – 16
Nadir glucose (mg/dL) 120 – 31 121 – 18 115 – 16
Glucose excursion (mg/dL) 67 – 29 69 – 23 76 – 21
Mean glucose (mg/dL) 181 – 32 178 – 23 173 – 22
% TIR (70–180 mg/dL) 50% – 21% 55% – 15% 59% – 14%
% TIR (70–140 mg/dL) 27% – 16% 29% – 11% 33% – 10%
Coefficient of variation 31% – 9% 33% – 5% 34% – 5%
% Time <70 mg/dL 2.7% – 4.1% 1.6% – 1.4% 1.8% – 1.9%
% Time <54 mg/dLa 0.41% – 0.64% 0.31% – 0.40% 0.33% – 0.39%
% Time >180 mg/dL 47% – 21% 44% – 15% 39% – 14%
% Time >250 mg/dL 15% – 15% 13% – 12% 12% – 11%

Lunch
No. of meals per participant 26 – 9 87 – 16 89 – 16
Meal size (g) 47 – 17 46 – 17 45 – 15
Baseline glucose (mg/dL) 177 – 32 172 – 25 165 – 26
Peak glucose (mg/dL) 241 – 37 235 – 25 231 – 25
Time to peak (minutes) 76 – 21 81 – 15 85 – 15
Nadir glucose (mg/dL) 128 – 29 122 – 15 120 – 18
Glucose excursion (mg/dL) 63 – 21 64 – 15 66 – 15
Mean glucose (mg/dL) 186 – 32 180 – 20 177 – 23
% TIR (70–180 mg/dL) 50% – 18% 53% – 12% 55% – 13%
% TIR (70–140 mg/dL) 28% – 14% 29% – 9% 30% – 11%
Coefficient of variation 34% – 6% 35% – 4% 35% – 4%
% Time <70 mg/dL 1.9% – 2.0% 2.1% – 1.7% 2.1% – 1.8%
% Time <54 mg/dLa 0.32% – 0.49% 0.47% – 0.46% 0.44% – 0.38%
% Time >180 mg/dL 49% – 19% 45% – 12% 43% – 14%
% Time >250 mg/dL 19% – 15% 15% – 10% 14% – 10%

Dinner
No. of meals per participant 23 – 9 76 – 17 76 – 17
Meal size (g) 47 – 17 47 – 17 46 – 16
Baseline glucose (mg/dL) 189 – 39 182 – 26 177 – 24
Peak glucose (mg/dL) 243 – 38 238 – 26 234 – 25
Time to peak (minutes) 70 – 22 78 – 13 80 – 15
Nadir glucose (mg/dL) 129 – 28 126 – 19 125 – 20
Glucose excursion (mg/dL) 53 – 19 57 – 15 57 – 14
Mean glucose (mg/dL) 186 – 32 182 – 22 179 – 23
% TIR (70–180 mg/dL) 49% – 17% 52% – 13% 52% – 12%
% TIR (70–140 mg/dL) 28% – 15% 28% – 10% 29% – 11%
Coefficient of variation 35% – 6% 36% – 4% 35% – 4%
% Time <70 mg/dL 2.5% – 3.1% 2.3% – 1.9% 2.2% – 1.9%
% Time <54 mg/dL a 0.42% – 0.63% 0.49% – 0.45% 0.44% – 0.42%
% Time >180 mg/dL 48% – 18% 46% – 14% 46% – 13%
% Time >250 mg/dL 19% – 14% 16% – 10% 15% – 9%

Nighttime
no. of meals per participant 7 – 6 21 – 19 20 – 18
Meal size (g) 41 – 18 41 – 17 41 – 17
Baseline glucose (mg/dL) 194 – 53 196 – 41 192 – 42
Peak glucose (mg/dL) 246 – 49 241 – 36 241 – 36
Time to peak (minutes) 68 – 46 67 – 34 65 – 34
Nadir glucose (mg/dL) 138 – 50 127 – 24 127 – 26
Glucose excursion (mg/dL) 47 – 30 48 – 29 49 – 31
Mean glucose (mg/dL) 188 – 48 184 – 28 182 – 30
% TIR (70–180 mg/dL) 47% – 29% 51% – 18% 50% – 17%
% TIR (70–140 mg/dL) 28% – 25% 28% – 15% 28% – 14%
Coefficient of variation 27% – 12% 34% – 9% 34% – 8%
% Time <70 mg/dL 1.8% – 4.2% 2.4% – 3.6% 2.7% – 3.9%

(continued)
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Participants entered carbohydrate intake before each meal
to enable an appropriate meal-time insulin bolus. Two par-
ticipants dropped out during period 1: one while using AHCL
and one while using 670G. Both periods that were started met
the prespecified requirement of at least 72 h of postprandial
CGM data and insulin data.

Statistical Methods

Meals were defined as the three largest carbohydrate
amounts entered into the pump on each day. If fewer than
three meals were entered in a day, only the meals available
from that day were included. The start of the meal is the
time when the participants entered carbs into the pump. The
postmeal period consisted of the 3 h after the start of a meal,
or until start of the next meal. Postprandial CGM outcomes
were calculated pooling all CGM readings during all the
postmeal periods. Baseline glucose was defined as the most
recent CGM value within 15 min before the start of the meal.
The nadir, peak, excursion (peak minus baseline), and time
to peak is computed for each meal and then averaged across
all meals in a period.

These outcomes were only calculated from meals with at
least 2 h of CGM data in the 3-h window. Glycemic outcomes
during the run-in phase are only reported from participants
not using 670G in auto mode to represent a baseline for
participants without previous automated insulin delivery
system use. In classifying meals as breakfast, lunch, or dinner,
any meal starting between 5 AM and 10:59 AM was consid-
ered breakfast, between 11 AM and 4:59 PM was considered
lunch, and between 5 PM and 9:59 PM dinner (postprandial
analysis was defined as the 3 h window after the start of that
meal). Overnight glycemia was defined as 12 AM–5:59 AM.
Calculation of insulin on board at mealtime includes any bolus
given within 15 min of the start of the meal.

The mean – standard deviation is reported for continuous
outcomes. Time spent with glucose levels below 54 mg/dL
(3.0 mmol/L) and insulin on board at the time of the meal
were winsorized at the 10th and 90th percentiles to account
for skewness. This process caps values at the 10th and 90th
percentiles of the distribution so that analyses are more robust
to outliers. A repeated measures least squares regression
model with an unstructured covariance structure compared
postprandial glycemia between AHCL and 670G adjusting
for baseline glucose at start of the meal, period, prestudy
670G use, and HbA1c at randomization.

The model included three timepoints: run-in phase, AHCL
period, and 670G period. A sensitivity analysis replicated
treatment group comparisons using 4 h after the start of a
meal as the definition of a postprandial period. An additional
analysis excluded meals with intervening boluses given dur-

ing the postmeal period. The false discovery rate was con-
trolled using the adaptive two stage Benjamini-Hochberg
procedure.10 All P-values are two-tailed, and analyses were
performed using SAS software version 9.4 (SAS Institute,
Inc., Cary, NC).

Results

The demographics have been previously reported.9 The
mean number of meals per participant was 229 meals in 670G
period and in AHCL period.

Baseline glucose at start of meal was 181 – 30 mg/dL
in the run-in phase, 175 – 23 mg/dL in the 670G arm, and
167 – 23 mg/dL in the AHCL arm (Table 1). The meal size
and insulin on board at the start of the meal were similar for
the three groups: mean meal size was 46 – 16 g during run-in,
46 – 16 g in 670G, and 44 – 15 g in AHCL and mean insulin on
board was 9.1 – 3.4 U, 9.1 – 3.1 U, and 9.3 – 3.1 U, respectively.

The mean peak glucose was 241 – 30 mg/dL during run-in,
235 – 23 mg/dL in the 670G arm, and 231 – 23 mg/dL in the
AHCL arm (Table 1). Excursion was generally higher for
meals with lower baseline glucose at start of meal, and
the mean excursion was 59 – 15 mg/dL during run-in, 61 –
13 mg/dL in the 670G arm, and 64 – 12 mg/dL in the AHCL
arm (P = 0.10). Postprandial time in range was 49% – 15%
during run-in, 53% – 11% in the 670G arm, and 54% – 11%
in the AHCL arm (P = 0.12). Postprandial euglycemic and
hyperglycemic outcomes generally improved during follow-
up when participants were using AHCL or 670G, while
postprandial hypoglycemia was infrequent and similar during
the prestudy baseline and two study periods.

All postprandial outcomes between AHCL and 670G after
adjusting for baseline glucose at start of meal were similar
with small effect sizes and narrow confidence intervals.
A sensitivity analyses using 4 h postprandial periods yielded
similar results (Supplementary Table S1). An additional sen-
sitivity analyses using a 4 h postprandial period and exclud-
ing meals with intervening boluses given during the period
also yielded similar results (Supplementary Table S2).

The peak, time to peak, nadir, and excursion overall and
by type of meal are presented in Figure 1 and Table 2. The
baseline glucose was lowest for breakfast with a mean of
166 mg/dL during run-in phase, 162 mg/dL in 670G arm, and
148 mg/dL in AHCL arm. Mean peak was smallest for
breakfast and for AHCL, while mean excursion was highest
for breakfast and for AHCL. Mean postprandial time in range
at breakfast was 50% during run-in phase and increased
to 55% in 670G and 59% in AHCL. Other postprandial
euglycemic and hyperglycemic outcomes showed a slight
improvement in favor of the AHCL arm likely due to the
lower glucose at start of the meal. The mean baseline glucose

Table 2. (Continued)

Time of meal Run-in (n = 98) 670G arm (n = 112) AHCL arm (n = 112)

% Time <54 mg/dLa 0.15% – 0.41% 0.35% – 0.53% 0.40% – 0.52%
% Time >180 mg/dL 52% – 29% 47% – 18% 47% – 18%
% Time >250 mg/dL 19% – 23% 18% – 15% 16% – 13%

Values are reported as mean – SD.
aSummary statistics winsorized at the 10th and 90th percentiles to account for skewness.
TIR, time in range.
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at dinner was 189 mg/dL during run-in phase, 182 mg/dL in
670G, and 177 mg/dL in AHCL with postprandial time in
range of 49%, 52%, and 52%, respectively.

Discussion

In this secondary analysis of the FLAIR study, we have
shown that despite the incorporation of several enhancements
to the closed-loop system algorithms, including lower glu-
cose set-point (100 vs. 120 mg/dL), automated correction
boluses, and modified controller gains and integral action, the
AHCL system performed similarly to the existing 670G
hybrid closed-loop system with respect to the early (3-h)
postprandial meal glucose control with a trend to lower
hyperglycemia level 2 (P = 0.05).

Since the earliest studies of automated insulin delivery,
meals have proven a significantly greater challenge to glu-
cose control than the overnight period. Manual insulin
boluses are needed to compensate for the slower pharmaco-
kinetics of subcutaneous insulin delivery, hence the term
‘‘hybrid’’ closed-loop.11 Even with full meal boluses, sig-
nificant postprandial elevations occur during closed-loop
control that cannot be adequately addressed by automated
incremental increases in basal insulin delivery by the
670G algorithm, resulting in time-in-range attainments of
70%–72% with this system. While this is an improvement
over open loop insulin delivery, it still represents about
7 h per day with glucose levels >180 mg/dL.

Automated correction boluses for hyperglycemia were
incorporated into second-generation systems in an attempt to
mitigate these postmeal glucose elevations. The AHCL sys-
tem includes a meal-detection module that, when triggered,
enables the system to deliver automated correction boluses
every 5 min. The AHCL system under study compares favor-
ably to that of the Insulet Omnipod 5 system, which also
incorporates autocorrection features into its algorithm. In that
system, following meal challenges of *50 g carbohydrates
(with full bolus for meals), postprandial glucose excursions
over a 4 h analysis window still exceeded 100 mg/dL, with
peak postprandial glucose levels of 229 mg/dL.12

The Tandem Control-IQ system also incorporates an
automated correction dose algorithm, in which correction
boluses of 60% of the calculated correction dose can be given
automatically by the system once per hour. While formal
meal studies of this system are not available for compari-
son, a recent report of a 6-month clinical trial of that system
noted that the time in 70–180 mg/dL range in the 4 h fol-
lowing a meal bolus ranged from 54% to 62%.13 While this
figure is slightly higher than the 54% in our current study, this
type of postprandial analysis would likely favor a longer
window, by allowing more time for correction of hypergly-
cemia. Indeed, in a feasibility study of the AHCL following
dinner challenge of 40 g carbohydrate, time in range for the
following 5 h postprandial was 63.5%.7

There are several possible explanations for why the auto-
mated correction bolus feature in the AHCL did not dem-
onstrate markedly better performance than the standard 670G
algorithm in the early postprandial period. Most obviously,
as shown in Table 3 and Figure 2, the total amount of insulin
delivered during the 3 h postprandial window was nearly
identical in the two treatment conditions. While an additional
4 U of insulin was provided via autocorrection in the AHCL

Table 3. Insulin Metrics During Postmeal

Periods by Time of Day

670G arm
n = 112

AHCL arm
n = 112

Overall
Insulin on board (U),a

mean – SD
9.1 – 3.1 9.3 – 3.1

Total insulin (U),
mean – SD

29 – 12 29 – 12

Auto basal insulin (U),
mean – SD

8 – 4 6 – 2

Bolus insulin (U),
mean – SD

21 – 9 23 – 10

Autocorrection bolus (U),
mean – SD

NA 4 – 2

Insulin from basal 28% – 6% 20% – 4%
Insulin from bolus 71% – 6% 80% – 4%

Breakfast
Insulin on board (U),a

mean – SD
7.6 – 2.7 7.7 – 2.7

Total insulin (U), mean – SD 12 – 5 12 – 5
Auto basal insulin (U),

mean – SD
4 – 2 3 – 1

Bolus insulin (U), mean – SD 8 – 4 9 – 4
Autocorrection bolus (U),

mean – SD
NA 3 – 1

Insulin from basal 32% 23%
Insulin from bolus 68% 77%

Lunch
Insulin on board (U),a

mean – SD
9.2 – 3.1 9.3 – 3.0

Total insulin (U), mean – SD 15 – 6 15 – 6
Auto basal insulin (U),

mean – SD
4 – 2 3 – 1

Bolus insulin (U), mean – SD 11 – 5 12 – 5
Autocorrection bolus (U),

mean – SD
NA 3 – 1

Insulin from basal 27% 20%
Insulin from bolus 72% 80%

Dinner
Insulin on board (U),a

mean – SD
9.8 – 3.4 10.1 – 3.4

Total insulin (U), mean – SD 14 – 6 14 – 6
Auto basal insulin (U),

mean – SD
3 – 2 2 – 1

Bolus insulin (U), mean – SD 11 – 5 11 – 5
Autocorrection bolus (U),

mean – SD
NA 3 – 1

Insulin from basal 25% 18%
Insulin from bolus 74% 81%

Nighttime
Insulin on board (U),a

mean – SD
8.4 – 3.3 9.0 – 3.2

Total insulin (U), mean – SD 10 – 6 8 – 4
Auto basal insulin (U),

mean – SD
3 – 2 2 – 1

Bolus insulin (U), mean – SD 7 – 4 6 – 3
Autocorrection bolus (U),

mean – SD
NA 3 – 1

Insulin from basal 27% 21%
Insulin from bolus 75% 78%

aSummary statistics winsorized at the 10th and 90th percentiles to
account for skewness.

NA, not applicable.
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condition, there was a corresponding reduction in the pro-
grammed bolus and in auto-basal, resulting in a similar total
insulin dose over the 3 h window; the only resulting major
difference was an *8%–9% greater percentage of the total
insulin delivered by bolus in the AHCL.

It is possible that with increasing familiarity with the
AHCL system, wearers tended to bolus less aggressively for
meals, or not at all, after seeing performance of the system
in real-world situations. Given the very low rates of time
below range in the AHCL condition, more aggressive ‘‘tun-
ing’’ of the autocorrections may be justified.

While the 670G and AHCL systems had similar early
postprandial glucose control, the AHCL clearly demon-
strated some benefit in improving daytime and nighttime
control, as evidenced by the lower premeal glucose levels at
each meal, a trend to lower postprandial time in hypergly-
cemia above 250 mg/dL, lower daytime glucose, and signif-
icantly improved overnight control, as evidenced by the
lower 6 AM and prebreakfast glucose levels (Fig. 2).9 It is
likely that the ability of the AHCL system to continue to
deliver auto-boluses after 3 h (which is not captured in the
current analysis) contributed to the improved control in this
arm. The ability of the system to provide auto-boluses

overnight, along with the lower glucose setpoint, achieved
lower glucose levels to start the day with fewer user-initiated
boluses overnight. This also resulted in more effective
breakfast glycemic control.

It has been suggested that faster-acting insulin analogs
might improve the performance of automated insulin deliv-
ery systems. Two studies comparing the newest generation
faster-acting insulin aspart (Fiasp) with insulin aspart in the
670G reported similar results with both insulins, the one
notable benefit of the faster insulin was seen in the first hour
following the meal bolus.14,15 Peak postprandial excursions
were similar to the present study. Most recently, a study of the
AHCL system using Fiasp found that after a meal challenge
of 40 g carbohydrate, time in 70–180 mg/dL range in a
postprandial 4 h window was modestly greater compared to
insulin aspart (73.6% vs. 72.1%).16 This time in range sur-
passed our present study, but with smaller magnitude of meal
challenge.

The addition of adjunctive glucose-lowering agents with
an automated insulin delivery system, using either rapid-or
ultrarapid-acting insulin analogs, may improve performance
further, as seen with recent pilot studies of dapagliflozin17

and pramlintide.18

FIG. 2. Mean glucose by 24 h (top panel) and mean insulin delivery by hour (bottom panel).
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It is difficult to compare postprandial performance of
automated insulin delivery systems, given the variability in
design of clinical studies, including meal size and content,
definition of postprandial window, and the effect of prior
residual insulin on board. It also bears noting that when
analyzing postprandial glucose excursions, the common
practice of reporting changes in mean glucose over time
necessarily underestimates the true per-subject glucose
excursion. Interindividual differences in time to peak glucose
level will ‘‘smooth’’ out the curve and minimize the full
impact of meal-related hyperglycemia. We suggest that a
more standardized approach to these analyses should include
calculation and reporting of mean per-subject glucose
excursion (baseline to peak) and postprandial time in range,
which will provide a more accurate description of system
performance around meals.

Several important limitations of this study should be noted.
We set a 3 h time horizon for the analysis of the postpran-
dial periods. This specific duration was chosen to minimize
the effect of interference of subsequent meal-induced glucose
excursions: the longer duration of postprandial analysis,
the fewer analyzable meals without this interference would
have been available for comparison. A second limitation
relates to the lack of standardization of meals and bolus
strategies: because this was a free-living outpatient trial, there
were no attempts made to standardize timing of the meal
bolus with respect to the start of the meal, insulin action time,
or meal content/size.

More rigorous control of these parameters would have
potentially enabled us to draw more definitive conclusions
about meal effects, but at the expense of the free-living
design of the overall study. Finally, as noted earlier, the
benefit of the auto-bolus functionality may have led some
participants to forego or alter their behaviors in manual
bolusing, which would have had the effect of mitigating the
full benefit of the auto-bolus.

In conclusion, the superior glycemic outcomes of partici-
pants using the AHCL compared to 670G system demon-
strated in the FLAIR study does not appear to stem from the
early (first 3 h) postprandial glycemic excursion, but to later
(after 3-h) portion of the postprandial period, as well as
the improved overnight control. Continued refinements to
auto-bolus tuning and/or meal-prediction algorithms, as well
as further considerations of manual bolus parameters such
as insulin-carbohydrate ratios, timing of meal boluses, and
insulin-on-board calculations, are warranted to provide opti-
mal meal control, particularly in the first several hours after
the meal, in this closed-loop system.
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