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Abstract

Objective: Automated insulin delivery (AID) may benefit individuals with long-standing type 1 diabetes where
frequent exposure to hypoglycemia impairs counterregulatory responses. This study assessed the effect of 18
months AID on hypoglycemia avoidance and glucose counterregulatory responses to insulin-induced hypo-
glycemia in long-standing type 1 diabetes complicated by impaired awareness of hypoglycemia.
Methods: Ten participants mean – standard deviation age 49 – 16 and diabetes duration 34 – 16 years were ini-
tiated on AID. Continuous glucose monitoring was paired with actigraphy to assess awake- and sleep-associated
hypoglycemia exposure every 3 months. Hyperinsulinemic hypoglycemic clamp experiments were performed at
baseline, 6, and 18 months postintervention. Hypoglycemia exposure was reduced by 3 months, especially during
sleep, with effects sustained through 18 months (P £ 0.001) together with reduced glucose variability (P < 0.01).
Results: Hypoglycemia awareness and severity scores improved (P < 0.01) with severe hypoglycemia events
reduced from median (interquartile range) 3 (3–10) at baseline to 0 (0–1) events/person$year postintervention
(P = 0.005). During the hypoglycemic clamp experiments, no change was seen in the endogenous glucose
production (EGP) response, however, peripheral glucose utilization during hypoglycemia was reduced fol-
lowing intervention [pre: 4.6 – 0.4, 6 months: 3.8 – 0.5, 18 months: 3.4 – 0.3 mg/(kg$min), P < 0.05]. There were
increases over time in pancreatic polypeptide (Pre:62 – 29, 6 months:127 – 44, 18 months:176 – 58 pmol/L,
P < 0.01), epinephrine (Pre: 199 – 53, 6 months: 332 – 91, 18 months: 386 – 95 pg/mL, P = 0.001), and auto-
nomic symptom (Pre: 6 – 2, 6 months: 6 – 2, 18 months: 10 – 2, P < 0.05) responses.
Conclusions: AID led to a sustained reduction of hypoglycemia exposure. EGP in response to insulin-induced
hypoglycemia remained defective, however, partial recovery of glucose counterregulation was evidenced by a
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reduction in peripheral glucose utilization likely mediated by increased epinephrine secretion and, together with
improved autonomic symptoms, may contribute to the observed clinical reduction in hypoglycemia.

Keywords: Automated insulin delivery, Glucose counterregulation, Impaired awareness of hypoglycemia,
Type 1 diabetes, Hypoglycemia-associated autonomic failure.

Introduction

In long-standing type 1 diabetes, increased risk for
experiencing severe hypoglycemia (requiring help of a

third-party to recover1) develops as a consequence of pro-
gressive compromise in the physiologic defense mechanisms
against the development of low blood glucose in the setting of
therapeutic hyperinsulinemia.2 The near-total destruction of
insulin producing b-cells results in a paracrine defect in
glucagon secretion from neighboring a-cells in response to
hypoglycemia,3,4 removing the normal islet response to
lower the insulin-to-glucagon ratio exposed to the liver and
increase hepatic glucose production. The absence of this
primary defense against the development of hypoglycemia
leaves activation of sympathoadrenal epinephrine that can
increase endogenous (primarily hepatic) glucose production
(EGP) and decrease peripheral glucose utilization and auto-
nomic symptom generation that can alert the individual to
ingest carbohydrate, as critical to defend against the devel-
opment of low blood glucose.

However, recurrent exposure to hypoglycemia impairs both
the sympathoadrenal epinephrine and autonomic symptom
responses5,6 leading to defective glucose counterregulation and
impaired awareness of hypoglycemia (IAH),7,8 collectively
recognized as the syndrome of hypoglycemia-associated au-
tonomic failure (HAAF) (reviewed in Cryer;9 and Rickels10).
Once established, hypoglycemia unawareness increases the
risk of severe hypoglycemia up to 20-fold,11 and so contributes
significantly to disease-related morbidity and mortality.12–14

IAH in type 1 diabetes of short duration can improve over
several weeks of intervention,15 however, in long-standing
type 1 diabetes complicated by IAH, targeted avoidance of
biochemical hypoglycemia over several months is required.10

Structured educational and psychobehavioral interventions
can modestly improve hypoglycemia awareness, reduce the
incidence of severe hypoglycemia, and increase the auto-
nomic symptom response to insulin-induced hypoglycemia
after 6 months intervention.16–18 These interventions have
utilized flexible basal-bolus insulin delivery with currently
available insulin analogs administered by either multiple
daily injection (MDI) or pump therapy in conjunction with
frequent (at least four times daily) self-monitored blood
glucose and/or continuous glucose monitoring (CGM).

High adherence to the use of real-time CGM in this pop-
ulation over at least a 4-month period reduces hypoglycemia
frequency and severity without increasing HbA1c, however,
does not eliminate severe hypoglycemia and has been shown
to only modestly improve hypoglycemia awareness in one19

but not all20–22 studies. Continued exposure to hypoglycemia
with CGM, especially during the nocturnal period of sleep,
likely accounts for on-going impairment in epinephrine se-
cretion and the autonomic symptom response to insulin-
induced hypoglycemia defining the persistence of HAAF.19

Nocturnal hypoglycemia is a significant contributor toward

both the induction and maintenance of HAAF as sym-
pathoadrenal responses to hypoglycemia are further dimin-
ished during sleep in type 1 diabetes alongside impaired
symptom and wakening responses.7,23,24 Thus, despite the
increased availability of and access to CGM, IAH persists in
many CGM users25 and remains a significant risk factor for
severe hypoglycemia.26

Automated insulin delivery (AID) systems integrate pre-
dictive low-glucose suspension (PLGS) of insulin delivery for
anticipated hypoglycemia with or without a hybrid closed-loop
(HCL) automated increase in basal and/or bolus delivery of
insulin for hyperglycemia,27 providing further opportunity for
targeted reduction of hypoglycemia exposure, most notably
during the nocturnal period of sleep.28–30 In individuals with
type 1 diabetes and either IAH or a recent severe hypoglyce-
mia event, use of PLGS for 6 months reduced time spent with
hypoglycemia by >50% and reduced severe hypoglycemic
events sixfold compared to insulin pump therapy without real-
time CGM.31 Moreover, PLGS use was especially effective
during the nocturnal period. Two short-term intervention
studies (4 and 8 weeks) suggest that AID systems that also
automate increased insulin delivery when an elevated glucose
concentration is predicted better address excessive glucose
variability and further reduce clinically important hypoglyce-
mia in individuals prone to hypoglycemia.32,33

The present mechanistic study aimed to assess the effect of
18 months AID intervention on hypoglycemia avoidance and
glucose counterregulation in individuals with long-standing
type 1 diabetes complicated by IAH. We hypothesized that
AID would allow for significant reduction in hypoglycemia
exposure, beyond that previously reported as achieved by
CGM alone,19 and lead to improvements in epinephrine,
driving increased EGP, and autonomic symptom responses,
with improved glucose counterregulation and hypoglycemia
symptom recognition indicative of recovery from HAAF, and
reduced risk for experiencing severe hypoglycemia.

Participants and Methods

Participants between 25 and 70 years old with C-peptide
negative (<0.3 ng/mL on a random sample) type 1 diabetes of
more than 10 years duration, disease onset <40 years of age,
and active diabetes self-management defined as at least three
clinical evaluations with a local diabetology service during
the previous 12 months were invited to participate. Inclusion
criteria required IAH (Clarke score ‡4)34 and at least one of:
severely problematic hypoglycemia (hypoglycemia sever-
ity score [HYPO] ‡1047; 90th percentile); marked gly-
cemic lability index [LI ‡433 mmol/(L2$h$week); (90th
percentile)]; or a composite HYPO score ‡423 (75th per-
centile), and LI ‡329 mmol/(L2$h$week) (75th percen-
tile).35,36 In addition, inclusion required evidence of
ongoing hypoglycemia exposure that would likely be as-
sociated with impaired counterregulatory responses,5,6
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defined as >5% time spent in hypoglycemia (glucose
<60 mg/dL)19 on 7-day real-time or blinded CGM (iPro2;
Medtronic Diabetes, Northridge, CA), including at least
one episode of nocturnal hypoglycemia.

Study exclusion criteria were the recent use of an AID
device with PLGS or other noninsulin hypoglycemic agent
within 4 weeks of enrollment; obesity (body mass index
‡30 kg/m2); insulin resistance (‡1.0 units/kg/day); poor
glycemic control (HbA1c ‡ 10%); abnormal liver, kidney, or
thyroid function; pregnancy; breast-feeding; anemia; seizure
disorder not related to prior severe hypoglycemia; uncon-
trolled hypertension; untreated proliferative diabetic reti-
nopathy, Addison’s disease or Celiac disease; or active
cardiovascular disease, including use of b-blocker therapy.
Further details are available online (ClinicalTrials.gov
identifier: NCT03215914). The study protocol was approved
by the Institutional Review Board of the University of
Pennsylvania and all participants provided written informed
consent to participate.

AID systems, MiniMed� 670G (Medtronic Diabetes) or
t:slimX2 (Tandem Diabetes, San Diego, CA) were com-
menced after a 2-week run-in period of standard pump de-
livery and completion of the baseline clamp procedure. All
participants utilized PLGS of insulin delivery for anticipated
hypoglycemia and were encouraged to use the HCL predic-
tive increase in basal and/or bolus delivery of insulin for
hyperglycemia (Auto-mode/Control-IQ). The hypoglycemia
threshold for PLGS was set no lower than 80 mg/dL. The
Auto Mode closed-loop algorithm glucose target of
120 mg/dL could be increased to 150 mg/dL for sleep and
exercise, and for participants using Control-IQ, the closed
loop algorithm could be placed in sleep or activity modes.
Sensor compliance was assessed at each visit with >80%
required for ongoing study participation.

Device uploads of CGM and insulin delivery data were
reviewed at study visits with assessment of compliance and
advice to adjust bolus and/or basal insulin dose settings to
minimize glycemic excursions while maximizing hypogly-
cemia avoidance. Study visits, including telephone visits,
occurred weekly for the first month and monthly until month
6 to assess the effect of AID alongside intensive provider
support. Thereafter, three monthly visits were performed
with the frequency of assessment and data collection more
closely aligning with standard provider interaction. All visits
were conducted by a nurse practitioner (A.J.P.) who provided
education and recommendations on AID/CGM use, including
adjustment of insulin delivery and glucose monitoring set-
tings under MD supervision (M.R.R.).

Continuous glucose monitoring

AID system CGM data from the 4 weeks before every 3-
month visit were used in these analyses. Participants wore a
wrist actigraphy monitor (Actigraph wGT3X-BT; ActiGraph,
Inc., Pensacola, FL) for a 3-week period before each visit to
enable pairing with CGM data for accurate assessment of day-
and sleep-associated time in glucose ranges. Actigraphy data
were downloaded using ActiLife software (version 6.13.3) and
algorithm-detected sleep periods were determined as previ-
ously described.37 Mean glucose; glucose standard deviation
(SD); coefficient of variation (CV = SD/mean); low and high
blood glucose indices (LBGI and HBGI); total, day- and sleep-

associated percentage time-in-range (70–180 mg/dL), time
with hypoglycemia (<54, <60, <70 mg/dL), and time with
hyperglycemia (>180, >250 mg/dL) were calculated using
HypoCount software (version 2.0; PRECISE Center, Uni-
versity of Pennsylvania, Philadelphia, PA).

Assessment of glucose counterregulation

Participants underwent blinded hyperinsulinemic hy-
poglycemic clamp studies at baseline, 6 and 18 months
postintervention following methodology previously de-
scribed.19,38,39 Participants were admitted the afternoon/
evening before study after avoiding strenuous exercise for 3
days. Near-normoglycemia was maintained during a 12-h
period of overnight fasting by an intravenous insulin infusion
protocol. At 0700, t = -120 min, a primed (5 mg/kg fasting
plasma glucose in mg/dL/90 for 5 min) continuous [0.05 mg/
(kg$min) for 355 min] infusion of 6,6–2H2-glucose (99%
solution; Cambridge Isotopes Laboratories, Andover, MA)
was initiated to assess EGP before and during the clamp
procedures with baseline blood samples obtained at t = -20,
-10, and -1 min. At t = 0 min, a continuous infusion of insulin
[1 mU/(kg$min) for 240 min] was administered to produce
hyperinsulinemia.

Subsequently, a variable rate infusion of 20% dextrose
(enriched with 2% 6,6–2H2-glucose to reduce changes in
plasma enrichment during the clamp40) was administered
according to the glycemic clamp technique to achieve hourly
stepped reduction in plasma glucose to targets of 80 mg/dL
(Step 1), 65 mg/dL (Step 2), 55 mg/dL (Step 3), and 45 mg/dL
(Step 4). Blood samples were taken every 5 min, centrifuged,
and measured at the bedside using an automated glucose
analyzer (YSI 2300; Yellow Springs Instruments, Yellow
Springs, OH) to adjust the glucose infusion rate and achieve
the desired plasma glucose concentration. An autonomic
symptom questionnaire was completed every 20 min and
used to quantitate the autonomic symptom score with the sum
of scores ranging between 0 (none) and 5 (severe) for six
symptoms: anxiety; palpitations; sweating; tremor; hunger;
and tingling.41

Additional blood samples were taken at t = 20, 40, 60, 80,
100, 120, 140, 160, 180, 200, 220, and 240 min for bio-
chemical analysis and verification of the plasma glucose
levels. All samples were collected on ice into chilled tubes
containing EDTA, with Protease Inhibitor Cocktail (Sigma-
Aldrich, St Louis, MO) added to the tubes for peptide hor-
mones, centrifuged at 4�C, separated and frozen at -80�C for
subsequent analysis. Enrichment of 6,6–2H2-glucose in
plasma was measured by gas chromatography-mass spec-
trometry. Plasma insulin, glucagon, and pancreatic poly-
peptide were measured in duplicate by double-antibody
radioimmunoassay (for insulin and glucagon: Millipore,
Billerica, MA; for pancreatic polypeptide: ALPCO Diag-
nostics, Salem, NH). Plasma epinephrine and norepinephrine
were measured by high-performance liquid chromatography
with electrochemical detection.

Calculations and statistics

The magnitude of counterregulatory responses during the
hypoglycemic clamp were assessed by the mean of values
over the final hour of hypoglycemia (Step 4).19,38,39 The rate
of appearance (Ra) and disposal (Rd) of glucose during the
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hyperinsulinemic hypoglycemic clamp studies was calcu-
lated by the Steele nonsteady-state equation modified for the
use of stable isotopes and as previously described.42 EGP was
calculated from the difference between the rate of appearance
of glucose in the plasma and the infusion rate of exogenous
glucose.

The primary outcome for the study was defined as the EGP
response to insulin-induced hypoglycemia after 6 months of
intervention. Secondary outcomes included EGP in response
to hypoglycemia after 18 months of intervention, and glucose
counterregulatory hormone, symptom, and Rd responses to
hypoglycemia after 6 and 18 months. The sample size was set
to 15 participants to have >80% power at a = 0.05 (two-tailed)
to detect a 0.42 mg/(kg$min) difference in EGP from base-
line to 6 months after AID intervention.

Enrollment was closed after 10 participants started inter-
vention and a preliminary analysis using conditional power
indicated no effect of AID on EGP after 6 months as the
observed effect (Table 3) was in the direction of the null
hypothesis and so any further increase in the sample size
could not support accepting the alternative hypothesis for the
primary outcome with conditional power being <1%.43 All
participants initiated on AID intervention completed the
study protocol for assessment of the secondary outcomes.

Data are expressed as mean – standard error or median
(interquartile range) unless otherwise noted. Changes in CGM
and hypoglycemia clamp outcomes were compared by Fried-
man analysis of variance (ANOVA) with comparison of base-
line to follow-up measures by Wilcoxon matched pairs testing if
ANOVA P £ 0.1 using Statistica software (StatSoft, Inc., Tulsa,
OK). Significance was considered at P < 0.05 (two-tailed).

Results

Participant characteristics

Twelve participants were recruited and completed study
screening. One individual was withdrawn due to poor venous
access and did not complete the baseline hypoglycemic
clamp. A second participant completed the study run-in and
the baseline hypoglycemic clamp procedure but dropped out
after the baseline visit due to difficulty managing the new
technology, opting to resume MDI of insulin. Ten partici-
pants (seven female/three male) completed the 18-month
intervention, including all study visits.

Participant demographics and baseline characteristics
are shown in Table 1. In general, study participants had
>30 years duration of type 1 diabetes and required 0.5
units/(kg$day) of insulin to achieve a mean HbA1c below
the ADA consensus target of 7.0% (53 mmol/mol).1 At
recruitment, nine participants had prior insulin pump use
and all participants had prior use of real-time CGM. At the
time of baseline data collection, eight individuals were using
insulin pump therapy and seven were utilizing real-time
CGM. The study participants were at high risk of severe hy-
poglycemia events demonstrated by IAH, marked hypogly-
cemia severity (median HYPO score ‡90th percentile), and
excessive glycemic lability (median ‡75th percentile). All
participants had experienced a severe hypoglycemia event in
the last year with a median frequency of three events in the
previous 12 months.

Nine participants commenced intervention using a study
provided Minimed 670G system (Medtronic Diabetes) and

one using a commercially acquired t:slim X2 (Tandem Dia-
betes). All but one participant completed the study on their
initial device, with one Minimed 670G user switching to a
commercially acquired t:slim X2 during month 11 of the
study (Supplementary Table S1). Necessitated as the study
intervention, all individuals used PLGS of insulin delivery
over the 18-month study period. In addition, the majority of
individuals elected to use the AID device in HCL mode (Auto
Mode or Control-IQ) with seven participants spending 91%
(80%–97%) of time in HCL at 6 months and eight partici-
pants using HCL from 12 months onward with 89% (82%–
96%) of time spent in HCL.

Two participants utilized PLGS alone for the duration of
the study. There were no changes observed in body weight or
total daily insulin dose throughout the intervention period; a
trend toward an increase in HbA1c was not different at 18
months compared to baseline (Supplementary Table S1).

CGM measures of glycemic control

AID system CGM sensor compliance was high and sus-
tained throughout the study at 90% (84%–95%) (Table 2).
Mean glucose was unchanged. However, measures of glu-
cose variability, including glucose SD and CV, were reduced
(P < 0.01 and P < 0.001, respectively) with the median CV at
18 months falling below 34%, a proposed target for mini-
mizing the risk of hypoglycemia in individuals with type 1
diabetes.44

All measures of hypoglycemia exposure, including total
percentage of time spent <54, <60, and <70 mg/dL improved
following the study intervention (P £ 0.001) (Table 2). Hy-
poglycemia exposure while awake was significantly reduced
(P < 0.05) (Fig. 1A) with an even greater reduction in per-
centage of time spent <70 mg/dL while asleep (Baseline:
11% [4%–17%] to 18 months: 0% [0%–1%], P < 0.01)
(Fig. 1B). There was a trend toward a reduction in total time
spent in marked levels of hyperglycemia >250 mg/dL

Table 1. Participant Demographics and Baseline

Characteristics Including Insulin Delivery

and Glucose Monitoring Modality at Screening

Characteristic Participants

Female/male (n/n) 7/3
Age (years) 49 – 16
Diabetes duration (years) 34 – 16
Weight (kg) 66 – 8
BMI (kg/m2) 24 – 1
Insulin requirement [unit/(kg$day)] 0.49 – 0.09
HbA1c (%) 6.8 – 1.1
HbA1c (mmol/mol) 51 – 7
CSII/MDI 8/2
Real-time CGM/SMBG 7/3
Severe hypoglycemia (events/12 months) 3 (2–24)
Clarke score 5 (4–7)
HYPO 1301 (243–2895)
LI 396 (82–702)

Data presented as mean – SD or median (range).
BMI, body mass index; CGM, continuous glucose monitoring;

CSII, continuous subcutaneous insulin infusion; HYPO, hypogly-
cemia severity score; LI, lability index; MDI, multiple daily
injections; SD, standard deviation; SMBG, self-monitoring of blood
glucose.

4 FLATT ET AL.
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(P = 0.06), which was reduced at 18 months from baseline
(P = 0.02) (Table 2), and was significantly reduced over the
study during periods of sleep (Baseline: 8% [5%–11%] to 18
months: 3% [0%–6%], P = 0.01) (Fig. 1B).

A weak trend toward improved total time-in-range was
observed over the study (P = 0.11) with a significant im-
provement at 18 months compared to baseline (P = 0.04)
(Table 2). Percentage time in range increased over periods of
sleep from 68% (56%–77%) at baseline to 85% (70%–93%)
at 18 months (P < 0.01) (Fig. 1B). An improvement in the
LBGI, a marker of severe hypoglycemia risk,45 was also
observed (P < 0.05). However, the HBGI and percentage of
time spent >180 mg/dL were unchanged.

Hypoglycemia awareness, assessed by the Clarke score,
improved with the median score falling to below <4, the
threshold used to define IAH, at 12 and 18 months (Fig. 2A).
However, five individuals had persisting IAH as defined by a
Clarke score ‡4 over the course of the study. Three of the five
individuals who recorded a persistent Clarke score ‡4 ex-
perienced a severe hypoglycemia event during the study in-
tervention. When assessing a shortened version of the Clarke
survey that removes questions about experience of severe
hypoglycemia, the Hypoglycemia Awareness Factor score,46

a weak trend toward improvement was observed over the
study (Baseline: 4 [3–4]; 6 months: 4 [2–4]; 12 months: 3 [1–
4]; 18 months: 3 [1–5]; P = 0.12; Baseline vs. 18 months,
P = 0.07). There was a weak trend toward reduction in gly-
cemic LI (P = 0.12), and of six individuals starting the study
with a LI ‡75th%, only one individual met this threshold at
18 months, with the LI at 18 months significantly less than
baseline [Baseline: 396 (283–479) vs. 18 months: 193 (145–
234) mmol/(L2$h$week), P < 0.05) (Fig. 2B). Hypoglycemia
severity, assessed by the HYPO score was markedly improved
(P = 0.001) with all individuals recording a score <75th%
from 6 months onward, compared to nine individuals with a
HYPO score ‡75th% at baseline (Fig. 2C). A concomitant
reduction in the number severe hypoglycemia events was
observed, with 3 (3–10) events/person$year at baseline de-
clining to an annualized rate of 0 (0–1) events/person$year
over the 18-month follow-up period (P = 0.005) although four
individuals experienced 5 severe hypoglycemia events be-
tween the 6- and 12-month assessment visits (Fig. 2D).

Glucose counterregulation response to hypoglycemia

The hypoglycemic clamp procedure resulted in compara-
ble levels of hyperinsulinemia (Fig. 3A) and a per protocol
reduction in plasma glucose (Fig. 3B) with overlap of base-
line and stepped clamp conditions across baseline, 6- and 18-
month visits. Prestudy overnight hypoglycemia was avoided
in all participants through use of a standardized variable rate
insulin infusion protocol. EGP remained suppressed by hy-
perinsulinemia with no change in response to hypoglycemia
despite study intervention (Fig. 4A). In contrast, there was a
weak trend toward a reduction (P = 0.12) in the exogenous
glucose infusion rate required to maintain the final hour of
hypoglycemia over the course of the study, with the glucose
infusion rate at 18 months significantly less than at baseline
(P = 0.02) (Table 3 and Fig. 4B).

This reduction in the exogenous glucose infusion rate was
associated with a reduction in peripheral glucose disposal dur-
ing insulin-induced hypoglycemia from baseline to 18 months
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FIG. 1. Continuous glucose monitoring outcomes during time when awake (A) and when asleep (B), before, and
throughout intervention with AID. Data presented are median % time spent <70, >180 mg/dL, and in-range 70–180 mg/dL
derived from HypoCount software with incorporated actigraphy data. AID, automated insulin delivery.

FIG. 2. Impaired awareness of hypoglycemia (Clarke score, A); glycemic lability (LI, B); HYPO score (C); and severe
hypoglycemia event rate (D) outcomes before and throughout intervention with AID. Data presented as median (IQR)
[range] and , mean. Comparison of baseline and follow-up visits during intervention with AID by Friedman ANOVA.
Dotted line represents (A) Clarke score ‡4, the threshold to define impaired awareness of hypoglycemia; (B) LI ‡329 and
(C) HYPO score ‡423, the 75th percentiles of a normative group of 100 individuals with type 1 diabetes.35 ANOVA,
analysis of variance; HYPO, hypoglycemia severity; IQR, interquartile range; LI, lability index.
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(P < 0.05) (Table 3 and Fig. 4C). Consistent with the absent
EGP response, no change was observed in the mobilization of
substrates or fuel for gluconeogenesis including lactate (not
shown) and free fatty acids (Fig. 4D), which although in-
creased during the final hour of hypoglycemia were no dif-
ferent from baseline to the 6- and 18-month visits.

Counterregulatory hormone response to hypoglycemia

Consistent with long-standing type 1 diabetes no group
exhibited a glucagon response to hypoglycemia with levels
suppressed by hyperinsulinemia for the duration of the clamp
procedure at all assessments (Table 3 and Fig. 5A). An

FIG. 3. Hyperinsulinemic hypoglycemic clamp procedure: plasma (A) insulin and (B) glucose in individuals with type 1
diabetes (T1D) (---) before and at (-C-) 6 months and (-:-) 18 months after intervention with AID. Insulin was infused at
a rate of 1 mU/(kg$min) with a variable rate infusion of 20% dextrose adjusted to achieve hourly stepped reductions in
plasma glucose targeting 80, 65, 55, and 45 mg/dL. Data presented as mean – SE. SE, standard error.

FIG. 4. Glucose counterregulatory fuel utilization and mobilization responses: (A) EGP; (B) glucose infusion rate;
(C) peripheral glucose disposal, Rd; and (D) free fatty acids in individuals with type 1 diabetes (---) before and at (-C-) 6
months and (-:-) 18 months after intervention with AID. Data are mean – SE; Friedman ANOVA comparison of baseline,
6-, and 18-month responses, *P < 0.05. Wilcoxon matched pairs comparison between baseline and 18-month timepoints
when ANOVA P £ 0.10, £P < 0.05; n = 9 for baseline EGP and Rd data. EGP, endogenous glucose production.
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incremental improvement in the magnitude of the pancreatic
polypeptide response to hypoglycemia was observed at 6
months with further recovery of the response at 18 months
(P < 0.01) (Fig. 5B). The epinephrine response to hypogly-
cemia improved at 6 months and this effect was sustained at

18 months (P = 0.001) (Fig. 5C). Autonomic symptom score
in response to hypoglycemia improved over the study by 18
months (P < 0.05) (Table 3 and Fig. 5D).

Assessment of autonomic symptom score components
demonstrated an increase in sweating, anxiety, and a trend

Table 3. Magnitude of Glucose Counterregulatory, Hormonal, and Symptom Responses

to Insulin-Induced Hypoglycemia During the Last 60 Min of the Hypoglycemic Clamp

Baseline, n = 10 6 Months, n = 10 18 Months, n = 10 P

Endogenous glucose production [mg/(kg$min)] 0.73 – 0.23 (n = 9) 0.66 – 0.13 0.69 – 0.11 0.99
Glucose infusion rate [mg/(kg$min)] 3.8 – 0.4 3.1 – 0.5 2.6 – 0.3a 0.12
Rd [mg/(kg$min)] 4.6 – 0.4 (n = 9) 3.8 – 0.5 3.4 – 0.3a 0.03
Free fatty acids (mM) 0.12 – 0.05 0.15 – 0.05 0.16 – 0.04 0.46
D Glucagon (pg/mL) -14.4 – 2.9 -11.3 – 3.2 -11.1 – 3.7 0.45
Pancreatic polypeptide (pmol/L) 62 – 29 127 – 44b 176 – 58a,c 0.006
Epinephrine (pg/mL) 199 – 53 332 – 91b 386 – 95a (n = 9) 0.001
Autonomic symptom score (D) 5.9 – 1.8 6.0 – 1.5 10.1 – 2.2a 0.02

Data presented as mean – SE. Comparison of baseline and follow-up visits during intervention with automated insulin delivery by
Friedman ANOVA, and when P £ 0.10, comparison between timepoints was performed using the Wilcoxon matched pairs test.

aP < 0.05 denoted for baseline to 18 months.
bP < 0.05 denoted for baseline to 6 months.
cP < 0.05 denoted for 6–18 months.
Rd, peripheral glucose disposal; SE, standard error.

FIG. 5. Counterregulatory hormone and symptom responses to insulin-induced hypoglycemia: (A) glucagon; (B) pan-
creatic polypeptide; (C) epinephrine; and (D) autonomic symptoms in individuals with type 1 diabetes (T1D) (---) before
and at (-C-) 6 months and (-:-) 18 months after intervention with AID. Data are mean – SE; Friedman ANOVA
comparison of baseline, 6- and 18-month responses, *P < 0.05, **P < 0.01; n = 9 for 18-month epinephrine data.
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toward increase in tremor between the baseline and 18-month
visits (P = 0.02; P = 0.04; and P = 0.07, respectively) (Sup-
plementary Fig. S1).

Safety and adverse events

One adverse event related to the study intervention oc-
curred over the 18-month study period with an emergency
room presentation for cauterization of a bleeding sensor in-
sertion site. Five severe hypoglycemia events occurred in
four participants over the 18-month study period between the
6- and 12-month visits. These hypoglycemic events were
managed by oral carbohydrate in all except in one individual
who experienced two events, one requiring paramedic as-
sistance and both necessitating glucagon administration. An
additional severe hypoglycemia event requiring hospital ad-
mission for intravenous dextrose was experienced in the
participant who withdrew from the study due to difficulties
adapting to the new technology. Five other unexpected and
unrelated adverse events were reported.

Discussion

These results indicate that AID can markedly reduce
hypoglycemia exposure and improve glucose variability
without compromising glycemic control in adults with long-
standing type 1 diabetes complicated by IAH and a recent
history of severe hypoglycemia. Severe hypoglycemia risk
was reduced as assessed by a reduction in prospectively re-
corded severe hypoglycemia events, HYPO score, LBGI and
improvement in clamp-derived measures of hypoglycemia
awareness. Although EGP during hyperinsulinemic hypo-
glycemic clamp testing remained defective, a reduction in
peripheral glucose disposal was observed, likely secondary to
the increase in magnitude of the epinephrine response as
epinephrine is well known to decrease glucose utilization by
skeletal muscle and adipose tissue. In addition to epineph-
rine, improvements were observed in pancreatic polypeptide
and autonomic symptom responses indicating at least partial
recovery from HAAF. These physiologic improvements in
glucose counterregulatory responses and hypoglycemia
symptom recognition are important for defending against the
development of low blood glucose in those at greatest risk for
experiencing severe hypoglycemia.

Loss of the glucagon response to hypoglycemia early in
type 1 diabetes pathogenesis leads to the reliance on epi-
nephrine to increase EGP (predominantly hepatic) and reduce
peripheral glucose utilization required for physiologic glu-
cose counterregulation.47,48 In long-standing type 1 diabetes
the magnitude of the epinephrine response is diminished even
in those with intact awareness of hypoglycemia with the re-
sultant EGP response reduced in comparison to non-diabetic
controls.39 Our group previously assessed the effect of 18
months real-time CGM on counterregulatory response to
hypoglycemia in long-standing type 1 diabetes19 and dem-
onstrated modest improvement in autonomic symptom and
EGP responses to hyperinsulinemic hypoglycemic clamp
testing despite no significant recovery in epinephrine re-
sponse. Importantly, real-time CGM intervention did not
eliminate hypoglycemia with significant ongoing exposure
(>5% time spent <60 mg/dL) most notable during the noc-
turnal period.

In the present study, AID facilitated a marked reduction in
hypoglycemia exposure with an 85% reduction in total time
spent <70 mg/dL and 93% reduction in time <54 mg/dL, cor-
responding to 121 and 56 min less time spent in hypoglycemia
<70 and <54 mg/dL, respectively, per day. Indeed, from 3
months onward the time spent in hypoglycemia was reduced to
below thresholds previously shown to predict absent auto-
nomic symptoms to hypoglycemic clamp testing.39 Moreover,
a marked 50-fold reduction in time spent in hypoglycemia
(<70 mg/dL) during periods of sleep was achieved. This im-
provement in sleep-associated hypoglycemia was likely con-
tributory to the effect of the intervention on reversal of
HAAF,23,24 with recovery of autonomic symptom response to
insulin-induced hypoglycemia greater than that previously
demonstrated with real-time CGM intervention alone.10,19

HbA1c trended toward an increase over the study, likely
due to the low average HbA1c <7% in the study cohort at
baseline. Nevertheless, from 3 months onward, the median
percentage of time-in-range (70–180 mg/dL) exceeded the
consensus target of 70%, well above the target of >50% re-
commended in those at high risk of severe hypoglycemia.49

This change was predominantly driven by the early im-
provement in hypoglycemia avoidance on AID intervention
over periods of sleep as previously reported29,32 and acting
alongside improvement in glucose variability, assessed by
glucose SD and CV to reduce overall hypoglycemia
risk.29,30,32,50,51 These findings are supportive of the inclu-
sion of AID16,19,31 as part of the hierarchical management of
problematic hypoglycemia in clinical practice.52

As anticipated, glucagon responses to hypoglycemia were
absent and unchanged over the course of this study. However,
despite a modest improvement in epinephrine, the EGP re-
sponse, the primary outcome for this study, remained de-
fective and unchanged throughout the intervention. Of note,
the EGP response, in our previous study19 improved with
CGM intervention toward the baseline established in the
present report (Supplementary Fig. S2B) supporting an effect
of CGM intervention alone, used by the majority of partici-
pants in this study at baseline, on partial recovery of neural
and/or hepatic autoregulatory responses to marked degrees of
hypoglycemia which have been shown to occur indepen-
dently of the neurohumoral response.53

Nevertheless, the improvement in epinephrine following
AID has not led to a further hormone-dependent improve-
ment in EGP and additional work will be of value to assess
whether the EGP response can be improved through a greater
degree of epinephrine recovery with further elimination of
hypoglycemia or whether glucagon replacement approaches
are needed as has been demonstrated by our group with
restoration of the EGP response following pancreatic islet
transplantation.42

Despite the absence of improvement in EGP, we did ob-
serve a reduction in peripheral glucose disposal, as demon-
strated by a reduction in Rd during the hyperinsulinemic
hypoglycemic clamp that contributes to glucose counter-
regulation by preserving glucose availability to support vital
organ functioning. This reduction in peripheral glucose dis-
posal is best attributed to epinephrine-mediated effects to
decrease glucose utilization in peripheral tissues such as
skeletal muscle and adipose.7 In addition, the reduced pe-
ripheral glucose disposal may also be driven, in part, by an
improvement in peripheral beta-adrenergic sensitivity.
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Fritsche et al. utilized isoproterenol testing and hypogly-
cemic clamp procedures in 10 men with type 1 diabetes
complicated by IAH to show improved autonomic symptom
response and beta-adrenergic sensitivity without improve-
ment in epinephrine response following 4 months of strict
hypoglycemia avoidance.54 Thus, the strict hypoglycemia
avoidance demonstrated in the present study may have led to
reduced peripheral glucose disposal through both the ob-
served increase in epinephrine response to insulin-induced
hypoglycemia and possibly enhanced epinephrine action.

Despite an early reduction in hypoglycemia exposure with
AID, improvements in the pancreatic polypeptide, epineph-
rine, and autonomic symptom responses continued from 6 to
18 months on intervention. This continued improvement in
counterregulatory responses supports the sustained use of
AID devices to achieve reversal of HAAF. Burckhardt et al.,
performed a randomized cross-over study assessing the effect
of HCL (MiniMed 670G) compared to standard insulin pump
therapy on counterregulatory response to hypoglycemia in 17
individuals with type 1 diabetes complicated by IAH (based
on Gold score), a third of whom were utilizing real-time
CGM at baseline, and noted improvement in autonomic
(4 components: sweating, tremor, anxiety, and palpitations)
and neuroglycopenic symptoms but not epinephrine follow-
ing 8 weeks of intervention.33

Improvement in autonomic symptom generation but not
epinephrine secretion in response to insulin-induced hypo-
glycemia during short-term hypoglycemia avoidance had
previously been reported in individuals with long-duration
type 1 diabetes.55 This disassociation between neurogenic
symptom and epinephrine recovery is likely explained by
different mechanisms contributing to impaired autonomic
symptoms that are predominantly sympathetic neural in ori-
gin,56 and impaired epinephrine secretion that depends on the
secretory capacity of the adrenal medulla.8 The present study
supports that at least 6 months of marked hypoglycemia
avoidance is likely necessary to improve the epinephrine
response to insulin-induced hypoglycemia in long-standing
type 1 diabetes.

We previously showed with less complete avoidance of
hypoglycemia achieved with real-time CGM that autonomic
symptoms in response to insulin-induced hypoglycemia im-
proved modestly after 6 and 18 months intervention without
improvement in the epinephrine response.19 Interestingly in
the present study, our participants who had all used CGM at
baseline exhibited an autonomic symptom response to
insulin-induced hypoglycemia similar to that achieved after
18 months intervention with CGM in our previous study
(Supplementary Fig. S2A). Importantly, the greater reduction
in hypoglycemia exposure in the present study with AID
intervention was associated with even further restoration of
autonomic symptoms and was sufficient after 6 months to
improve epinephrine secretion that was maintained over 18
months (Fig. 5C).

When examining the 6 component symptoms used to
calculate autonomic symptom score in our study (Supple-
mentary Fig. S1), incremental changes in sweating and tre-
mor were observed at 6 months and reached significance for
change over the course of the study.41,56 Consistent with
previous reports,56 tingling was a less sensitive measure to
hypoglycemia and hunger appeared a poorly specific marker
of autonomic symptoms,56 declining at 6 months before re-

turning to baseline at 18 months. In addition to the autonomic
symptom scale used, the older age and high baseline use of
real-time CGM in the present study cohort may account for
the longer duration of intervention required for a significant
improvement in autonomic symptom response compared to
that observed by Burckhardt et al.33

Nevertheless, the autonomic symptom and pancreatic
polypeptide response of the present cohort at 18 months is
similar in magnitude to data from nondiabetic controls and
individuals with type 1 diabetes and intact hypoglycemia
awareness, with recovery of the epinephrine response still less
than in nondiabetic controls but similar to that of individuals
with type 1 diabetes and intact hypoglycemia awareness.39

Both the sympathetic and parasympathetic arms of the
autonomic nervous system are affected by HAAF.7 While the
sympathetic nervous system is more important for the glu-
cose counterregulatory response, impaired parasympathetic
activation as demonstrated by a defective pancreatic poly-
peptide response to insulin-induced hypoglycemia has been
shown to specifically identify individuals with type 1 diabetes
and defective glucose counterregulation.57 In more recent
work, our group has shown that the pancreatic polypeptide
response to hypoglycemia is correlated with other physio-
logic counter-regulatory responses in type 1 diabetes,39 and
most strongly with the autonomic symptom response that is
primarily neurally mediated. Thus, the pancreatic polypep-
tide response can serve as an additional and potentially more
objective marker of the presence of HAAF and its recovery.

Despite overall improvement in the epinephrine response
to hypoglycemia, we observed evidence of response hetero-
geneity at least partially explained by a hyperbolic relation-
ship between the change in epinephrine response over the
study and percentage of time spent in hypoglycemia as a
measure of on-going exposure to hypoglycemia (Supple-
mentary Fig. S3). This suggests more marked avoidance of
hypoglycemia on AID intervention is associated with greater
recovery of counterregulatory epinephrine secretion. This
association may be mediated through incremental recovery
of sympathoadrenal synaptic plasticity as recurrent hypo-
glycemia has been shown to drive negative regulators of ty-
rosine hydroxylase activity to suppress adrenal chromaffin
epinephrine synthesis and release.8

Furthermore, we observed a strong negative linear rela-
tionship between diabetes duration and improvement in the
epinephrine response. This relationship was stronger at 18
months than 6 months, suggesting that diabetes duration
may be a limiting factor to epinephrine recovery, especially
when marked hypoglycemia avoidance has already been
achieved. For individuals with persistent counterregulatory
defects, additional psychobehavioral intervention may be of
value to support a targeted reduction in hypoglycemia ex-
posure, especially during daytime periods52 when varying
nutrient intake and activity levels challenge current AID
systems. Indeed, the trend to an increase in percentage of
insulin delivered as a bolus on AID in this study (Supple-
mentary Table S1) may suggest persisting risk-behaviors
off-set by HCL algorithm adjustments to suspend basal in-
sulin delivery.

The limitations of this study include the small sample size
and the absence of a control group. However, it would have
been ethically questionable and unlikely feasible to include a
control group of individuals already on CGM with IAH
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experiencing severe hypoglycemia events restricted from
accessing commercially available AID. Nevertheless, AID
systems may not be appropriate for all, as evidenced by the
one individual dropped from the study who was unable to
adjust to the use of new technology. The 18-month period of
observation replicated previous cohort studies from our
group,19,38 allowing for historical comparison of outcomes to
intervention (Supplementary Fig. S2).

In addition to the long and complete observation period,
this study benefits from robust methodology, including paired
CGM and wrist actigraphy data for assessment of hypogly-
cemia exposure during sleep and gold-standard hyper-
insulinemic hypoglycemic clamp testing with assessment of
glucose counterregulation by the use of a stable glucose
isotope tracer. Measures of neuropathy of interest in pre-
dicting response to intervention were not formally assessed.
While there is mixed evidence of the importance of auto-
nomic neuropathy in IAH and HAAF,58,59 it has been shown
that measures of peripheral neuropathy may predict persis-
tence of recurrent severe hypoglycemia despite interven-
tion,60 and of the two participants with a documented clinical
history of peripheral neuropathy at baseline, both had per-
sistent IAH by Clarke score over the study.

In conclusion, AID enabled a sustained reduction of hy-
poglycemia exposure and improved glucose variability es-
pecially during sleep. The marked hypoglycemia avoidance
was associated with improvement in pancreatic polypeptide,
epinephrine, and autonomic symptom responses to insulin-
induced hypoglycemia over the 18 months of intervention
with a reduction in peripheral glucose utilization. While no
improvement was seen in the EGP response indicating con-
tinued impairment of physiologic defense against hypogly-
cemia, the reduction in peripheral glucose disposal, likely
consequent to the increased epinephrine secretion during
hypoglycemia, evidences partial improvement in glucose
counterregulation that may contribute to the clinical reduc-
tion in hypoglycemia with AID observed here in those with
long-standing type 1 diabetes complicated by IAH.
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