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Abstract

Current guidelines recommend 15–20 g of carbohydrate (CHO) for treatment of mild to moderate hypoglyce-
mia. However, these guidelines do not account for reduced insulin during suspensions with predictive low-
glucose suspend (PLGS). We assessed insulin suspensions, hypoglycemic events, and CHO treatment during
a 20-h inpatient evaluation of an investigational system with a PLGS feature, including an overnight basal up-
titration period to activate the PLGS. Among 10 adults with type 1 diabetes, there were 59 suspensions;
7 suspensions were associated with rescue CHO and 5 with hypoglycemia. Rescue treatment consisted of
median 9 g CHO (range: 5–16 g), with no events requiring repeat CHO. No rescue CHO were given during or
after insulin suspension for the overnight basal up-titration. To minimize rebound hyperglycemia and needless
calorie intake from hypoglycemia overtreatment, updated guidance for PLGS systems should reflect possible
need to reduce CHO amounts for hypoglycemia rescue associated with an insulin suspension. The clinical trial
was registered with ClinicalTrials.gov (NCT03890003).

Keywords: Carbohydrate, hypoglycemia, Predictive low-glucose suspend, Type 1 diabetes.

Introduction

Predictive low-glucose suspend (PLGS)1–4 and hy-
brid closed-loop systems5,6 are now commercially avail-

able and increasingly being used in type 1 diabetes (T1D)
management. PLGS systems automatically suspend or
decrease insulin delivery in response to impending hypogly-
cemia. When these systems are not able to prevent a hypo-
glycemic episode entirely, this diminution in delivered
insulin may decrease the amount of carbohydrates (CHOs)
required to treat hypoglycemia and the needless consumption
of additional calories. In addition, overtreatment of hypo-
glycemia can lead to rebound hyperglycemia and contribute
to increased glycemic variability and diminished time in
range.7 However, clinical guidelines for CHO treatment of

hypoglycemia8,9 have not been revised to reflect the impact
of reduced insulin delivered by advanced insulin delivery
systems.

The objective of this analysis was to evaluate insulin
suspension events and related hypoglycemia treatment and
glycemic responses during the use of an investigational
PLGS insulin management system.

Methods

Participants and study design

Data were derived from an inpatient single site study
(NCT03890003). For this study, subjects (N = 10) were adults
aged ‡18 years to <66 years with a clinical diagnosis of T1D
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for ‡2 years and using an insulin pump for ‡6 months. Ad-
ditional inclusion criteria were a hemoglobin A1C (HbA1c)
of ‡6.0 to £9.0 and body mass index (BMI) of 18.5–37 kg/m2.
Relevant exclusion criteria include severe hypertension
(>160/100) or unstable coronary artery disease, adrenal insuf-
ficiency, renal insufficiency [glomerular filtration rate
<45 mL/(min $1.73 m2)] and severe hypoglycemia or diabetic
ketoacidosis within the past 6 months. Participants provided
informed consent before any study procedures and the protocol
was approved by the Advarra IRB and conducted according to
the International Conference on Harmonization, Good Clinical
Practice guidelines, and the Declaration of Helsinki. The study
was conducted under an investigational device exemption
from the U.S. Food and Drug Administration.

The study consisted of a screening visit, 7-day lead in
period with pump setting optimization, and a 20-h inpatient
period at the Sansum Diabetes Research Institute (Santa
Barbara, CA) with a brief follow-up phone visit 1–2 days
later. On the first day of the inpatient period, subjects were
placed on an investigational pump filled with Humalog�

(insulin lispro) and embedded with an investigational PLGS
algorithm and the Dexcom G6 continuous glucose monitor-
ing (CGM; Dexcom, San Diego, CA). Pump settings from the
lead in period were adjusted if needed as determined by the
study team and entered into a handheld controller (locked
down Android smartphone). Settings were adjusted so that
PLGS would occur if glucose values were predicted to be
<85 mg/dL in 30 min to counteract potential CGM bias.

Subjects were treated with CHOs based upon a confir-
matory blood glucose <60 mg/dL with symptoms of hy-
poglycemia or <54 mg/dL regardless of symptoms, or at the
discretion of the study investigator. The amount of CHO

(food, juice, or glucose tabs) for hypoglycemia treat-
ment was determined by the study investigator ( J.E.P.).

Basal titration challenge

Subjects were admitted to the clinical study site before
dinner and consumed a dinner that consisted of a low-fat meal
with no more than 15 g saturated fat. The basal up-titration
challenge was started after subjects’ glucose was <180 mg/dL
and *4 h after the start of dinner. Basal insulin doses were
titrated upward by 0%–25% every 90 min based upon the
current and previous 30 min glucose values to gradually
lower blood glucose and trigger the PLGS system.10,11 Once
insulin was suspended by the PLGS system, basal up-titration
terminated. Capillary blood glucose and ketones were mon-
itored every 30 min for 2 h after resumption of basal insulin;
the last set of readings during this period marked the end of
the titration challenge period for analysis. The following
morning subjects were discharged home after breakfast.

For these analyses, the postprandial period was defined
as the time between the start of the meal until (1) 4 h after
the meal, (2) the start of the basal titration challenge, or (3)
the time the PLGS system was removed before discharge,
whichever occurred first. The overnight period was defined
as the start of the basal titration challenge, around 10 pm–
6 am. The evening meal was provided at 17:30 – 15 min. The
glucose resulting from a suspension was determined by the
change in glucose from the minimum value after the sus-
pension until the inflection point. The inflection point was
defined as the point at which the CGM glucose reached a
slope £0 based on at least three consecutive CGM readings.
CHO averted was calculated as the amount of insulin that

Table 1. Summary of Suspensions in the Postprandial and Overnight Periods According

to Carbohydrate Administration

PLGS suspensions:
CHO administered

PLGS suspensions:
CHO NOT administered

Study period Postprandiala Postprandiala Overnightb Overallc

Suspensions, n 7 16 26 52
Subjects experiencing ‡1 susp., n (%) 5 (50) 9 (90) 9 (90) 10 (100)
Susp. duration (HH:MM) 1:10 (0:37) 0:32 (0:36) 0:57 (0:39) 0:41 (0:37)
CGM glucose ROC at susp. [mg/(dL$min)] -1.4 (0.8) -1.5 (1.1) -0.5 (0.3) -0.9 (0.8)
Min. CGM glucose during susp. (mg/dL) 65.9 (15.5) 108.0 (26.6) 88.2 (11.3) 94.8 (19.0)
Susp. associated with hypoglycemia, n 5 0 0 0
CHO administered (g) 9.9 (4.8) — — —
CHO averted (g)d 14.2 (10.1) 5.6 (6.2) 9.4 (7.2) 7.1 (6.6)
Susp. lasting >2 PLGS control cycles, n 7 12 23 41
Susp. lasting >2 PLGS control cycles with

observed glucose inflection, n
6 8 23 35

Time to glucose inflection (HH:MM) 1:20 (0:34) 0:36 (0:51) 0:52 (0:41) 0:49 (0:43)
Glucose at inflection (mg/dL) 120.8 (28.9) 103.4 (20.2) 109.7 (24.9) 110.3 (24.8)
Resulting increase in glucose (mg/dL)e 54.5 (32.6) 13.4 (14.5) 23.3 (25.5) 22.6 (24.5)

Summaries are mean (SD) unless otherwise stated.
There are some suspensions that were neither postprandial nor overnight.
aTime from the start of the meal until 4 h later, the start of the basal titration challenge, or the time the AID system is removed before

discharge, whichever occurs first.
b10 pm–6 am.
cThe entire time subjects were on the PLGS system.
dThe amount of insulin not delivered multiplied by the subject’s ICR.
eDifference in CGM glucose at the inflection point and at the minimum.
CGM, continuous glucose monitoring; CHO, carbohydrate; ICR, insulin to CHO ratio; PLGS, predictive low glucose suspend; ROC, rate

of change; SD, standard deviation.
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was not delivered based on the programmed basal rate for
the duration of the suspension multiplied by the CHO to
insulin ratio.

Results

Participant characteristics

Participants (n = 10), 40% male, 100% white, 30% Hispanic
or Latino, were aged (mean – standard deviation) 39.0 – 13.0
years with a duration of T1D of 23.2 – 8.1 years and BMI
of 27.1 – 3.9 kg/m2. Diabetes management characteristics in-
cluded a mean HbA1c of 7.2% – 0.6 and mean insulin dose of
0.6 – 0.2 U/(kg$day).

Insulin suspensions

There were 52 PLGS-triggered insulin suspensions across
all 10 subjects where no CHO supplementation was required
(Table 1). Most events occurred in the overnight period
(n = 26) or in the postprandial period (n = 16), with 10 events
occurring neither in the periods defined as postprandial nor
overnight. None of these suspensions were associated with
hypoglycemia. These suspensions were 41 – 37 min in dura-
tion and, among those suspensions lasting for at least 20 min
with an observable inflection point (n = 35), resulted in a mod-
est glucose increase of 22.6 – 24.5 mg/dL. The suspended
insulin translated into 7.1 – 6.6 g of CHO averted. No rescue
CHO were given during or after insulin suspension for the
overnight basal up-titration.

There were seven PLGS-triggered insulin suspensions in
which CHO were administered by site staff, and all occurred

in the postprandial period. Five of these suspensions were as-
sociated with hypoglycemia. Subjects received an average
of 9.9 – 4.8 g of CHO, range 5–16 g and 14.2 – 10.1 g CHO
were averted during this time through the insulin suspen-
sion. These suspensions were for a duration of 70 – 37 min.
These episodes were associated with an increase in glucose
of 54.5 – 32.6 mg/dL, range 30–105 mg/dL resulting in a
glucose at inflection of between 88 and 168 mg/dL (Fig. 1,
Supplementary Table S1).

There were two suspensions in which 16 g of CHO were
administered with a resulting increase in glucose of 75 and
105 mg/dL.

Conclusions

This study demonstrated that hypoglycemia occurring dur-
ing use of PLGS may require less CHO treatment than cur-
rently recommended by clinical guidelines.9,12 This is
illustrated by the limited number of instances of CHO used
to treat hypoglycemia and by calculating the CHO averted
based upon the decrement in programmed basal insulin
preceding these episodes. Avoiding overtreatment of hypo-
glycemia may avoid subsequent hyperglycemia and increa-
sed glycemic variability while preventing unnecessary
caloric intake from CHO.

The American Diabetes Association12 and Diabetes
Canada9 recommend 15–20 g of glucose or CHO for the
treatment of hypoglycemia. These recommendations come
from early research showing the glycemic response to varied
forms and amounts of CHO, before the advent of CGM to
provide rate of change information and algorithms to

FIG. 1. Individual sensor glucose trajectories before, during, and after insulin pump suspension during which CHO were
administered. Black values are before CHO administration and red values are after CHO administration with the grams of
CHO administered noted with each trajectory. Subjects’ glucose levels were observed to remain in range (70–180 mg/dL)
after judicious CHO administration. CHO, carbohydrate.
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modulate insulin doses.13–15 A recent review describes how
the evidence base for these treatment amounts was supported
by very limited quality evidence.16 There are little available
data for hypoglycemia treatment amounts during the use of
systems that proactively limit insulin delivery to avoid or
lessen hypoglycemia. Multiple studies of automated insulin
delivery systems continue to dictate treatment of hypogly-
cemia with 15–20 g of CHO per protocol17–20 despite in-
creasing recognition that this may lead to hyperglycemia
from clinical experience.21,22 Notably, the pivotal study
protocol that led to FDA approval of the Control-IQ system
recommended CHO treatment for hypoglycemia but did not
specify a CHO treatment amount.6

Recognition that suspended insulin delivery may modify
the amount of CHO needed is increasing, although clinical
evidence continues to be limited. The potential for over-
zealous CHO treatment to interfere with the function of
PLGS systems has been described in an earlier study of
PLGS technology, aptly entitled ‘‘Let the Algorithm do the
Work.’’7 Open APS documentation discusses the risk for
hyperglycemia if users continue to treat hypoglycemia with
15 g of CHO, and Loop similarly acknowledges that less
insulin on board ahead of hypoglycemia will often lead to
fewer grams of CHO needed for treatment.23,24 In addition,
the CARES paradigm recommends that persons with diabetes
treat with fewer grams of CHO if their hypoglycemia has
been preceded by an insulin suspension.22

Insulin suspension preceding the hypoglycemia is just one
of a series of factors that should be evaluated when deter-
mining how to treat mild to moderate hypoglycemia events.
The type of sugar and food used to treat the hypoglycemia
can also have a profound effect on the resulting glycemic
excursions.13,14,25,26 In pediatrics, a more individualized
weight-based treatment is advised given the wide range of
body weight in children.9,27 The International Society for
Pediatric and Adolescent Diabetes guidelines further note
that the precise amount of CHO should also take into account
the type of insulin therapy, proximity of exercise, and whe-
ther the type of CHO administered is sucrose, fructose, or
glucose.27 Adults, too, might benefit from considering those
factors in addition to the duration of suspension and any
insulin on board from a preceding bolus.

This study has some limitations. Although being a highly
controlled inpatient study allowed detailed calculation of
the insulin delivered, CHO averted, and the amount of CHO
given, results may not be fully generalizable to an outpa-
tient setting. Furthermore, this study was not designed as a test
of reduced CHO treatment in response to hypoglycemia while
on a PLGS system, and thus the episodes are limited, and
the amount of CHO given was dependent on investigator
discretion. However, the methods of this study were sufficient
for the intent of this report, which was to raise the con-
sciousness in the clinical community of the potential need for
more limited CHO administration to treat hypoglycemia with
the use of more advanced insulin delivery systems.

Careful research, clinician experience, and guideline
changes may, by themselves, be insufficient to avoid over-
treatment of hypoglycemia when preceded by insulin sus-
pension. Patients may continue to overtreat hypoglycemia
secondary to fear of hypoglycemia, desire to limit the un-
pleasant sensations caused by hypoglycemia, or CGM lag
time.28 Thus, clinicians will need to provide explicit and

likely repeated retraining on the amount of CHO needed
when hypoglycemia is preceded by insulin suspension.

Hypoglycemia episodes may often be treatable with less
CHO than clinical guidelines recommend during PLGS and
closed-loop insulin delivery, where insulin suspension pre-
cedes hypoglycemia. However, it is difficult for most persons
with diabetes to fully integrate the complex interplay between
the duration of the suspension, remaining insulin on board, and
glucose rate of change, as well as any exercise-related factors,
to estimate the CHO amount required for treatment of hypo-
glycemia. Differences between PLGS systems such as with the
predicted glucose suspension threshold might further add
complexity to determining precise CHO requirements across
systems. OpenAps already has an app to guide CHO dose
adjustment in the setting of hypoglycemia for users of their
system.23 This situation-specific guidance on CHO treatment
is a valuable tool and should be considered for incorpora-
tion into commercially available insulin delivery systems.
Finally, careful studies, such as those first done to establish the
guideline of 15–20 g of CHO, should be conducted to inform
CHO treatment of hypoglycemia when preceded by an insulin
suspension in the era of modern insulin delivery systems.
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