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Abstract

Objective: Analyze real-world usage and impact of a predictive low-glucose suspend (PLGS) insulin delivery system
for maintenance of euglycemia and prevention of hypoglycemic events in people with insulin-dependent diabetes.
Methods: Retrospective analysis of Tandem Basal-IQ users who uploaded at least 21 days of PLGS usage data
between August 31, 2018, and March 14, 2019 (N=8132). Insulin delivery and sensor-glucose concentrations
were analyzed. The times spent below 70 mg/dL, between 70 and 180 mg/dL, and above 180mg/dL were
assessed. Subgroup analyses were conducted to examine matched pre-/postoutcomes with experienced users
(n=1371) and performance over time for a mixed subgroup with >9 weeks of data (n=3563).

Results: The mean age of patients was 32.4 years, 52% were female, 96% had type 1 diabetes, and 4% had type
2 diabetes. Mean duration on PLGS was 65 days. Algorithm introduction led to a 45% median relative risk
reduction in sensor time <70 mg/dL, pre/post (% <70:2.0, 1.1), while the mean glucose remained stable (168
and 168 mg/dL). Mean frequency of hypoglycemic events decreased from one every 9 days to one every 30
days. Total daily insulin dose decreased from 43.4 to 42.3 U in the pre/post subgroup. Manual override of the
system was low (4.5%). The number of daily suspensions remained stable (4.9).

Conclusions: Introduction of PLGS resulted in effective and sustained prevention of hypoglycemia without a sig-
nificant increase in mean blood glucose and may be considered for people with type 1 diabetes at risk for hypoglycemia.

Keywords: Basal-IQ, Real-world, Predictive low-glucose suspend (PLGS), Insulin pump, Tandem, Hypogly-
cemia, Automated insulin delivery.

Introduction

HYPOGLYCEMIA CONTINUES TO be a dangerous and
common, if not the most dangerous and common, se-
quelae for people living with insulin-dependent diabetes.’
Severe hypoglycemia can lead to significant morbidity and
mortality, burdening both patients and the health care system.
Each year in the United States, hypoglycemia is responsible
for over 100,000 emergency room visits, approximately one-
third of which result in hospitalization. A person who expe-
riences mild biochemical hypoglycemia, defined as percent

of time blood glucose is <70 mg/dL, is at increased risk for
subsequent severe hypoglycemia and impaired glucose
counter regulation, hypoglycemia awareness, and reduced
quality of life.> According to the Diabetes Control and
Complications Trial data set, one or more measured blood
glucose readings of <70 mg/dL in a single day can triple the
individual’s risk of a severe hypoglycemic event in the next 3
months.” Beyond these clinical outcomes, the fear of hypo-
glycemia significantly affects the way individuals manage
theig ?iabetes and contributes to a lower overall quality of
life.™
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REDUCING HYPOGLYCEMIA IN THE REAL WORLD

Interactive technology designed to prevent hypoglycemia
is commercially available in the United States. For instance,
real-time continuous glucose monitoring (CGM) serves to
alert patients or caregivers of impending hypoglycemia, trig-
gering preventative treatment, resulting in less severe out-
comes. Recent evidence indicates CGM can decrease
hypoglycemia by 13%-19%.> However, CGM alerts and
alarms only work to reduce hypoglycemia if (1) a person hears
them and (2) the patient responds behaviorally by eating car-
bohydrates or taking glucose tabs and/or by manually reducing
basal insulin delivery (for insulin pump users).

Beyond CGM, predictive low-glucose suspend (PLGS)
algorithms offer an additional and automated layer of hypo-
glycemia prevention. PLGS systems use CGM values to
predict hypoglycemia and automatically suspend insulin
delivery to help prevent hypoglycemia. This alleviates the
burden of diabetes management’ and can be impactful for
those with hypoglycemia unawareness, since in many cases
no behavioral intervention is required to help avoid adverse
outcomes. PLGS systems are different than threshold sus-
pend systems®® in that PLGS systems predict future esti-
mated blood glucose levels and suspend insulin to prevent
hypoglycemia, whereas threshold suspend systems turn off
insulin once estimated blood glucose levels are already low.
Clinical research has demonstrated that PLGS systems sig-
nificantly reduce hypoglycemia.'®'®

One such PLGS system is the t:slim X2 insulin pump with
Basal-IQ technology, which includes the t:slim X2 insulin
pump and a PLGS algorithm embedded in the pump software
(Tandem Diabetes Care, San Diego) that utilizes glucose values
from a compatible CGM. The PLGS algorithm uses the last
four sensor glucose values to predict sensor glucose values
30 min into the future. Insulin delivery suspends if the predicted
glucose is <80 mg/dL or if the last observed glucose reading is
below 70mg/dL. Insulin delivery resumes in the following
instances: sensor glucose rises, glucose is no longer predicted to
drop below 80 mg/dL, no CGM data are available for 10 min, or
an insulin suspension exceeds 120 min in any 150-min period.

The results of the PLGS for reduction of low glucose
(PROLOG) trial demonstrated that PLGS significantly re-
duced hypoglycemia without increased mean glucose or
hyperglycemia.'® During the PROLOG trial, those using the
PLGS system experienced a 31% reduction in time spent
<70mg/dL, from 3.2% to 2.6%, compared to those using a
sensor-augmented insulin pump (SAP).

Basal-IQ technology became commercially available in
the United States in August 2018. Users of the system are able
to upload pump data, including insulin suspensions, user
overrides, sensor glucose readings, and other data, to Tan-
dem’s t:connect® diabetes management application. Up-
loading data to the diabetes management application helps
patients review, track, and analyze their individual data. This
study relied on deidentified data that users voluntarily up-
loaded into the diabetes management application.

Research Design and Methods

We conducted a retrospective analysis using deidentified
data from the t:connect diabetes management application.
The analysis included data from patients who were 6+ years
old and who had at least 21 days of PLGS system use between
August 31, 2018 and March 14, 2019 (N=8123).
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We also conducted two subanalyses to further evaluate the
impact of the PLGS system. Subgroup A included experi-
enced pump and CGM patients who used the PLGS system
for at least 21 days, following a period of at least 21 days of
using the same sensor-augmented t:slim X2 insulin pump
without PLGS (n=1371). Subgroup B comprised patients
who had at least 9 weeks of PLGS system data (n=3563).
The majority of patients in subgroup B have no data before
starting to use the PLGS system and some may have used an
insulin pump for the first time.

The primary objective was to evaluate the impact of PLGS
use on rates of hypoglycemia, defined as CGM-measured
percentage of time spent <70 mg/dL. Other hypoglycemia
outcomes that were measured included the percentage of time
<54mg/dL, the percentage of time <50mg/dL, and the
number of hypoglycemic events per day (defined according
to Forlenza et al.'” as glucose values <54 mg/dL for at least
15 min, and ending glucose values >70 mg/dL for 30 min).
The time in range was defined as 70-180 mg/dL glucose, and
hyperglycemia outcomes were defined as the percentage of
time spent at >180, >250, and >300 mg/dL glucose level.
When the time in hypoglycemia is reduced, a rise in mean
glucose is to be expected. Therefore, a corrected mean glucose
was calculated by considering only CGM values >70 mg/dL
for pre/post comparison. CGM metrics were assessed overall
and separately for daytime (6 AM-10 PM) and nighttime
(10 PM-6 AM). Insulin delivery was separated into delivery of
basal, bolus, and total daily dose. The number of algorithm-
driven suspensions per day, mean suspension duration, and the
glucose values at suspension and resumption of insulin de-
livery were evaluated. Patient interaction was measured by
(1) the percent of manual PLGS suspension overrides and
(2) daily carbohydrates entered by the patient for each bolus.

Outcomes were aggregated by mean or median depending
on their distribution. Means are reported with standard de-
viations, and medians are reported with interquartile ranges.
For the pre/post analysis, paired z-tests and Wilcoxon-signed
rank tests were performed where indicated. The effect size for
skewed distributions was evaluated using the Hodges-
Lehman estimator.'® Differences between age groups and
pre/post samples were analyzed using #-tests. Trends in the
usage over time were evaluated using linear regression and
verified using the F-test and R”. The first day of usage was
excluded from all regression analyses as an outlier. Regres-
sion analyses were conducted in python using the Statsmo-
dels package. The pre/post analyses were performed in JASP.

Results

The analyzed cohort included 8123 individuals with
insulin-dependent diabetes. Their age range was 6-90 years
(mean age 32.4 years), 52% were female, 96% had type 1
diabetes, and 4% had type 2 diabetes. Mean number of days
using PLGS was 65, and PLGS was enabled 98% of the time.
The pre/post subgroup A (n=1371) and subgroup B
(n=3563) were similarly composed (Table 1). Subgroup B
included 689 patients from subgroup A who had used the
PLGS system for at least 9 weeks.

Hypoglycemia

In the pre/post subgroup (Fig. 1), the introduction of PLGS
reduced the median percent time <70 mg/dL to 1.1% from
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TABLE 1. COHORT DEMOGRAPHICS

Overall ~ Subgroup A Subgroup B
n 8123 1371 3563
Mean days of use 65 (£35) 50 (£19) 63
Age, mean, (SD) 324 (£19) 33.7 (20) 31.9 (%19)
Age, range 6-90 6-87 6-87
Under 18, n (%) 2696 (33) 491 (36) 1220 (34)
18-60, n (%) 4729 (58) 750 (55) 2054 (58)
Over 60, n (%) 698 (9) 130 (10) 289 (8)
Female sex, n (%) 4211 (52) 688 (50) 1851 (52)
Type 1, n (%) 7814 (96) 1316 (96) 3455 (97)
Type 2, n (%) 309 (4) 55 @) 108 (3)

SD, standard deviation.

2.0%, an absolute reduction of —0.91% (95% confidence in-
terval [CI] —0.83 to —1.0, P<0.001). This represents a 45%
relative risk reduction (RRR) of hypoglycemia. The corre-
sponding mean percent time <70 mg/dL dropped from 3.0%
to 1.76%, a 1.23% absolute reduction (95% CI —1.43 to
—1.03, P<0.001). The subgroup B in Figure 1 shows that the
mean time in hypoglycemia (<70 mg/dL) decreased sharply
on the first day and remained low (1.74%) over time.

The number of hypoglycemic events per day in subgroup
A fell by 0.08, from 0.11 to 0.03 (95% CI —0.09 to 0.07,
P <0.001), a RRR of 71%. The median percent time spent at
<54 and <50mg/dL glucose level fell correspondingly to
0.13% and 0.07% (P <0.001). The number of hypoglycemic
events remained at 0.03 per day for subgroup B. In other

Pre-post subgroup A (n=1,371)
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words, patients using PLGS experienced on average one
hypoglycemic event every 30 days instead of one event every
9 days. This is a skewed distribution in which 54% of PLGS
users did not experience any hypoglycemic event during the
analyzed period compared to 40% of users without PLGS.

Hypoglycemia outcomes for the overall sample (Table 2)
improved or matched the pre/post subgroup performance
(+0.1, P=0.089). Median time <70 mg/dL was 1.01% (0.98%
during the day, 0.84% at night) and the mean time <70 mg/dL
was 1.68%. Overall time spent <54 and <50 mg/dL was
0.12% and 0.07%, respectively. Thirty-one percent of patients
never had a CGM reading <50 mg/dL. Hypoglycemia out-
comes were more favorable for patients >60 years old and
comparable for the other two age groups.

Glycemic control

In subgroup A, the mean glucose remained at 168 mg/dL,
while the corrected mean glucose revealed a small but
significant reduction (—1.1 mg/dL, 95% CI -0.4 to —1.8,
P=0.002) after PLGS was introduced (Table 2). The time in
range (70-180 mg/dL) improved accordingly by 1.34% from
60.6% to 61.9% (95% CI 0.03-2.65, P <0.001).

In subgroup B, the time in range decreased gradually in the
initial 3 weeks and then remained stable at 60.4% (Fig. 2).
Correspondingly, the mean glucose increased slightly. The
mean glucose increase was fitted to a logarithmic function of
the days of usage. A significant regression equation was
found (F(1, 62)=275.5, P<0.001), with an R* of 82.1%. The
overall mean glucose increased by 1.16 mg/dL with the

Subgroup B (n=3,563)
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Hypoglycemia and hypoglycemic events in subgroup (A, B): the percent of sensor glucose time <70mg/dL,

shown in the top row, pre- and post-PLGS, based on the day of use. Day 0 is the first day of using PLGS. The second row
depicts the rate of hypoglycemic events per day, pre- and post-PLGS, based on the day of use.
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Pre/post subgroup A (n=1,371)
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Subgroup B (n=3,563)
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FIG. 2. Glycemic outcomes and insulin delivery in subgroup (A) (left) and subgroup (B) (right). It should be noted that both
subgroups may have differed in their glycemic control and insulin delivery before starting PLGS, but only SAP (Sensor
augmented pump) data for subgroup A were available. For the intersection of both groups please refer to supplementary figure S1.

logarithm of each day of use. As a result, the mean glucose at
the end of the 9-week period was 4 mg/dL higher than after
the initial rapid reversal in the first 2 days (172 and
168 mg/dL).

Glycemic control in the overall cohort was marked by
significantly higher values of mean glucose (+5mg/dL,
P <0.001) and lower time in range (-2.8%, P <0.001) over
time; however, the mean glucose and time in range varied
significantly with patient age. Patients <18 years old dem-

onstrated the highest starting and mean glucose (188 mg/dL),
and patients >60 years old experienced the highest time in
range (66%).

Insulin use

In the pre/post subgroup, median total daily insulin de-
livered fell by 0.51 U from 43.4 to 42.3U (95% CI 0.5 to
0.03U, P<0.076). The bolus-to-basal insulin ratio remained



REDUCING HYPOGLYCEMIA IN THE REAL WORLD

unchanged. The mean carbohydrate intake documented in
bolus requests remained constant.

In subgroup B with at least 9 weeks of PLGS usage, the
median total daily insulin dose delivered increased by 1.26 U
(95% C10.97 to 1.46 U, P<0.001) from the day after starting
PLGS over 9 weeks (Fig. 2), which was mainly attributable to
a linear increase in basal insulin. A simple linear regression
was calculated to predict the mean number of units of basal
insulin delivered, based on the day after starting use of PLGS.
A significant regression equation was found (F(1, 62)=1140,
P<0.001), with an R? of 95%. The mean basal insulin delivery
across this subgroup rose by 0.014 U with each day of use after
the first day. We found no changes in the frequency (mean of
5.0), duration (mean of 16:19min) of suspend events, or
manual suspend overrides (mean 4.5%). The carbohydrate
intake reported in bolus requests did not change over time.

In the overall sample, the total insulin delivered for all pa-
tients was 44.3 U, which consisted of 48.5% basal and 51.5%
bolus insulin. Patients <18 years old relied more on bolus in-
sulin (57%) and required the least amount of insulin, with 40.5
total daily units. PLGS stopped insulin delivery an average of
4.86 times a day, and each suspension lasted an average of
16 min, 12s. Insulin suspended at a mean CGM-measured
glucose level of 106 mg/dL and resumed at 97 mg/dL. Patients
>60 years old experienced fewer suspensions, and patients <18
years old had the shortest suspend durations. Patients manually
stopped ongoing suspensions in 4.6% of cases. Patients <18
years old interrupted suspensions 36% more often and entered
45% more carbohydrates than adults.

Conclusions

This was the first study to examine the real-world impact of
a PLGS system. Introduction of PLGS led to an immediate
and sustained reduction in hypoglycemia and hypoglycemic
events. Mean percent of time spent at <70 mg/dL glucose
level observed in the real world was 1.44% lower than in the
PLGS arm of the PROLOG clinical study.'® The observed
45% RRR of hypoglycemia with use of PLGS exceeded the
reported benefits of the predictive low alarm of the Dexcom
G6 sensor alone, which, in a recent study,5 achieved a RRR of
hypoglycemia of 13%-19%. Similarly, Puhr et al. reported
that use of the Dexcom G6 sensor alone resulted in a 33%—
40% reduction in time <54 mg/dL,5 while PLGS reduced
time spent at <54 mg/dL glucose level by 60.6%.

After introduction of PLGS, corrected mean glucose de-
creased slightly in the pre/post subgroup but gradually re-
verted to the mean. Subgroup B surprised with a concurrent
increase in the mean glucose and total daily insulin delivery
driven by a rising basal rate. Although not clinically signifi-
cant and lacking historic baseline data, the observed associ-
ation of decreased hypoglycemia with slightly higher mean
glucose and insulin requirements might have a number of
interpretations and contributing factors. One possibility is
that once the user is confident that the PLGS system will
prevent hypoglycemia, the basal rates are increased to pro-
mote glycemic control.

We hypothesize that behavioral changes due to trust in the
system and reduced fear of hypoglycemia may be significant
factors contributing to the observed findings in subgroup B.
The fear of hypoglycemia is a major driver for patient cau-
tion.>*° Recent research has also shown that for patients and
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caregivers, experiencing reduced hypoglycemia leads to in-
creased confidence and trust in the technology, increased
flexibility around mealtimes, and reduced diabetes distress. 10
The observed low rate of patient-cancelled insulin suspen-
sions supports this view, and more research is needed to
verify this effect.

The strength of this retrospective analysis was the large
sample size, the ability to analyze patients as they switched
from SAP pump technology to the PLGS system, as well as
the opportunity to follow a large cohort over time.

The limitations of the analysis include a potential self-
selection of patients who upload their data to the diabetes
management application, self-reported demographic data,
and lack of a control arm. The lack of historic data in the
subgroup B complicates interpretation as day zero readings
reflect measurements after system initiation and cannot as-
sess prior baselines. Analyzed outcomes were determined by
the system back-end, and no clinician-facing or patient-
reported outcomes were included. The PLGS system was
designed to predict and help prevent hypoglycemia by
monitoring glucose values from a connected CGM. Analyz-
ing interruptions of CGM operation and connectivity were
outside the scope of this analysis. Functionality to reduce
hyperglycemia will complement future systems.

In conclusion, the PLGS significantly lowers hypoglycemia
across age groups, and the effect is persistent over multiple
weeks with real-world use. We observed a modest, counter-
intuitive increase in mean glucose and insulin delivery over
time in select populations, which we speculate could be a
product of system trust and a release in dietary discretion,
perhaps driven by the reduced fear of hypoglycemia. The study
results indicate that Basal-IQ technology might be a viable
option for an ambulatory insulin-dependent population.
Overall, these data support the use of algorithm-enhanced
automated insulin delivery systems to improve health out-
comes in patients with insulin-dependent diabetes. These may
be appropriate for people with diabetes with difficult to control
disease or those at particular risk for hypoglycemia.
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