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Abstract

Objective: Hybrid closed-loop (HCL) artificial pancreas (AP) systems are now moving from research settings to
widespread clinical use. In this study, the inControl algorithm developed by TypeZero Technologies was
embedded to a commercial Tandem t:slim X2 insulin pump, now called Control-IQ, paired with a Dexcom G6
continuous glucose monitor and tested for superiority against sensor augmented pump (SAP) therapy. Both
groups were physician-monitored throughout the clinical trial.

Research Design and Methods: In a randomized controlled trial, 24 school-aged children (6—12 years) with type 1
diabetes (T1D) participated in a 3-day home-use trial at two sites: Stanford University and the Barbara Davis
Center (50% girls, 9.61 1.9 years of age, 4.5+ 1.9 years of T1D, baseline hemoglobin Alc 7.35% +0.68%). Study
subjects were randomized 1:1 at each site to either HCL AP therapy with the Control-IQ system or SAP therapy
with remote monitoring.

Results: The primary outcome, time in target range 70-180 mg/dL, using Control-IQ significantly improved
(71.0% 1 6.6% vs. 52.8% +13.5%; P=0.001) and mean sensor glucose (153.6%+13.5 vs. 180.2+23.1 mg/dL;
P=0.003) without increasing hypoglycemia time <70 mg/dL (1.7% [1.3%-2.1%] vs. 0.9% [0.3%—-2.7%]; not
significant). The HCL system was active for 94.4% of the study period. Subjects reported that use of the system
was associated with less time thinking about diabetes, decreased worry about blood sugars, and decreased
burden in managing diabetes.

Conclusions: The use of the Tandem t:slim X2 with Control-IQ HCL AP system significantly improved time in
range and mean glycemic control without increasing hypoglycemia in school-aged children with T1D during
remote monitored home use.

Keywords: Type 1 diabetes, Artificial pancreas, Randomized controlled trial, Pediatrics, Hybrid closed loop.

ARTIFICIAL PANCREAS (AP) TECHNOLOGY combines an
insulin pump, continuous glucose monitor (CGM), and
automated control algorithm to adjust basal insulin delivery
in real time for patients with diabetes. AP systems have
consistently demonstrated superiority to conventional ther-
apy to improve time in range (TIR) and reduce hypoglyce-
S 1-3 . .
mia. ~ Implementation of this technology has progressed

from university-based, publicly or foundation-funded algo-
rithm development research to industry-funded commer-
cialization trials. AP development has thus shown a synergy
between academic, foundation, public, and industry to im-
prove therapy for patients.

One of the most rigorously tested designs in this area is the
University of Virginia (UVA) closed-loop control (CLC)
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algorithm.*"® This system has been tested since 2011 as the
first portable, wearable AP platform on the Diabetes Assis-
tant (DiAs) using an Android smartphone to run the CLC
algorithm.” It has been tested in inpatient trials, at diabetes
camps, and in outpatient environments.” !> The multinational
home use trial of this system in 30 adults demonstrated
improvement from run-in sensor augmented pump (SAP)
control for TIR, hypoglycemia, and glucose variability.'* A
randomized controlled trial of 32 adolescents participating
in a ski camp also demonstrated significant improvement
for TIR and hypoglycemia exposure of the AP over SAP
therapy.'”

In this study the commercial CLC algorithm developed by
TypeZero Technologies was on-boarded to a commercial
Tandem t:slim X2 insulin pump (called the Control-IQ sys-
tem) paired with a Dexcom G6 CGM. After a successful pilot
trial in adults,'® this AP system was tested for superiority
against SAP therapy in children 6-12 years old during 3
days of home use as part of a randomized controlled clinical
trial (RCT). We hypothesized that the AP system would be
superior to SAP therapy for TIR under these real-world
conditions.

Research Design and Methods
Study design

We tested the t:slim X2 with Control-IQ Technology
AP system in a multisite, randomized controlled clinical
trial (clinicaltrials.gov registration NCT03369067) designed
to assess the efficacy of the AP to improve TIR over SAP
therapy in children 6-12 years old during 3 days of home
use. The research protocol was approved by the Food and
Drug Administration (IDE#G170267) and UV A, University
of Colorado, and Stanford University institutional review
boards. Major inclusion criteria included clinical diagnosis of
type 1 diabetes (T1D), daily insulin therapy for =6 months
with pump therapy for =3 months, willingness to use only
lispro or aspart during the trial, avoidance of acetaminophen,
willingness to wear a CGM and activity monitor, and a par-
ent/caregiver committed to receive training on the system.
Major exclusion criteria included diabetic ketoacidosis
(DKA) in the past 6 months; hypoglycemic seizure or loss of
consciousness in the past 6 months, history of seizure dis-
order, history of altitude sickness, chronic pulmonary con-
ditions, use of oral glucocorticoids, history of renal disease,
requirement of intermediate or long-acting insulin or other
antidiabetic medications, presence of febrile illness, and
other medical and psychiatric conditions that could interfere
with completion of the study (e.g., adrenal insufficiency or
inpatient psychiatric treatment in the past 6 months).

Subjects and guardians provided informed assent and
consent. After enrollment at each site, subjects were paired
by hemoglobin Alc (HbAlc), age, and sex, and each member
was randomly assigned to either remotely monitored SAP
(control arm) or t:slim X2 with Control-IQ Technology AP
(treatment arm). Subjects participated in a 48-h ski camp
whose results are described in a separate article by Ekhlas-
pour et al.'” At the completion of the camp, the subjects at the
Barbara Davis Center and Stanford University sites partici-
pated in 72h of home use of either the AP system or con-
tinued SAP therapy. Parents and subjects were provided
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in-person teaching on how to use the t:slim X2 with Control-
1Q system (AP group only). Both groups were also fitted with
a Dexcom G5 Share to be able to be remotely monitored.

Devices/system

Subjects in both the SAP and AP groups wore a Dexcom
G5 CGM (Dexcom, San Diego, CA) calibrated at least twice
a day (before breakfast and dinner), using a study-provided
blood glucose meter (ContourNext Link; Ascencia Diabetes
Care, Parsippany, NJ). Subjects in the SAP group wore their
own insulin pump. Subjects in the AP group wore the t:slim
X2 with Control-IQ AP system (Tandem Diabetes Care, San
Diego, CA) controlled by a separate Dexcom G6 CGM. As
remote monitoring for Dexcom G6 was not yet available at
the time of conducting this clinical trial, this group wore two
CGMs, one Dexcom G5 and one Dexcom G6. The Control-
1Q AP system is the commercial form of the UVA/TypeZero
algorithm })reviously described that ran directly on the t:slim
X2 pump.*® All subjects’ insulin pump parameters were re-
viewed by a study physician before starting the home-use
phase. Meal boluses were computed using carbohydrate
counts determined by the patient and/or guardian as was de-
velopmentally necessary. Participants in the SAP group were
permitted to use temporary basal rates and manual pump
suspensions as desired. Insulin pump infusion set preferences
for type and location were determined by subjects and parents.

Remote monitoring and safety protocols

During the home-use trial, subjects in both groups were
remotely monitored through alerts by a study physician
24 h/day using the Dexcom G5 Follow App. In addition,
subjects were remotely monitored by their parents/guardians
using the same app. CGM alarms were set on the parents’
Dexcom Follow App for 70 mg/dL (low alert) and 250 mg/dL.
(high alert). Glycemic treatment guidelines were provided
to families for management of hypo- and hyperglycemia
(Table 1). Families were permitted to take decisions on par-
ticipants for both, hypo- and hyperglycemia through the CGM
values. The monitoring physician was alerted for CGM values
<60 mg/dL for 15 min or 2300 mg/dL for 60 min.

Per glycemic guidelines, parents were instructed to pro-
vide carbohydrates for a CGM value <70 mg/dL and to repeat
every 15min until the CGM value reads >80 mg/dL with
optional self-management blood glucose (SMBG) confir-
mation. For CGM >300 mg/dL parents were instructed to test
SMBG every 60min. Individual subject stopping criteria
were (1) malfunction of the system or controller that imposes
upon safety, (2) hypoglycemic seizure or coma, (3) abdom-
inal pain, vomiting, or decreased consciousness, (4) preg-
nancy, (5) loss of sensor for >6 h, (6) two consecutive SMBG
values <50 mg/dL 30—60 min apart. Study stopping criteria
included two episodes of DKA or two episodes of severe
hypoglycemia resulting in stopping the study for individual
subjects.

Outcomes and statistical analysis

All glucose outcomes were calculated based on the Dexcom
G5 sensor glucose (SG) information. Primary outcome was the
percent time in target range 70-180 mg/dL. Secondary out-
comes included mean glucose, glycemic variability based on



(panuiyuod)

dn 1y3rens 10 umop y3rens sunurod
SI MOIIE JT DINS SUryoeyd I3pIsuo))

TP/BW Q1=
Og [Dun urw G| £19A9 OGNS 09U

p/3wgT>
0g [un { [ 1943 DG Yoy

Tp/Bw01< OGNS
I91Je saulopmng paseq-INDD MO[[0]

souI[apIng paseq-NDD MO[[O]

Tp/BW Q1=
Og [pun urw G| £19A49 OGNS 09U

Tp/BWw 001=
Og [Dun urw G| £19A9 DGNS 09U

Ip/BW Q< DY [Hun UGy
K19A9 pue 9[qe udym HYIAS 1eadoy

SISIQ Jeal],

(suare 2ano1paxd 10 proysary) eruadA[3odAy
10J OHD 9B 8'9) s}Io[e pue IpInNS Iasn SIOTAIP MO[[O] e

D 10 g ynm paasold g9 uey) Iomo] J1 ‘OGNS POULIOfIod e

Apms [iim onuUnuo)) e
93unAs 10 uad ®BIA SN[OQ UONIALIOD IIPISUO)) e
A11adoid Sunyrom st duind 1ey) YOo9yo pue 1S UOISNJUI YO e

SUISI0I9XQ
210Joq Tp/SW O0[< DY [BUN $qJed Junoe ISeJ Yim JBal], e

9SI0IOXA 01 9[QV e

popoau se jeadoy e
urw G| AI9Ad~ D YO9Yd pue
(sqreo Sunoe-isej Jo 391 ~ 10) SI9[Qe) S0ON[S  YIIM JBAI], e
J1qrssod se uoos se (JIN AJIION e
(dINNd AdNLS LON) dund urnsur FINOH
yim Adezoyy dwnd urpnsur awnsax p/Sw Q[ OF USYM O
J1qissod se uoos se QN AJIION O
dwind urnsur Apnis 9y} 109UUOISI(] O
Apmys 3y ur uonedpnaed doys [1m 393[qns ay)
‘05> HYINS (Ut 09> pue (<) IANNIAISUOD T e AIIY) JI
UQ2I0S JUSWIBAI], o
Ut G| AIoAd ~ Hg Yooyo pue
(sqIed Sunoe-1seJ Jo 3¢~ 10) s}a[qe) asoon[3 § YIm 1BAI], e
uede urw (9> pue (g< SI QANNIASUOD) o
9[qrssod se uoos se (N AJNON e
paddojs aq [im Apmys Y,
(dANNd AdNLS LON) dwnd urnsur FINOH
yim Aderoyy dwnd urnsur swnsar Tp/Sw ()8< DY UM e
Ip/3w 08< OF [nun 1eadoy ‘urnsur
ON yim (pmbriy/[e3 10 sqey asoon[3 A[qersjaid) sqied Junoe
1SeJ JO 7¢—9] QAIS ULIP IO JBd 0} 9[qe UdYM pue D 1S9, o
[-1-6 I[eD o
Sunmwoa pue easneu 9[qissod 01
anp uoJeon|3 Ioyye uonsagul Y pue omf 93ueIO PIOAY O
papaau J1 utw (g ut pajeadar oq Kew uo3eon|n o
I AouaSiowe uo3eon|3
oy ul suonoNNSul SUIMO[[0J ,UOTEIN|S JO FUI [ JAID) o
dwnd urnsur Apn3s 9y} Jo9UUOISI(] o
J[qissod se uoos se (N AJIION e
wR)SAS 3y} doiS o

19/ Surjea]

JULIp pue 383 0} QY
NilgaNi(ve)

19/ Surfeag
ISI0I0X9 210Jog

1o pue onewoydwAsy

JULIp pue 383 0} QY
SNOTOSU0))

YULIp pue 183 0} J[qY
SNOTOSU0))

JULIp I0 189 0) 9[qeu()
SSQUSNOIOSUOD JO SSO]
aImziog

56609 INDD 'H

,09> WDD D

p00E< DEINS A

HOOOﬁw
OFIAS 9S1010Xa-31d T

2001<
DOYINS 9S1I10X-21J "(J

p69—0S DEINS DO

206> SDAINS
QATINOASUOD OMT, g

OIS Auy vy

dn-mojqjoq

suonoy

SUONIPUO))

JUIULIANSDI A

SANITAAIND INHNLVHA ], OINIOATH) °[ 14V ],

161



*9s00n[3 poo[q JuswaSeuLwW-J[3s ‘OGNS 10300p [BIIPaW ‘(A I0JIUOW 3S0IN[S SnONUNUOd ‘WO
T/[OWW §°()S JUSWAINSEIW SU0IY-¢f PUE "[P/SW ()GT PUE (8 UIIMIOQ ISOIN[S JOJOUI QASIYOE O} PAPISU St [ 4 A10A0 ey} APuonbaiy a1owr ou pardlsiuIupe 9q KBl SISN[O] UONOALIOD [UONIPPY,

*ApmIs Ay} anunuoDg

"381010x2 SuruuIdaq Q10§eq Tp/SW O [< [HUN P3JeAN 3 [[1M J0afqns Tp/Sw (01> J1 SOSI0IOXA JO uIW ()¢ uryim pawiogiad 3q [[Im DEINS,

*3s1019%9-31d 03 puodsario),
"POpIdU 9q Aeul JUSWIIEAL],,

“UIUI G J19)JB JUSWAINSBIW 3s00on[3 19jour Jeadar © Aq pamofjoJ doml 1o sqeioon[s ‘ordwexa 1oy ‘deipAyoqied spdurs Jo S9[ ~ JO SISISUOD JudUNLAN 3s0on[S [RIQ),
“UTWI GT UT [9AJ] 9509N[S 1e)our Jeadoy “A[renosnuwenur 1o A[Snodueinoqns UoAIS oq ued Suwl | Uogeon[n,
“Apms oyy ur uonedronred dois Aew 309[gns oy,
(uoneiqies 03 pasn 2q prnod reuurpaid pue jsepyeaiqaid) uoneIqied DD 210jog e
Tp/Sw 0pg< BrwadA[S10dAy INDD o
p/Sw (09> e1wWAdA[30dAYy NDD e

OSIOISX9 3I0J3Yd e

:9[NPAYDS SJUSWAINSBAW 9S0ON[S POO[q SULIOIUOW-J[AS
*K[3urp1oooe s3urpeal erwadA[31od Ay eruedk[3odAy jean pue suure[e searoued [eIOYnIe I0/pue NDHD 0) puodsal 0] pajonnsul pue pauren g [[Is s302[qng

JUSUIUOIIAUS JUSWIIEAI}
Jrendordde ue 01 pasrojsuen
[Dun J0 9A[osa1 swoydwAs [run

Inoy AI9AQ SQU0JaY pue DHYIAS NOUD

JUSWIUOIIAUL Jusunean; 9eridoidde

ue 0) PAIIRJSULI) [IIUN IO 9°(QS

$OU0JRY pue p/Sw OS> DY [Hun
Inoy AI9A9 SQU0laYy pue DHYIAS NOUYD

90>
$QUOIY pue Tp/FW (ST> DF [un
InoY AI9AQ SQUOIdY pue DHFIAS NoUD

p/3w(gT>
Og [un { [ 1943 DY YYD

Tp/8w oS>
Og [un { [ 1943 DY Yooy

PSueYd
39S UOISNJUI UI[NSUT pUB UOTIAIIOD UI[NSUI SNOJUBINOANS o
dwind
urnsut gINOH 1ess pue dwnd urnsur x qNLS Y} 102UU0ISI(] o
Apms JO.LS uedionied e
J[qissod se uoos se (N AJIION e

UOT}ORAI OISIO[E 9IOADS

€ Jean o} ojdwexa 10J ‘proon
-10000n[3 10 auuydaurds jo asn
ssau[[I JuBdYyIuSIg

uoydourwre
-J90®/[OUS[A [, 10 PadU [edTuI))
doS 10T 19A]
JULIp 10 J82 0) 9[qeu()
Ssau[[T SunIwoA
ured [eurwiopqy

Auy

1

S[QAQ] QU0IRY 0 Je3ns poo[q JO sso[pIedal uonoe Juunbar swoldwAg

sogeI1oAaq 921j-183NS YULI(J o
uad 10 93uLIAs £q UI[nSUL JO ISOP UOIIOALIOD B, o

dIN Aq paronnsut 9ouo dwind
urnsut gINOH 1e3s pue dwnd urnsur x NS Y} 102UU0ISI(] o
9[qissod se uoos se (N AJIION e
Apnys 3y dojs s juedonaed Y, «

pardwoid uoym uaAI3

SeA Jey} UInSul JO JUNOWe Y} pIody opow jeudordde
ur Juounear) dund jrejsar “Jp/Sw ()SZ—00T ST DY 0UQ e
$a3eI10A9q 9213-Ie3ns YUl e
aus dwund 93ueyo pue Suiqn) pue JI0AIISAI UL UI[NSUL 9FUBY)) o
uad 10 93uLIAs AqQ UI[NSUL JO 9SOP UONIAILIOD FULY e} JOPISUO)) o
J[qrssod se uoos se (N AJON e

Auy

Auy

L0'€< SeU0Y T

20°€=9°0 SIU0I "

9’ SQUO0)aY JI MO[aq A[qe} 0} IOy 9A0QE PAJEIIPUI W) AUB SOUOJSY JOJ 1S9} :SJUSUIAINSBAW QU0

d MO[[0J TTP/SW O0E< DFIAS JI “DIINS POULIOJI] o
7 10 3] MO[[0] 9'()< SQUOIY JI ‘SQUOIY YO e

o MO[[0J TTP/SW O0E< DFIAS JT “DFINS PIULIOJI] o

1o/ Surjea]

19/ Surfeeq

yg uey
arowr 103 00E< INDD °f

yp uey
a1ow 103 00E< DD '

dn-mojjo.]

sSUoyOY

SUoyIPUOY)

JUIUIANSDI A

(Q4NNIINOD) '] d14V],

162



TABLE 2. TECHNOLOGY ACCEPTANCE QUESTIONNAIRE RESPONSES

Percent of responses

Question Mean=*SD in “Best 2’ categories

Ql It caused too many hassles in my daily life 1.50+1.17 91.7

Q2 Carrying around all of the equipment was a burden 2.25+1.48 66.7

Q3 I worried about looking different because I had all of this 1.25+0.87 91.7
stuff to carry around

Q4 I was annoyed by the weight of the devices I had to carry 1.75+£1.22 83.3
around

Q5 It was a big bother having to change sensors and pump 1.58+1.16 91.7
sites

Q6 I had greater peace of mind while wearing the device 3.83£1.59 75.0

Q7 I felt much freer with my food choices 3.75+1.22 58.3

Q8 I felt freer to do the things I wanted to do 3.25+1.06 41.7

Q9 I spent much less time thinking about my diabetes 4.25+t1.54 83.3

QI10 I was less worried about my blood sugars 3.75£1.48 66.7

Ql1 I was less worried about how my insulin was working 3.67x1.61 58.3

QI12 I felt like I had more freedom to live my life 3.67x1.44 66.7

QI3 The study device was more intrusive than my typical 2.33+£1.67 75.0
method of diabetes care

Q14 It was uncomfortable to wear all of the necessary 1.91+1.30 72.7
equipment

Q15 I was bothered by how long it took the device to respond to 1.82+1.33 72.7
low blood sugars

Q16 I was bothered by how long it took the device to respond to 2.18+1.83 72.7
high blood sugars

Q17 I was never entirely comfortable with allowing the device 1.73+1.42 81.8
to take over my diabetes care

Q18 I found it hard to trust that the study device could control 2.09+1.58 72.7
my blood sugars

Q19 I felt less burdened in managing diabetes while I was using 345+1.97 63.6
it than I do when using my typical method of diabetes
care

Q20 I had trouble sleeping well while wearing it 1.73+£1.27 81.8

Q21 The study device allowed me to have more time to devote 3.09£1.51 45.5
to other areas of my life

Q22 Wearing it made me think about diabetes too much 2.18+1.47 81.8

Q23 It taught me things about my diabetes that I didn’t know 2.55+1.44 27.3
before

Q24 It helped to prevent low blood sugars from happening 391+1.45 63.6

Q25 It had too many ‘“‘glitches’ and ‘‘bugs” 1.27£0.90 90.9

Q26 It helped me to relax, knowing that unwanted changes 392+1.51 75.0
in blood sugar would be addressed automatically

Q27 I found the device uncomfortable to wear 1.75+1.06 75.0

Q28 Using the device was more trouble than it was worth 1.4241.00 83.3

Q29 It helped to prevent blood sugar problems from happening 4.08%1.16 75.0

Q30 It helped me worry less about low blood sugars 4.08t1.24 66.7

Q31 It helped me to worry less about high blood sugars 3.75x1.71 66.7

Q32 When this study is over, I would very much like to keep 3.75+1.66 58.3
using the device

Q33 I often challenged the study device with food and exercise 3.33+1.50 41.7
to see how it would react

Q34 I felt confident that the device would respond well to a 3.75+1.54 75.0
high or low

Q35 By the end of the study, I trusted the device to manage my 3.67£1.56 66.7
blood glucose

Q36 I never stopped worrying about having a low while 2.00+£1.35 58.3
sleeping

Q37 It will be hard to give up the device once the study is over 3.83+1.64 66.7

Q38a How easy to use was the device? 4.20+1.48 80.0

Q38b How useful in managing your diabetes was the device? 433+1.12 77.8

Q38c How much did you trust the device? 4.11+1.05 77.8

Likert Scale: 1, strongly disagree; 2, disagree; 3, neither agree nor disagree; 4, agree; 5, strongly agree.
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coefficient of variation (CV), percent time <70, <60, and <54,
<50mg/dL, >180, >250, and >300 mg/dL, percent time 70—
140mg/dL overnight (11 PM-7 AM), percent time 70—
180 mg/dL during the day (7 AM—11 PM), total daily insulin
dose, and total amount of carbohydrates required for hypo-
glycemia treatment. System usability was assessed by deter-
mining participant percent time with the hybrid closed-loop
(HCL) algorithm being active during the study period. Parti-
cipant experience was assessed by a 38-item Technology
Acceptance Questionnaire where responses were quantified on
a 5-point Likert Scale where 1 was strongly disagree and 5 was
strongly agree (Table 2).

Sample size was calculated with the assumption of a me-
dium effect size of 0.3 (based on previous algorithm trials)
using a 3 X2 within-between repeated-measures analysis of
variance, with correlation of 0.5 between measures. Using G-
power 3.1.9.2 (University of Dusseldorf), with a sample size
of 24 subjects, there was a 91.7% power to detect a true
difference of the effect size of 0.3 for the primary outcome of
TIR. Significance level was set at P <0.05. Data are reported
as mean = SD when normally distributed or as median (75%
confidence interval) when skewed. The statistical analysis
was performed in SPSS 25 (IBM), and data formatting and
preparation were executed in Matlab 2018a (MathWorks).

Results
Subject characteristics

In total, 24 subjects were enrolled at two clinical sites, and
all 24 completed the home-use portion of the study (12 at
Barbara Davis Center and 12 at Stanford). By design, sexes
were balanced with six male and six female participants at
each site with a 50/50 split of SAP and AP users. For the
entire cohort, age was 9.6 £ 1.9 years. Enrollment HbAlc was
7.35% £0.68%. Duration of T1D was 4.5+ 1.9 years with
3.8+ 1.8 years of pump use. BMI was 18.5+3.2kg/m? and
total daily insulin dose was 0.74£0.2 U/(kg-day). Demo-
graphic characteristics by treatment group are broken down
in Table 3. There were no differences between groups for any
of the baseline/enrollment characteristics.

Overall glycemic control

Time in target range of 70-180 mg/dL was significantly
improved in the Control-IQ group compared with the SAP
group (Control-IQ: 71.0% £6.6% vs. SAP: 52.8% + 13.5%;
P=0.001). This difference of 18.2% is 262 min or 4.4 h/day
of increased time in target range. Mean SG was also
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significantly improved in the Control-IQ group compared
with the SAP group (Control-IQ: 153.6%+13.5 vs. SAP:
180.2£23.1 mg/dL; P=0.003). Glycemic variability as as-
sessed by CV was not significantly different between groups
(Control-IQ: 36.6%+4.9% vs. SAP: 36.5% *5.4%; not
significant [ns]). Hyperglycemia exposure was improved for
time >180 mg/dL. and >250 mg/dL in the Control-1Q group
compared with the SAP group (Table 4).

Hypoglycemia exposure <70 mg/dL was not different be-
tween the two groups (Control-1Q: 1.7% [1.3%-2.1%] vs.
SAP: 0.9% [0.3%-2.7%]; ns). The amount of carbohydrates
used for hypoglycemia treatment per day was not signifi-
cantly different between groups (Control-IQ: 15.5+16.9 vs.
SAP: 35.5+55.5 g/day; ns), although this appears to have
trended in the expected direction of being lower in the
Control-IQ group than in the SAP group; the median number
of treatments did not differ either, 0.7 (0.2-1.3) vs. 0.3 (0.3—
0.8). The total daily dose of insulin was not significantly
different between groups (Control-1Q: 33.2+15.5 vs. SAP:
27.8+12.3 U/day; ns).

Visualization of the full-day glycemic profiles for the two
groups by envelope graph (Fig. 1) demonstrates that the mean
glucose values are clearly lower for virtually all periods of the
day without increased exposure into the hypoglycemic re-
gions for the Control-IQ group compared with the SAP
group. The improved glycemic control is most evident during
the overnight portion, particularly from midnight to 6 AM.
Further visualization of the differences between glycemic
control of the two groups by ellipse graph (Fig. 2) shows
several notable findings. First it can be seen that for both
groups improved TIR is generally associated with increased
hypoglycemia (considered 54—70 mg/dL but not <54 mg/dL),
exposure within the 0%—5% range. Second it can be seen that
while some patients in the SAP group were able to achieve
tight control with >60% TIR and <4% time <70 mg/dL, all the
Control-IQ users achieved this level of control. This nar-
rowing of the population control with automated delivery is
particularly noteworthy as AP systems move toward real-
world commercial use.

Overnight glycemic control

Additional analysis was conducted focusing on the
overnight period from 11 PM to 7 AM (8 h). TIR was sig-
nificantly improved overnight in the Control-IQ group
compared with the SAP group (Control-IQ: 74.9% + 10.1%
vs. SAP: 49.6% +18.8%; P=0.001). This difference of
25.3% is 121 min or 2 h of improved time per day in target

TABLE 3. DEMOGRAPHICS

Control-1Q SAP

Mean+SD Mean+SD P
n 12 12 -
Sex 50% male, 50% female 50% male, 50% female ns
Age (years) 10.0£2.1 92+15 ns
BMI (kg/m?) 19.2+2.7 17.8+3.5 ns
Diabetes duration (years) 47123 44+14 ns
Pump use (years) 4.1+1.9 35+1.7 ns
Total insulin dose (U/day) 205+11.2 23.7+7.0 ns
Total insulin dose [U/(kg-day)] 0.76+0.21 0.71£0.18 ns
HbAlc (%) 7.35£0.74 7.36£0.65 ns
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TABLE 4. GLYCEMIC OUTCOMES MEASURED BY CONTINUOUS GLUCOSE MONITOR

Daytime (7 AM—11 PM) Overnight (11 PM-7 AM)

Full day (24 h)

SAP

Control-1Q

SAP

Control-1Q

SAP

Control-1Q

<0.001
ns
ns
ns
0.112
<0.001
<0.001

49.6+18.8

0 (0-0)

0 (0-0)

0 (0-0)

0 (0-0)
26.1+18.4
49.9+19.3
18.7+12.9

7.1+6.5

188.8+30.2
20.7+5.2
16.4+9
3.5+7.9
0 (0-0.2)

74.9+9.7
0 (0-0)
0 (0-0)
0 (0-0.3)
0.9 (0-2.8)
549+133
23.619.5
4.8+7.8
1.7+3.8
146.3+15.9
25.7+6.6
20.1+8.1
2.5+58
0 (0-0)

0.007
ns
ns
ns
ns

0.004

0.010

0.069
ns

0.038

0.198
ns
ns
ns

54.4+142
0 (0-0.6)
0.3 (0-0.9)
0.7 (0-1.3)
1.4 (0.5-3.4)
30+10.5
42+14.4
14.8+11
4.4+45
175.7+24.7
33+6.5
335+ 14.4
51.7+83.6
0.5 (0.4-1.3)

69.3+9.7
0 (0-0)
0.2 (0-0.6)
0.6 (0—1.4)
1.7 (0.7-2.9)
453+ 124
27.5+10.8
79462
32439
155.2+20.2
31.7+5
39.7+18.4
2524263
1 (0.4-2)

<0.001
n
ns
ns
ns
<0.001
<0.001
0.009
0.065
0.002
ns
ns
ns
n

52.8+13.5
0 (0-0.4)
0.2 (0-0.6)
0.5 (0-0.9)
21429
28.7+11.7
44.7+13.8
16.1+10.3
53439
180.2+23.1
33.3+5.4
27.8+123
35.5+55.5
0.3 (0.3-0.8)

71.2+6.3
0 (0-0.2)
0.3 (0-0.5)
0.7 (0.2-1.2)
21+15
48.5+9.5
26.2+7.1
6.814.5
27+2.7
152.2+13.8
32.6+4.1
33.1+14.8
17.5+17.6
0.8 (0.3-1.4)

Coefficient of variation (%)

Percent 70—180 mg/dL
Insulin (U/kg)

Time <50 mg/dL (%)
Time <54 mg/dL (%)
Time <60 mg/dL (%)
Time <70 mg/dL (%)
Time 70-140 mg/dL (%)
Time >180 mg/dL (%)
Time >250 mg/dL (%)
Time >300 mg/dL (%)
Mean glucose (mg/dL)
No. of CHO treatment

CHO treatment (g)

Values are given as mean £ SD or as median (75% confidence interval).

CHO, carbohydrate; ns, not significant; SAP, sensor augmented pump.
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range overnight. About half of the total daily improved time
in target range occurred during the night. Time in the narrow
target range of 70-140 mg/dL overnight was 54.9% versus
26.1%, P<0.001, an almost 2.5h/day improvement. The
mean SG was significantly improved overnight (Control-1Q:
146.3+15.9 vs. SAP: 188.8+30.2mg/dL; P<0.001). Gly-
cemic variability as assessed by CV was not signifi-
cantly different between groups (Control-1Q: 33.4% £ 7.1%
vs. SAP: 32.9% +6.4%; ns). Hyperglycemia exposure was
improved for time >180 mg/dL, >250 mg/dL, and >300 mg/dL
in the Control-IQ group compared with the SAP group over-
night. Hypoglycemia exposure, treatment for hypoglycemia,
and total insulin use were not significantly different between
groups during the overnight period.

System usability

System usability was assessed by objective analysis of
percent time for which the HCL control was active and
subjective responses to the Technology Acceptance Ques-
tionnaire using Likert scale. During remote-monitored real-
world use, the Control-IQ system was in closed loop for
94.4% of the time (Fig. 3). Subjects were out of closed loop
(CL) for 4.7% of the time because of loss of CGM commu-
nication with the system. Subjects were out of CL for <1% of
the time because of other system issues. It is worth noting that
the 2-h CGM warm-up occurred during the ski camp study
before home use and thus there was no down time because of
the warm-up for a new sensor during this study period.

Overall, subjects had favorable subjective responses to the
system as assessed by the Technology Acceptance Ques-
tionnaire (Table 2). Subjects disagreed or strongly disagreed
with the statements that ““Using the device was more trouble
than it was worth” (1.42+1.0; 83.3%), “‘It had too many
glitches and bugs” (1.2720.9; 90.9%), and “‘It caused too
many hassles in my daily life”” (1.50%+1.17; 91.7%). Subjects
agreed or strongly agreed with the statements that ““I spent
much less time thinking about my diabetes™ (4.25+1.54;
83.3%), the devices were ‘‘easy to use’” (4.2+1.48; 80.0%),
“useful in managing your diabetes” (4.33x1.12; 77.8%),
and that they could “‘trust the device’” (4.11£1.05; 77.8%).
Majority of subjects also agreed that “‘It will be hard to give
up the device once the study is over” (3.8311.64; 66.7%).

Conclusions

Results from this home-use study of the commercial
Tandem t:slim X2 with Control-IQ HCL AP system in
school-aged children indicate that this system significantly
improved glycemic control in children 6-12 year old. Al-
though this system is currently undergoing pivotal study, we
report a decrease in average SG of 27 mg/dL for the full day
and 42 mg/dL overnight. The increase in TIR by 4.4 h/day
also indicates that profoundly greater glycemic control can be
possible with AP system use. This improvement was seen
through hyperglycemia reduction, primarily overnight,
without increased hypoglycemia exposure. The system was
demonstrated to be extremely dependable as it operated in
closed-loop mode for 94.4% of the possible time. The
system also scored very high for usability by subjects as
measured by responses to the Technology Acceptance
Questionnaire.
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FIG. 1. Full-day glycemic control during home use. The red line and shaded area represent Control-IQ use and the blue

line and shaded area represent SAP use. The shaded area represents the 25th to 75th percentile for glucose values in each
group. The center line (plan and dotted) represents the mean. SAP, sensor augmented pump.

This study system is a commercial evolution of the DiAs
HCL AP system that underwent extensively outpatient test-
ing in adults as reported by Anderson et al.'* The Anderson
study investigated multinational home use in 30 participants
for 3 weeks of SAP run-in, 2 weeks of overnight-only AP use,
and 2 weeks of full-day HCL. They reported TIR of 73%
(68%—T76%) for the full day with HCL therapy, a mean SG of

153+ 12mg/dL, and percent <70mg/dL of 1.7% (1.1%—
2.7%). This study of the Control-IQ system in children pro-
duced similar HCL results with TIR of 71.0% £ 6.6%, mean
SG of 153.6%+13.5mg/dL, and percent <70 mg/dL of 1.7%
(1.3%-2.1%). 1t is notable however that the baseline com-
parison data for the Anderson study showed much better
glycemic control than the SAP group for this study.

efficacy vs safety of SAP and ControllQ
T T

80

70

[=:3
=]

% 70-180 mg/dL

30

FIG.2. Time in target range 70180 mg/dL
and time in hypoglycemia <70mg/dL. Sub-
jects in Control-IQ (black) and SAP (gray)
along with the 95th confidence interval for
the fit around each group.

e ® Controlla

O sap

ControllQ 95th confidence interval

“oo0 o AP 95th confidence interval
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% < 70 mg/dL



AT-HOME CONTROL-IQ AP RCT

Control-1Q Connectivity

CGM off
4.7%

Other warm up

0 09
0.9% 0.0%

CL
94.4%
= Other = CGM off warm up CL

FIG. 3. Connectivity of the Control-IQ system during
home use. System was in closed loop 94.4% of the time,
CGM was not connected 4.7% of the time, system was in-
active for other system issues 0.9% of the time, and CGM
was in warm up for 0% of the time. CGM, continuous
glucose monitor; CL.

In this trial, the SAP control arm consisted of patients using
their own insulin pump with settings adjusted by a pediatric
endocrinologist several times before the home-use phase.
Furthermore, the patients in the SAP group had continuous
remote monitoring of their CGM by both a parent and pedi-
atric endocrinologist. This level of supervision, which was
deemed necessary owing to the experimental group because
it was the first use of the HCL system in an at-home setting, is
substantially greater than typical monitoring for patients
conducting normal SAP therapy.

The patient population studied in this trial, children 6-12
years of age, has been largely understudied in AP trials to
date. The pivotal trial of the commercially available Mini-
Med 670G HCL AP was conducted in patients who were 14+
years old."® A subsequent pivotal trial of the 670G has since
been conducted in children 7-13 years of age.'*° This trial
reports data on 105 children 7—13 years of age using the 670G
for 3 months. The subjects in this trial had an average SG of
161.7+12.4 mg/dL, with 65.0% £ 7.7% TIR, and 3.0% + 1.6%
time <70 mg/dL. The MiniMed 670G contains safety fea-
tures that can cause it to revert from HCL function (Auto
Mode) to traditional open-loop pump function (Manual
Mode).>' In the pediatric pivotal trial, the subjects spent
80.6% (70.0%—87.7%) time in Auto Mode.?® Russell et al.
also report results on use of a bihormonal (insulin and
glucagon) AP system in children 6-11 years of age.** They
reported average SG of 136.8+10.8 mg/dL, with 80.6% *
7.4% TIR, 1.2% £ 1.1% time <60 mg/dL, and loss of CGM
communication with the pump 4.2%-6.1% of the time. Di-
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rect comparison of the brief present trial with the 3-month
670G pivotal data and the bihormonal data is highly limited
because of differences in study design. Synthesis of the data
from the three trials, however, demonstrates that in ele-
mentary school-aged children with T1D, HCL AP systems
can achieve control of >65% TIR with <3% hypoglycemia
<70 mg/dL.

Beyond simply improving glycemic control, a major pro-
posed benefit of AP systems is their potential to reduce dia-
betes burden and improve quality of life for patients and their
families. A study by Garza et al. investigated the hopes and
expectations of children, adolescents, and adults with T1D
and their families regarding new AP systems.?> This study
identified three main themes: (1) expectation that diabetes
technology will alleviate diabetes-specific worry and bur-
den, (2) that technology may reduce day-to-day stress, and
(3) that technology may improve family relationships. The
third theme was not addressed in this study; however, par-
ticipant responses to several of the technology acceptance
questions showed support for benefit in two other themes.
A majority of subjects endorsed spending less time thinking
about diabetes, having greater peace of mind, improved
ability to relax, decreased worry, less burden, and more
freedom to live their lives while using the Control-IQ sys-
tem. In addition, subjects were able to keep the HCL system
active for 94.4% of the time while strongly endorsing that
the system did not have too many glitches or cause hassles in
their daily lives. These factors strongly support a high de-
gree of usability for this device.

There were several limitations to this study. Because of
this being the first outpatient use of this build of the system
in children, a high degree of physician oversight was pro-
vided to both groups through continuous remote monitoring
by a pediatric endocrinologist. This may have biased both
the experimental and control groups toward better control
than could be seen in the real world, thereby limiting
generalizability. Subjects had enrollment HbAlc values of
<7.5% on average in both groups, which indicates selection
bias for study recruitment, although balanced between
study groups, which may further limit generalizability. As
noted in the methods, subjects participated in a 3-day ski
camp session before the home-use study. High-intensity
exercise in the preceding 3 days, although not generally
uncommon in school-aged children, may have impacted the
insulin sensitivity and glycemic profiles of subjects during
this study period although not differentially between arms
of the study.

In conclusion, the Tandem t:slim X2 with Control-IQ HCL
AP System significantly improved TIR and mean SG without
increasing hypoglycemia during remote-monitored home use
in elementary school-aged children with T1D. Subjects found
the system to be very easy to use and were able to maintain
the system in closed loop for almost the entirety of home use.
These data will help inform pivotal trials of this system with
larger patient numbers and longer duration are ongoing in
adults, adolescents, and children.
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