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Abstract

Background: Closed-loop control (CLC) has been shown to improve glucose time in range and other glucose
metrics; however, randomized trials >3 months comparing CLC with sensor-augmented pump (SAP) therapy
are limited. We recently reported glucose control outcomes from the 6-month international Diabetes Closed-
Loop (iDCL) trial; we now report patient-reported outcomes (PROs) in this iDCL trial.

Methods: Participants were randomized 2:1 to CLC (N=112) versus SAP (N=56) and completed question-
naires, including Hypoglycemia Fear Survey, Diabetes Distress Scale (DDS), Hypoglycemia Awareness, Hypo-
glycemia Confidence, Hyperglycemia Avoidance, and Positive Expectancies of CLC (INSPIRE) at baseline, 3,
and 6 months. CLC participants also completed Diabetes Technology Expectations and Acceptance and System
Usability Scale (SUS).

Results: The Hypoglycemia Fear Survey Behavior subscale improved significantly after 6 months of CLC
compared with SAP. DDS did not differ except for powerless subscale scores, which worsened at 3 months in
SAP. Whereas Hypoglycemia Awareness and Hyperglycemia Avoidance did not differ between groups, CLC
participants showed a tendency toward improved confidence in managing hypoglycemia. The INSPIRE ques-
tionnaire showed favorable scores in the CLC group for teens and parents, with a similar trend for adults. At
baseline and 6 months, CLC participants had high positive expectations for the device with Diabetes Tech-
nology Acceptance and SUS showing high benefit and low burden scores.

Conclusion: CLC improved some PROs compared with SAP. Participants reported high benefit and low burden
with CLC. Clinical Trial Identifier: NCT03563313.
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Introduction

VER THE PAST several years, the development of auto-

mated insulin delivery (AID) systems, also referred to
as ““Closed-Loop Control”” (CLC) has become a reality. This
has been accomplished by improvements in continuous glu-
cose monitors (CGM) and insulin pumps, as well as control
algorithms to modify insulin delivery based on CGM. The
first system approved by the FDA in 2016 was the Medtronic
670G, which automatically delivered basal levels of insulin
but not meal or correction boluses, rendering it a hybrid
closed-loop (HCL) system.

More recently, the second HCL, which administered cor-
rection boluses in addition, was approved after testing in the
International Diabetes Closed-Loop (iDCL) Trial.! This
system used a CGM (Dexcom G6) that does not require fin-
gersticks for calibration with the control algorithm embedded
in the insulin pump (Control-IQ, Tandem t:slim X2).

Despite advances in CLC technology, these systems still
require significant engagement from patients and families.
Although a CLC system has automated features for insulin
delivery to prevent hypoglycemia and avert hyperglycemia,
substantial self-management remains critical for optimal use.
For example, there are fundamental physical demands, such
as timely changes of insulin infusion sets, inspection of in-
fusion sites, and insertion of CGM sensors.

In addition, there remains the need to expend mental en-
ergy to operate these devices such as continued requirement
to calculate meal composition and perform carbohydrate
counting for accurate premeal carbohydrate gram entry into
the pump for insulin bolus delivery as well as ongoing con-
sideration of insulin management during exercise or sleep.
Finally, participants and family members, across the lifespan
but especially the parents of pediatric patients, expend
emotional energy, including ongoing concerns about glucose
values out of range, interrupted sleep due to overnight sur-
veillance of glucose levels, system failures, forgetting how to
resume manual insulin delivery if the system were to fail, and
financial stress associated with the cost of treatment, to name
a few. Finally, people may have unrealistic expectations re-
lated to devices that are named CLC or AID.

Without realistic expectations, persons with type 1 dia-
betes (T1D) beginning such systems may be disappointed and
discontinue use or expend less effort than needed for suc-
cessful implementation and continued use.>™ Thus, it is
important to understand patient perspectives on such systems
to identify issues in acceptance of these devices.

Therefore, in addition to glucose control outcomes, the
pivotal trial was designed to recognize that, from the users’
perspective, there are numerous nonglycemic outcomes that
determine whether or not a CLC system has a positive impact
on their lives. Equally important is to demonstrate that CLC
use does not add to the burden of diabetes management or
have a negative impact on quality of life. Thus, the trial in-
cluded a number of patient-reported outcome (PRO) mea-
sures to assess user experience with the technology and the
impact of system use on dimensions of quality of life that are
meaningful to most individuals living with T1D.

The PROs studied addressed diabetes distress, fear of hy-
poglycemia, confidence with managing hypoglycemia,
avoidance of hyperglycemia, and acceptance of the advanced
technologies to assess the efficacy and benefit/burden of CLC
compared with sensor-augmented pump (SAP). Pivotal
studies examining CLC, employing randomized controlled
trial (RCT) methods, large numbers of participants repre-
senting a wide range of ages, and long-term free range use,
have not sufficiently studied and/or reported PROs: this study
thus fills an important gap in this scientific literature.

Methods
The iDCL trial

The trial was conducted at seven U.S. centers after approval
by a central Institutional Review Board. Details of the study
design and clinical outcomes have been previously published,
with the full protocol available.! In brief, participants 14—71
years old with T1D were randomized 2:1 to either CLC or SAP
treatment for 6 months. Outcome measures, including he-
moglobin Alc (HbAlc), CGM metrics, and questionnaires,
were obtained at baseline, at 3 months, and at the end of the
trial. The primary outcome was CGM time in range 70—
180 mg/dL (3.9—10.0 mmol/L) throughout the 6-month period.

All participants used the study CGM (Dexcom G6). The
SAP group used their personal or study provided pump
without the CLC system. Predictive low-glucose suspend
system (PLGS) users were excluded from the study. The CLC
group used the Control-IQ system with the CLC algorithm
embedded on the study insulin pump (t:slim X2 pump;
Tandem Diabetes Care).

Patient-reported outcomes

All PRO questionnaires used are listed in Table 1. The
psychometric properties, including reliability and validity of
most of these measures, are well documented in the literature
and references are provided that contain specific statistical
findings and coefficients. Additional information regarding
psychometric properties is provided for those measures that
have not received such extensive study. All participants
(adult and pediatric) completed these questionnaires. We
have described instances where subjects aged 14-18 years
and their parents answered a different questionnaire version
in context in succeeding sections.

Hypoglycemia Fear Survey

The Hypoglycemia Fear Survey (HFS-II)° assesses fear of
hypoglycemia and was administered to adults and adoles-
cents, and their parents. The adult version has 23 items rated
on a 0—4 scale and generates a total score and two subscale
scores (Behavior and Worry). The Behavior Subscale has two
factors, including a ““Maintain High BG”* factor that reflects
behaviors aimed at keeping glucose levels higher to prevent
hypoglycemia and an ‘‘Avoidance’ factor reflecting other
behaviors aimed at preventing hypoglycemia. The Parent and
Adolescent versions® include 25 items rated on the same scale
generating Total, Behavior Subscale and Worry Subscale
scores. Higher scores indicate more fear.
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Diabetes Distress Scale

The Diabetes Distress Scale (DDS)’ measures diabetes-
related distress and was administered to adult and adolescent
participants (14-18 years) and their parents. The question-
naire administered to adults and teens consists of 28 items
rated on a 1-6 Likert Scale with seven subscales, including
Powerlessness, Management, Hypoglycemia, Negative so-
cial perception, Eating, Physician, and Friends/family. The
Parent DDS? includes 21 items rated 0—4 with four sub-
scales, including Personals, Teen management, Parent/teen
relationship, and Health care team. Higher scores indicate
more distress.

Clarke’s Hypoglycemia Awareness Survey

This scale includes eight questions that assess the extent to
which hypoglycemia symptoms are experienced and at what
glycemic thresholds.” The survey score ranges for 0—7 with
scores of four or higher indicating impaired awareness of
hypoglycemia.

Hypoglycemia Confidence Scale

The Hypoglycemia Confidence Scale (HCS)' measures
the degree to which people with diabetes are confident re-
garding their ability to manage hypoglycemia. The scale in-
cludes nine items rated on a 0-3 scale, from not at all confident
to very confident. Higher scores indicate more confidence.

Hyperglycemia Avoidance Scale

The Hyperglycemia Avoidance Scale (HAS)'' includes
21 items rated on a 0—4 scale and generates a total score and
four subscale scores, including immediate action to lower
high glucose; worry about hyperglycemia, preference to
keep glucose lower; and strategies to avoid extreme high
blood glucose (BG) Higher scores indicate higher hypergly-
cemia worry and avoidance behavior.

INSPIRE

The INSPIRE'? questionnaires measures user experience
with AID technologies. The adult, adolescent, and parent
versions contain 22, 17, and 21 items, respectively, which are
rated on a 0—4 scale. Total scores are calculated by obtaining
a mean score across items, then multiplying the mean by 25
to obtain a score from O to 100. Higher scores indicate greater
positive expectations for or experience with AID technology.

Only the CLC group answered the following surveys.

Technology Expectation Survey

This questionnaire includes 36 items rated on a 5-point
bipolar scale and contains two subscales: 19 items reflecting
the benefits and 17 items reflecting the burdens associated
with CLC that the user expects to experience.'® This mea-
sure is an adaptation of the Technology Acceptance Survey
(Technology Acceptance Survey section) with the same
items only worded differently to assess expectations rather
than experience, that is, “‘I expect Control 1Q to be more of a
hassle than my usual diabetes management” versus ‘‘Control
1Q was more of a hassle than my usual diabetes management.”

In addition, three face-valid items were added to this
questionnaire and were rated on a 5-point Likert scale to

KUDVA ET AL.

assess user perceptions of ease of use, usefulness, and trust
they expected and experienced with the system (i.e., To what
extent do you expect to/did you find Control IQ easy to use?
To what extent do you expect/did you find Control IQ useful
in managing your diabetes? To what extent do you expect
to/did you trust Control 1Q?). These three face-valid ques-
tions were added for all participants.

Technology Acceptance Survey

The original version of this questionnaire was developed in a
study of the bi-hormonal CLC system but can be adapted to any
specific CLC device."? This questionnaire includes the identi-
cal items and subscales described earlier for the Expectation
Survey but is worded to reflect the actual experiences of par-
ticipants during system use. The three face-valid items on us-
ability, usefulness, and trust were also added to this survey.

System Usability Survey

This instrument measures satisfaction and ease of device use
in general and includes 10 items rated on a 0—4 point bipolar
scale.' It is widely used in industry to assess user experience
with products during the development stage. A score of 68 is
considered average with higher scores indicating a positive
response and lower scores indicating a negative response.

Data analyses

PROs between the two treatment arms were compared
using a linear mixed effects regression model that included
adjustment for the baseline level of PROs, age, prior con-
tinuous glucose monitor and pump use, and clinical center
(random effect). Descriptive statistics include means with
standard deviations (SD) and medians with interquartile
ranges (IQRs), depending on the distribution of data. Because
of the bounded nature of the questionaries scores (in general
on a 5-point scale), means (SD) were used for these out-
comes. All P values and confidence intervals were adjusted
for multiplicity using the false discovery rate. All P values
are two-tailed.

In a post hoc analysis, we explored whether baseline
psychosocial characteristics (i.e., Diabetes Distress and Fear
of Hypoglycemia scores) could predict device usage mea-
sures and time in range 70—-<180 mg/dL (TIR). The approach
included inspection of plots of the baseline scores versus
device usage and TIR in months 1-3 and 4-6 as well as
stratification according to baseline tertiles (low, medium, and
high degree) of questionnaire scores. Statistical testing for
these analyses were not performed as there was no pre-
specification. The study was designed to have a >90%
statistical power to detect a 7.5% increase in % time in range
70-180 mg/dL from SAP to CLC. We estimate the actual
power to be substantially <90% for outcomes with large
variance such as questionnaires or for subgroups such as
adults and teens; but we have refrained from calculating any
such power for secondary outcomes after the study was fi-
nalized and analyses completed.

Analyses were performed with SAS software, version 9.4
(SAS Institute).

Results

The study randomly assigned participants to SAP (n=56)
or CLC (n=112) with 105 adults (25-71 years old) and 63
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younger adults and teens (14-24 years old). Baseline char-
acteristics are described in Table 2. Participant flow through
study is described in the RCT article.'

Treatment groups were well matched for age (33 = 16 years
CLC vs. 3317 years SAP), gender (female CLC 54%
vs. SAP 48%), diabetes duration (CLC 17 IQR 8-28 years vs.
SAP 15 IQR 7-23 years), insulin pump use (CLC 80%
vs. SAP 78%), CGM use at baseline (CLC 70% vs. SAP
71%), and Alc (CLC 7.4% % 1.0% [57 £ 10.9 mmol/mol] vs.
7.4%+0.8% [57+8.7mmol/mol]). The previously reported
primary outcomes demonstrated an 11% increase (+2.6h
daily) in glucose TIR (70-180mg/dL) in the CLC group
(71% £ 12%) compared with the SAP group (59% + 14%)
with all glycemic outcomes favoring the CLC group.’

Total scores from the PRO questionnaires are shown in
Table 1.

Diabetes Distress Scale

For adults, total DDS scores were significantly higher in
the SAP group compared with the CLC group at 3 months but
not at 6 months (Table 3; P=0.04). Subscale scores showed
that SAP group scores were significantly higher than the CLC
group on the powerless subscale at 3 months (P=0.02) but
not at 6 months. Of the remaining DDS subscale scores, there

TABLE 2. PARTICIPANT CHARACTERISTICS
AT BASELINE BY TREATMENT GROUP

CLC SAP
(treatment (control
group) group)
(N=112) (N=56)
Age (years)
Mean £SD 33+16 33+17
>18 years, n (%) 81 (72) 39 (70)
<18 years, n (%) 31 (28) 17 (30)
Diabetes Duration (years), 17 (8, 28) 15 (7, 23)
median (IQR)
Continuous glucose monitor 78 (70) 40 (71)
use at enrollment n (%)
BMI (kg/mz) median (IQR) 25 (23, 29) 25 (22, 28)
Sex: female, n (%) 54 (48) 30 (54)
Race: white, n (%)* 94 (86) 53 (95)
Hispanic or Latino Ethnicity, 13 (12) 509
n (%)
Annual household income,® n (%)
<$50,000 10 (11) 24
$50,000 to <$100,000 24 (27) 18 (36)
>$100,000 55 (62) 30 (60)
Highest education level,® n (%)
<Bachelor’s degree 16 (14) 13 (23)
Bachelor’s degree 51 (46) 21 (38)
Advanced degree 44 (40) 22 (39)
Baseline glycated hemoglobin, 74x1.0 74£0.8

mean = SD

“Three patients in the treatment group did not provide race
information.

PTwenty-three patients in the treatment group and six in the
control group did not provide income information.

“Highest level completed by patient, or by primary caregiver if
patient <18 years. One patient in the treatment group did not provide
education information.

BMI, body mass index; IQR, interquartile range.

677

were no significant differences between the two groups. In
parents, there were no significant differences between groups
in DDS scores at 3 or 6 months (Table 4).

Hypoglycemia Fear Survey

Total HFS-II scores for adults showed no differences be-
tween SAP and CLC groups at 3 or 6 months (Table 3).
Worry subscale scores also did not differ between study
groups. However, behavior subscale scores were lower (more
favorable) in the CLC group at 6 months (P =0.02). Scores on
the two factors of the behavior subscale were examined and
showed lower (more favorable) scores in the CLC group on
items reflecting tendencies to maintain higher BG levels in
certain situations to avoid hypoglycemia (mean=25=*18)
compared with the SAP group (mean=351t26). HFS-II
scores did not differ in either group for adolescents or parents.

Hypoglycemia Awareness Scale (Clarke)

At baseline, 13% and 14% of participants had scores in-
dicating reduced hypoglycemia awareness in the CLC and
SAP groups, respectively. At 3 months, proportions of par-
ticipants with reduced awareness remained similar in both
groups. At study’s end, there was no statistical difference in
survey scores between groups or the proportion of partici-
pants with reduced awareness (Table 4).

Hypoglycemia Confidence Scale

Whereas CLC increased confidence in eight of the nine
self-care areas (by 2%-23%) at 6 months compared with
baseline, confidence increased in two areas in the SAP group
(exercise and sleep) but declined in six areas (by 1%—16%).
No statistical testing was undertaken. Confidence with man-
aging hypoglycemia when alone did not change in either
group (the one area in which confidence did not increase in
the CLC group). Findings were fairly similar at 3 months
(Tables 5 and 6).

Hyperglycemia avoidance scale

None of the scores differed significantly between the two
groups at 3 or 6 months (Table 4).

INSPIRE

For adults, scores on the INSPIRE survey were not sig-
nificantly different comparing the two groups (P=0.09 at
both 3 and 6 months; Table 1). For surveys completed by
adolescents and their parents separately, CLC group scores
were significantly higher than SAP scores at 6 months for
both adolescents and parents (P=0.02 for both).

Technology expectations and acceptance

At baseline, ratings indicated that expected benefits of
CLC were high (Table 1 and 4, mean=4.0%0.5) and expec-
ted barriers were low (mean=2.010.6). At 3 months, ratings
indicated a positive user experience with high perceived
benefits (mean=4.2+0.6) and low perceived burdens (mean =
1.8£0.6). This same pattern was evident at 6 months (mean
benefit rating =4.3 £0.6, mean burden rating=1.8 £0.6), in-
dicating that participants experienced far more benefits than
burdens using the system. The three additional questions that



"asoon[3 pooiq ‘Dg

(dS) ueaw se pajuasald sa100s drreuuoNsINQ),
4@ oy Sutsn Ayordnnu 1oj paysnlpe senfea 4 (5199550 Wopuer) 10juad [edrur[d pue ‘esn dumd toud ‘esn WOD Iotid ‘o5e ‘o[qeLre Juopuadap ot Jo enfea durfeseq 10y paisnlpy,
'$9sATeUR WIOIJ PIPN[OXd 9IOM SIN[BA YIIM-QZ ) pue MOpuIlm payroadsard ay1 opIsino JIsia }oam-9g ay) payd[dwod dnois H1) ur juedronied suo pue dnois gy ur juedionted auQ,

OT1T1 03 Ly—) (96 01 1°8-)
6£°0 I'¢ 81z 91 WD 61 1€ 180 L0 (L1 sz L1 DOz 1€ ODoOE LI 1) €T I¢ Axiop\
— — ot 91 (D gg 1€ — - 008t LT (WO ¥e 1¢ T 6T LT (€D 9¢ 1€ Od YSIH urejureiy
(1'21 01 8°6-) (€901 911-)
9%°0 I'¢ @FD Sy 91 (1 €S 1€ TSO LT (SDo0s LT (€DTs 1¢ ©ODOS LT (SIS TI¢ Iotaeyeqg
(8601 T¢-) (S60169-) (1e103) uaq,
0€0 ¢ 0D 1€ 91 (ODCE 1€ T80 S0- (€Dse L1 aDege 1€ (€D LT (DL 1I¢ ‘Teo erwaoA[3odAYg
(9601 .9-) (S¢ 01 69-)
08°0 90— (¢ Lz 6§ (S1)ST 08 670 L'1- (€0 6C 6¢ (O1)ST 18 (€D Te 6¢ (81 6T 18 ALIo M
— — 90 s¢ 6¢ (B ST 08 - - (T s¢ 6¢ (61)ST 18 (P2 8¢ 8¢ (61) ¥¢ 18 04 YSIH urejurejy
(T1-01L11-) (I'T ® 6'6-)
700 $9— (SDTs 6 ey 08 <TI0 - SDI1S 6¢ €Dy 18 ©ODSS 6¢ (T IS 18 Ioraeyoqg
910 8L-) 9100L) (I2103) 3Py
€T0 Ie— (81) 8¢ 6¢ (X1 gg 08 €70 LT (81) 8¢ 6¢ (€D ¢c 18 @®D T 6¢ 1) 6¢ 18 ‘Teo erwaoA[3odAYg
(120 01 0%°0-) (L0'0 9 6t°0-)
6¥°0 01°0- O1D 81 SS (60 LT TIT LTO 120- OD 8T 96 (|80 LT TIT (LO)LT 95 (0D 6T TII ssonsI A[rure,/spusLL]
(200 01 €4°0-) (6070 0 €£°0-)
600 0T 0- 60 ¥1 SS 0TI TIT 620 ro- (80 €T 96 (S0 TT 2IT (LO)ET 95 (90 €T TII ssonsI(] URIOISAYq
(170 01 T€0-) (€1°0 9 6+°0-)
L0 G00 OD1T ss O 1T 11T 620 81°0— Tz 96 (6000C 211 (' 1T 95 (80 0C TII ssansi(q Suneg
(00 01 81°0-) (1270 9 €2°0-)
S50 90°0 O 9T SS (80 9T TIIT 680 10°0— 6091 96 (LO9T 21T OD 9T 95 (80) 9T TIT uondadisd [0S dARESIN
(60°0 01 €4°0-) (T1°0 9 $£0-)
€20 L1°0— OD 81 S (LO9T TIT TEO 11°0- OD 8T 96 (L0091 TIT (O 8T 9S (80 LT TII ssonsi erwodA[3odAH
(€1°0 01 TH0-) (00 0 L¥"0-)
0€0 10— (80) 8T SS (-0 LT TIIT 010 120~ (80) 8T 95 (L09T TIT (60) 8T 95 (80) 81 CII SSONSI(] TUSWFRURIA
(11°0 01 SS0-) (00 0 $9°0-)
€T0 T0- (Irmsec ss (0D Te 11T 200 ¥€0— (Im oz 95 607z ¢It (0D €T 95 (0D €T TII SSa[omod
(600 01 1¢'0-) (0 9 €€°0-) (Te10) 3NpYy
0€0 IT°0- (80 6T SS (9°0) L'T TIT +0°0 L10- (L0)6'T 95 (90 LT TIT (L0)8T 95 (9°0) 8T CII ‘ssansI( seleqel(]
nm n_:,\.u o&mdy um\mcbyn Z 5 wxeb% Z a.m QQD Qomd» ob&bb% Z omkob% Z uwxeb% Z ob&bb@ Z &Buz&:z\wx.@:t@ﬁzwxm
dVS-01D dVS-01D
aoua.affip aoua.affip
JUu2tjpaL] Jua2ujpaoi}
paisnipp uvapy dvs 2710 paisnipy uvapy «dVS Nou/o) dvs 2710
§Y29M Qz/J1S1A [DUL] sY2aM €T UODZIUOPUDY

STY00S ATVISANS HIIM SLINSTY ATAUNS AV VINIDIATOOdAH NAA]/LTNAY ANV TTVOS SSTALSI(] STLAAVI(] LINAY ‘¢ ATdV],

678



"paleoIpur sk (%) u 10 ‘(JOI) UBIpaw (S) Ueaw st pajuasaid sa100s aireuuonsang),
~dad oy Sursn Kypridnnu 1oy pajsnfpe sanjea 4 *($199JJ0 wopuer) 1juad [edturfo pue dsn dwnd sorxd ‘asn NO) Jotxd oFe ‘dqerres juspuadep oY) jo an[eA duraseq 1oy pasnlpy,
'S9SATRUR WIOIJ PIpN[OXd 2Iom SAN[BA YOdam-97 dY) pue mopuim payroadsard ayy oprsino IIsia yoam-9g ay1 pajd[dwos dnois H1) ur juedronied suo pue dnois gy ur juedronted suQ,

90 9T 601 90 LT 011 Jorreg
(S0 Sv 601 (o sy 011 Jgeuag
(T L8 601 (T S8 011 (re303) SNS
9081 111 (90081 601 90 0c Tl Joureg
Qocy 111 90Ty 601 ooy i1 Jgouag
— — — — @Dger 11 — — — — @®DSEr 601 — — D9t cll 21008 Koeoyyq
(12101) 2oueidadoy
Juonedadxyq
— — — — (881) ¢CST 11T — — — — (8'61) T6¥T 601 — — (981 6°€PT TIT ASorouyoay,
(T1 01 L0-) (I'1 o 60-)
€50 €0 © ¥y ¢S @ ¢ 111 6%°0 €0 @¥% oS @ ¥ 48! ()¢ o¢ @ ¢ 48! SOWANX? PIOAY
(€1 0180-) 01960
SS0 €0 (€09 &g ©) L ITT L60 0 (€9 oS ©9 48! @ L 9§ ©) L TI1  Pouardpaid DE-mo
(101 ¢T) (€109 17
090 70— 9) €1 ¢S 921 ITT SS0 70— 9) €1 9S 9 ¢1 48! 9 ¥1 9S () ¥1 48! Ao p\
(T101L07) (Loor11-)
950 0 (0 €1 S¢S (©) 1 I1T SS0 T0- (D ¢1 9¢ (@ €1 48! (@ €1 9¢ @ v1 8! UoI)Ok dYeIpIuItl]
(€€ 0197 (€ToT1¢) ([2103) QoueproAY
¥L0 ¥0 (I LE S (6L€ 111 2L0 v'0- (D Lg 9  ®Lg i1t (ODe6s 9 (868  TII erwooA[310dAH
— — (%6L9) LE SS (BIL) 6L 111 — — (BSL) Ty 98 (%YL) €8 TIT (%EL) 1¥ 95 (%LL) 98 18 (%) u dremy
— — (%00 T SS (%ED ¥1 T — — (B11)9 95 (%ID T1 TIT (%ET) L 9S (%ID T1 I8 @;?Ewtwéb
Q\e u
— — (BET) LSS (%91) 81 T — — (1) 8 95 (%SD) LT TIT (B41) 89S (%ED) +1 TIT ‘sseuaremy pasnpay
(S0 0 9°0-) (S0 0 6°0-) (1e103) ssouaremy
18°0 00 €07 sS (€01 ITT #8°0 00 (€07 95 (COT TIT (€01 95 (TOT1 TI1  erwdk[SodAy ayre)
(9€°0 01 96°0-) (€%°0 01 00°'1-) ssansIq
09°0 010~ #0)S0 ST (90 L0 1€ 6£0 870~ 80 L0 LT @®OLO 1€ (G0vo LT (LO60 1€ wea], 21ed Yiedy
mmomeQ
(€270 03 2L0) (ST°0 01 €0°'1-) diysuoneay
0€'0 ¥T0- Lo1T st €oor 1€ 920 6€°0— Q0¢T LT Q00T 1€ (00T LT LogT 1€ U39 /Auareq
(1€00 1L0-) (£€°0 01 86°0-) ssansIg
0¥'0 020~ CoeT sT ®@OTT 1€ I€0 €0 Qoer L1 W01 1€ LoTI LT (LoeT I¢ TUSWIFRURIA] U,
(LT'0 03 €8°0-) (LE'0 01 T6'0-)
0€'0 87°0— Lozr st Q@O TT 1€ LEO LT0- Corr L1 o1 1€ G060 LT (L0OTI 1€ SSAMSI(] [BUOSID]
(61°0 03 1L°0-) (92°0 01 +6°0-) (1e103) Juoreq
620 920~ Q01T ST LOOT 1€ 620 ¥€'0- Lozt L1 Qo1 1€ (©oorT L1 Lol 1€ ‘ssansi(q sRqRIg
nm aQ Q.U @WQV omkcu% Z omxeu% Z nm nQ.U @WQy uwxbw,w Z omxeu,m‘ Z oN&QU% Z u&k%b% Z NNEQQ&:Q
dVS-01D dVS-01D /2A1DUUOYSING
2oua42ffip 2oua4affip
JuauLjpaL] JUuauInaL)
paisnipp uvapy dVs 210 paisnipy uvapy «dVS 1D dVvs 1D
§Y29M QZ/11S1A [DULL] sYy29M €1 UOYDZIUOPUDY

SHIOOS d1vOSdNS m—v:szZOEme—DO HNODLNQ) dALIOdTY-LNAILVd TVNOILIAAY ‘' 4714V ],

679



680

KUDVA ET AL.

TABLE 5. HYPOGLYCEMIA CONFIDENCE SCALE INDIVIDUAL QUESTION RESULTS

% Responding ‘‘very confident’’ to question

Randomization 13 Weeks Final visit/26 weeks

Question CLC (%) SAP (%) CLC (%) SAP (%) CLC (%) SAP (%)
When you are exercising? 32 27 41 29 43 29
When you are sleeping? 22 20 36 16 45 27
When you are driving? 58 53 60 50 60 49
When you are in social situations? 50 60 55 52 59 44
When you are alone? 48 42 59 46 61 42
Avoid serious problems due to hypoglycemia? 49 43 46 41 53 29
Catch and respond to hypoglycemia before your 47 39 49 41 51 38

blood sugars get too low?
Continue to do the things you really want to do 56 52 59 46 61 38

in your life, despite the risks of

hypoglycemia?
If you have a spouse or partner: What is your 56 39 47 36 48 32

best guess about how confident your spouse
or partner feels about your ability to avoid
serious problems due to hypoglycemia?

directly assessed user perceived ease of use, usefulness, and
trust in the system yielded mean scores of 4.2, 4.5, and 4.6,
respectively, indicating a positive experience.

System Usability Scale score

System Usability Scale (SUS) score results were simi-
larly positive with high perceived benefit at 3 and 6 months
(Table 4; mean=4.5%0.35 for both) and low burden at the
same time points (1.7 £0.6 and 1.6 £ 0.6, respectively), equat-
ing to a SUS score of 87 (“‘excellent’ usability) at 6 months
(Table 1).

Descriptive analyses of CGM use, CLC use, and
TIR in each tertile of Diabetes Distress and Fear of
Hypoglycemia.

Supplementary Figures S1-S3 and Supplementary Table S1
show these data in CLC and SAP groups at baseline and during
the months 1-3 and 4-6, respectively. In general, use of CGM
was impressively high but tended to be lower in the SAP

compared with the CLC group. TIR for SAP group partici-
pants was lower with higher baseline diabetes distress in both
the first and the last 3 months of the study.

Discussion

This pivotal trial of CLC for T1D evaluated PROs in addition
to primary and secondary glycemic outcome measures. The
analyses of PROs are especially important and relevant given
the significant burden and attention to detail required for suc-
cessful utilization of CLC systems. To achieve widespread
adoption and long-term use of this technology, it is important
that CLC does not have a negative impact on quality of life
or sense of well-being in people living with diabetes. In addition
to satisfaction and user experience, the PROs we studied inclu-
ded those assessing constructs relevant to people with diabetes,
including multiple dimensions of diabetes-related distress, fear
of hypoglycemia, confidence with hypoglycemia management,
and hyperglycemia avoidance.

TABLE 6. HYPOGLYCEMIA CONFIDENCE SCALE INDIVIDUAL QUESTION MEAN SCORES

Mean response score

Randomization 13 Weeks Final visit/26 weeks
Question CLC SAP CLC SAP CLC SAP
When you are exercising? 2.1 2.1 2.2 1.9 2.3 1.9
When you are sleeping? 2.0 2.0 2.2 1.9 23 1.9
When you are driving? 2.5 2.3 2.5 2.4 2.6 2.3
When you are in social situations? 2.5 2.5 2.5 2.4 2.6 2.4
When you are alone? 2.4 2.3 2.5 2.4 2.6 2.3
Avoid serious problems due to hypoglycemia? 24 2.4 2.4 2.3 2.5 2.1
Catch and respond to hypoglycemia before your 2.3 2.3 2.4 2.3 2.4 2.3
blood sugars get too low?
Continue to do the things you really want to do in 2.4 2.4 2.5 2.4 2.5 2.2
your life, despite the risks of hypoglycemia?
If you have a spouse or partner: What is your best 24 2.1 2.4 2.1 2.4 2.1

guess about how confident your spouse or
partner feels about your ability to avoid serious
problems due to hypoglycemia?
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An important finding from this study is that CLC use was
not associated with any negative impact on any of the PROs
measured. In fact, the only negative psychological outcome
observed in the study occurred in the SAP group, whose dia-
betes distress, especially the feeling of powerlessness, was
significantly higher at 3 months after randomization. One in-
terpretation for this finding is that individuals coming into the
study were highly motivated to use the CLC system and
finding out they would not have this opportunity during the
RCT resulted in disappointment and distress, even though they
were aware they would receive the CLC system after 6
months. In contrast, the CLC group indicated no negative
changes in diabetes-related emotional status or concerns.

In addition, individuals in the CLC group reported a sig-
nificant decrease in fear of hypoglycemia at the end of the
study on the behavior subscale scores that assess the tendency
to prevent hypoglycemia by maintaining higher glucose lev-
els, especially when doing important tasks such as attending
meetings or social events. Research suggests that this behav-
ioral strategy for coping with hypoglycemia can have a neg-
ative impact on diabetes control. If people using CLC are able
to avoid these behaviors because they trust the automated
system to protect them from hypoglycemia, this could have
beneficial clinical implications with the potential for impro-
ved time in target range.

The INSPIRE survey results were also positive, yielding
significant differences for youth and parents in the CLC
group compared with the SAP group after 6 months, with a
similar favorable trend for the adults in CLC group com-
pared with SAP group at 3 months. These findings confirm
the positive user experience of participants receiving CLC,
especially among the younger ‘‘tech-savvy’ participants
who have grown up in a technology era, giving them a fun-
damental comfort with such devices.

The Technology Acceptance survey that measures user
perceived burdens in addition to benefits showed high levels
of experienced benefits with low levels of experienced bur-
den with CLC. Thus, in this patient population, the perceived
benefits of CLC use outweighed the perceived burden, an
important predictor of health care decisions to adopt and
maintain new treatment behaviors. Participants in the CLC
group also gave high ratings to the three items assessing the
basic dimensions of technology acceptance, which are ease of
use, overall usefulness, and trust. Taken together, the high
level of satisfaction that persisted through the 6-month trial
indicates the likelihood of long-term acceptance of the CLC
system. Initial reports of real-world technology acceptance
and other PROs with use of Control-IQ technology have also
been very positive.'”

We performed exploratory analyses of device use and
glucose control outcomes across the baseline tertiles of
patient-reported diabetes distress and fear of hypoglycemia
in the two study groups as a means to understand potential
psychosocial patient-predictors of device success. Overall,
high CGM use in both groups was encouraging. However,
participants in the SAP group with higher baseline diabetes
distress had lower TIR in the study indicating that the po-
tential impact of diabetes-related distress on successful use
of different technologies should be considered in future
studies. Nonetheless, it is encouraging that CLC system use
and associated glycemic outcomes were similar across the
range of baseline diabetes distress and fear of hypoglycemia.
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There are a number of limitations to this investigation
of PROs. First, several different versions of surveys were
administered to subsets of the study sample (i.e., adults,
youth, and parents) reducing our potential power to discern
statistically or clinically meaningful differences between
the groups. Second, although the trial included a broad
range of eligibility criteria with respect to glycemic control
and history of acute complications, it remains likely that
study participants represent early adopters of diabetes
technology, some of whom had participated in previous
CLC studies (not an exclusion in this study). Future evalu-
ations are needed of PROs once CLC is implemented more
widely in the general population with T1D.

It is also possible that participants felt pressure to give
socially desirable survey responses. To avoid such bias,
questionnaires were generally administered in private, us-
ing a computer, avoiding the need for interactions with
study staff. In addition, surveys can have floor or ceiling
effects, limiting the chance to discern meaningful change.
Thus, it is notable that CLC use did not increase diabetes
distress; on the contrary, there was evidence of some in-
crease in distress in the SAP group not randomized to re-
ceive CLC.

Third, there is the possibility that these participants may
have lower levels of diabetes distress and other emotional
sequelae associated with T1D. However, Diabetes Distress
scores were >1.9 in approximately one-third of participants.
Previous studies have defined scores >2.0 as the clinical
cutoff for clinically significant levels of distress, which is
found in about 40% of people with T1D.

There were some aspects of the patient experience that we
did not study. For instance, subjects did not announce ex-
ercise in the system even though they indicated to site in-
vestigators that they were exercising more often than they
were announcing. We did not specifically evaluate the sleep
mode of the system. The study population was different
from the U.S. population of patients with T1D.'® CGM use
in the T1D Exchange for the period from 2016 to 2018 was
27.2% and MDI use was 38.6%. The mean Alc of the cur-
rent sample was also better than the U.S. population at the
time of the study.'®

In addition, the income and educational achievement of the
participants was better than the general population of people
living with T1D in the United States. Finally, the study was
underpowered to detect differences in PROs. This issue will
need to be addressed in future study involving CLC.

Clearly, more research is needed to assess the impact of
CLC on quality of life, although one can be encouraged by
the high satisfaction scores and the observation of decreas-
ed fear of hypoglycemia and increased hypoglycemia confi-
dence, likely mediated by reduced time below range (i.e.,
hypoglycemia) associated with CLC. Given the burgeoning
development of advanced diabetes technologies, there will
be many opportunities to assess PROs. Nonetheless, it re-
mains important to provide realistic expectations regard-
ing use of these devices as technological improvements are
likely to be incremental and will continue to require user
training and engagement.

Future research can identify factors that can contribute to
widespread adoption and beneficial outcomes for people with
diabetes. These findings provide preliminary evidence that
users of this CLC technology did not experience an increase
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in perceived burdens associated with diabetes management
but rather high levels of perceived benefits, including reduced
fear of hypoglycemia.
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