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OBJECTIVE

International type 1 diabetes registries have shown that HbA1c levels are highest in
young people with type 1 diabetes; however, improving their glycemic control
remains a challenge.Wepropose that useof the factory-calibratedDexcomG6CGM
system would improve glycemic control in this cohort.

RESEARCH DESIGN AND METHODS

We conducted a randomized crossover trial in young people with type 1 diabetes
(16–24 years old) comparing the Dexcom G6 CGM system and self-monitoring of
blood glucose (SMBG). Participants were assigned to the interventions in random
order during two 8-week study periods. During SMBG, blinded continuous glucose
monitoring (CGM)waswornby eachparticipant for 10days at the start,week4, and
week 7 of the control period. HbA1c measurements were drawn after enrollment
andbeforeandaftereach treatmentperiod. Theprimaryoutcomewas time in range
70–180 mg/dL.

RESULTS

Time in range was significantly higher during CGM compared with control (35.76
13.5%vs.24.669.3%;meandifference11.1%[95%CI7.0–15.2];P<0.001). CGMuse
reduced mean sensor glucose (219.76 37.6 mg/dL vs. 251.96 36.3 mg/dL; mean
difference232.2 mg/dL [95% CI244.5 to220.0]; P < 0.001) and time above range
(61.76 15.1% vs. 73.66 10.4%;mean difference 11.9% [95% CI216.4 to27.4]; P<
0.001). HbA1c level was reduced by 0.76% (95% CI21.1 to20.4) (28.5 mmol/mol
[95% CI 212.4 to 24.6]; P < 0.001). Times spent below range (<70 mg/dL and
<54 mg/dL) were low and comparable during both study periods. Sensor wear
was 84% during the CGM period.

CONCLUSIONS

CGM use in young people with type 1 diabetes improves time in target and HbA1c

levels compared with SMBG.
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The goal of type 1 diabetes management
is the attainment of optimal glycemic
control to avoid acute and longer-term
complications (1). Recent international
type 1 diabetes registries have shown
that HbA1c levels are highest in adoles-
cents and young adults (2,3), with mean
HbA1c levels in this cohort increasing
from2010–2012 to2016–2018.Glycemic
control earlier in life may have direct
consequence on future diabetes-related
comorbidities (4). This is compounded by
the increasing durationof diabetes as this
cohortbecomesolder.Emergingevidence
also reports that during this challenging
period of their lives, young people living
with type 1 diabetes can experience
significant psychosocial burden, which
adversely impacts their psychological ad-
justmentanddiabetesmanagement (5,6).
Real-time continuous glucose monitor-

ing (RT-CGM) is associated with lower
HbA1c levels, with benefits linked to user
adherence of the technology (7–9). The
improvement in glycemic control, how-
ever, appears to be attenuated in youths
andadolescents comparedwithother age
groups. The JDRF CGM study reported
that only 30% of adolescents and young
adults (15–24 years) were using CGM
for$6 days/week, compared with 83%
of adults (.25 years old) (8). Recent
reports also showed that actual rates of
CGM use in clinical practice are lowest
in adolescents and young adults, irre-
spective of reimbursement (9). There is
therefore an unmet need to find in-
novative strategies to address the adop-
tion of CGM and evaluate its efficacy in
this vulnerable group. The advent of the
Dexcom G6 factory-calibrated CGM sys-
tem, which is linked to a smartphone
application (app), appears promising and
may provide a novel approach to the
above need (10).
In this study, we present the results of

the MILLENNIALS study (Real-tiMe Con-
tInuous gLucosE moNitoriNg With Self-
monitorIng of Blood Glucose in Young
AduLtsWith Type 1 diabeteS), an 8-week
randomizedcontrolled trial inadolescents
and young adults aged 16–25 years with
suboptimally controlled type 1 diabetes.
We hypothesized that use of a factory-
calibrated CGM system with smartphone
app inthis cohortwould improveglycemic
control comparedwith self-monitoring
of blood glucose (SMBG).

RESEARCH DESIGN AND METHODS

Study Design and Participants
The study had an open-label, random-
ized controlled crossover study design.
All participants had type 1 diabetes as
defined by the World Health Organiza-
tion for at least 1 year andwere either on
multiple daily injections (MDI) or insulin
pumptherapy.We identifiedand recruited
adolescents and young adult participants
between 16 and 24 years of age attending
Royal Manchester Children Hospital, Man-
chester Royal Infirmary Hospital (Manches-
ter, U.K.) and Trafford General Hospital
(Manchester, U.K.). Other inclusion and

exclusion criteria are provided in the Sup-
plementary Appendix.

Recruited participants underwent a
2-week run-in period with a blinded
CGM sensor to assess tolerance to wear-
ing the sensor. All participants who suc-
cessfully completed the run-in period
were then randomlyassignedto8weeks
of CGM using the Dexcom G6 system
during the interventionperiodandSMBG
during the control period. Randomiza-
tion (1:1 block) was performed by a cen-
tralized web-based program.

Participants installed the Dexcom G6
Mobile CGM app in their own personal

Figure 1—Flow of participants.

Table 1—Characteristics of the study participants at baseline

Characteristics

Sex, N
Female 18 (58.1)
Male 13 (41.9)

Age (years) 21.2 6 2.3

Age range 16–20 years 14 (45)

Age range 21–24 years 17 (55)

BMI (kg/m2) 25.5 6 4.6

Duration of diabetes (years), median (IQR) 12.9 (9.0–16.4)

Insulin delivery method
MDI 14 (45.2)
Insulin pump therapy 17 (54.8)

HbA1c at screening, % (mmol/mol) 9.3 6 1.3 (78.4 6 14.4)

Ethnicity
White 20 (64.5)
Black British/African/Caribbean 6 (19.4)
Asian British/Asian 2 (6.5)
Mixed/multiple ethnic groups 3 (9.7)

Index of Multiple Deprivation rank, median (IQR) 7,261 (2,354–13,804)

Index of Multiple Deprivation decile, median (IQR) 3.0 (1.0–5.0)

Data are N (%) or mean 6 SD unless otherwise indicated.
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smartphoneandweregivenaDexcomG6
receiver as backup. Prior to CGM use,
participants were trained and educated
on CGMapplication and decision-making
using themanufacturer’sprinted training
guide. Competency on each participant’s
decision-making capability using CGM
datawas assessed at the end of the CGM
training period. Participants performed
fingerstick capillary glucosemeasurements
as per usual clinical practice during the
8-weekSMBGcontrol period.During the
control period, a blinded CGM (glucose
values not displayed to participant) was
worn by each participant for 10 days at
the start, week 4, and week 7 of the
control period. The two treatment peri-
ods were separated by a 3- to 4-week
washout, during which they continued
with their standard method of capillary
glucose monitoring.

Outcomes
The primary end point in the study was
the proportion of time that the sensor
glucose level as measured by the CGM
device was in the target range of 3.9–
10 mmol/L during the 8-week study pe-
riod. Secondary end points were the
glycated hemoglobin level, mean sen-
sor glucose levels, and the time spent
below and above the relevant glucose
ranges during day and night (daytime
[0800–2300 h] and overnight [2300–
0800 h]).

Data Collection
Participants had identical planned con-
tact with the study team during the two
treatment periods. CGM data pertaining
toprimaryandsecondaryendpointswere
collected and exported for analysis using

themanufacturer’sdesignatedweb-based
Dexcom CLARITY software. Blood samples
for HbA1c measurements were drawn af-
ter enrollment and before and after each
treatment period. HbA1c analysis was
performed at a central laboratory. Infor-
mation pertaining to usability and psy-
chosocial impact of using CGM in this
age group was collected using validated
questionnaires, which were given to par-
ticipants at recruitment and end of the
second treatment period. Other end
points collected were the number of
self-measurements of blood glucose and
rate of severe hypoglycemia, defined as
unconsciousness from hypoglycemia or
requiring assistance from another per-
son. Participantswere assigned an English
Index of Deprivation rank (https://www
.gov.uk/government/statistics/english-
indices-of-deprivation-2019) based upon
their postcode. These were then grouped
by deprivation decile defined by their
position in the ranks from the 32,844
small areas in England subdivided into
10 equal groups, with 1 being the most
socioeconomically deprived and 10 be-
ing the least deprived.

Sample Size
The power calculation was based on im-
provements in time in target. Assuming
an SD of 18% and average improvement
of time in target of 10%, 30 subjects are
requiredat thedesired80%powerandan
a level of 0.05 (two-tailed). Up to 40 sub-
jects were planned to be recruited, aim-
ing for 30 completed subjects to allow for
dropouts. Subjects who dropped out of
the study during run-in period andwithin
the first 2 weeks of the first intervention
were allowed to be replaced.

Ethics and Support Sources
The study protocol was approved by an in-
dependent research ethics committee (REC
reference: 18/NW/0183). All participants
providedwritten informed consent. Dex-
com, Inc. provided funding and supplied
the CGM devices and sensors used in the
study. Dexcom, Inc. read the manuscript
before submission. No sponsor had any
role in the study design, data collection,
data analysis, data interpretation, or
writing of the report. The corresponding
author had full access to all study data
and had final responsibility for the de-
cision to submit the publication.

Statistical Analysis
Statistical analyses were performed on
an intention-to-treat basis. Any period
effect resulting from the intervention and
control periods was investigated using
univariate ANOVA adjusted for period
and subject. As no period effect was
found, paired-sample t tests and Wil-
coxon signed-rank tests were performed
for normal and nonnormal variables,
respectively. Values were presented as
mean 6 SD or median (interquartile
range [IQR]). The hypothesis testing was
ordered first to consider the primary end
pointat the0.05 levelandthentomoveto
testing the secondary end points individ-
ually at the 0.05 level without any control
for multiplicity. We did the analyses with
SPSS (version 25; IBM Software, Hamp-
shire, U.K.). All P values are two-sided.

RESULTS

Participants
Forty-six potential participants were in-
vited to the study. Fourteen did not reply

Table 2—Glycemic outcomes for the whole study period and sensor wear

Day and night CGM (n 5 30) Control (n 5 30) Paired mean difference (95% CI)* P value

Time spent at glucose level (%)
70–180 mg/dL 35.7 6 13.5 24.6 6 9.3 11.1 (7.0, 15.2) ,0.001
.180 mg/dL 61.7 6 15.1 73.6 6 10.4 211.9 (216.4, 27.4) ,0.001
.300 mg/dL 21.7 6 14.4 33.4 6 16.5 211.7 (216.8, 26.6) ,0.001
,70 mg/dL 1.45 (0.40–4.08) 0.58 (0.20–3.50) 0.055
,63 mg/dL 0.65 (0.18–2.32) 0.25 (0.04–2.15) 0.111
,54 mg/dL 0.28 (0.05–1.16) 0.06 (0.00–0.99) 0.102

HbA1c change (%) 20.53 6 0.74 0.24 6 0.69 20.76 (21.1, 20.4) ,0.001

HbA1c change (mmol/mol) 25.9 6 8.0 2.6 6 7.5 28.5 (212.4, 24.6) ,0.001

Mean glucose (mg/dL) 219.7 6 37.6 251.9 6 36.3 232.2 (244.5, 220.0) ,0.001

SD of glucose (mg/dL) 85.3 6 14.1 90.0 6 11.3 24.6 (29.0, 20.3) 0.037

CV of glucose (%) 39.3 6 5.6 36.3 6 6.3 3.0 (1.0, 4.9) 0.006

Data aremean6 SD ormedian (IQR). CV, coefficient of variation. *Normally distributed data are presented asmean differences of values (CGMminus
control phase). A positive value indicates that the measurement was higher during the CGM period than it was during the control period.
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or were unable to participate due to
other commitments. Thirty-two partic-
ipants were recruited from September
2018 to July 2019. Figure 1 shows the
flow of participants through the study.
One participant withdrew during the
run-in period before being randomized
due to work commitments. Another par-
ticipant was uncontactable during the
control period; however, the participant
returned for the final visit, and an HbA1c
sample was taken.
Table 1 summarizes baseline charac-

teristics of randomizedparticipants. HbA1c
at screening was 9.3 6 1.3% (78.4 6

14.4 mmol/mol). The numbers of par-
ticipants onMDI or insulin pump therapy
were comparable. Sixty-five percent self-
identified asWhite British, and 58% lived in
areas of relatively high deprivation (the
mostdeprived30%ofsmallareas inEngland).

Study Primary and Secondary End
Points

Twenty-Four–Hour Period

Overall 24-hglucose control over 8weeks
during the CGM and control periods is
shown in Table 2. The primary end point
ofthestudy,theproportionoftimeduring
the 24-h periodwhen sensor glucose was

in target range from70 to180mg/dL,was
significantly increased by 11.1 percentage

points (95% CI 7.0–15.2%; P , 0.001)

during theCGMperiod.CGMuse reduced

mean sensor glucose by 32.2mg/dL (95% CI

244.5 to220.0mg/dL;P,0.001) and time

spentabovetargetby11.9percentagepoints

(95% CI 216.4 to 27.4%; P , 0.001). The

proportion of time sensor glucose level in

the hypoglycemia range was relatively low

and comparable during both study periods.

HbA1c Change

HbA1c level reduced by 0.53 6 0.74%
(5.9 6 8.0 mmol/mol) during the CGM

Figure 2—HbA1c changes during study period. Solid line indicates CGM first, followed by control intervention; dashed line indicates control first,
followed by CGM intervention.
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period and increased by 0.246 0.69% (2.6
6 7.5 mmol/L) during the control period
(meandifferenceCGMvs. control;20.76%
[95% CI 21.1 to 20.4] [28.5 mmol/mol
(95%CI212.4 to24.6);P,0.001]).HbA1c
was lower inparticipantsonCGMduringthe
first and second treatment periods (Fig. 2).

Nighttime and Daytime Period

Overnightanddaytimeglycemicendpoints
are shown in Table 3. The proportion of
time that the glucose levelwaswithin the
overnight target range was significantly
increased by 9.1 percentage points (95%
CI 5.7–12.5; P , 0.001) with CGM, and
this was associated with reduced time
spent above the overnight target range
and mean sensor glucose level. The pro-
portions of time spent in hypoglycemia
were relatively low and comparable dur-
ing both CGM and control periods.
Compared with the control period,

CGM significantly increased the propor-
tion of time that the glucose level was
within daytime target range by 11.3 per-
centage points (95% CI 7.2–15.4; P ,
0.001). Similarly, time spent above day-
time target range and mean sensor glu-
cose level were significantly reduced
by CGM. The proportions of time spent
in hypoglycemia during daytime were
comparable between the CGM and con-
trol periods.

Treatment Adherence and User Feedback

Overallmedian timeand IQRof CGMuse,
estimatedby theproportion of CGMdata
downloaded in relation to follow-up time,
was 84.0% (62.6–94.0). Compared with
thecontrolarm,participantsusingRT-CGM

had significantly higher total mean score
on the Glucose Monitoring Satisfaction
Survey (4.06 0.6 vs. 3.56 0.6; P5 0.011),
indicating greater satisfaction with RT-CGM.
Participants on RT-CGM reported greater
openness (“Openness” itemmean score
3.6 6 0.9 vs. 2.9 6 0.9; P 5 0.003) and
reduced burden (“Behavioral Burden”
itemmean score 1.86 0.7 vs. 2.46 0.9;
P 5 0.007). The mean score for the Glu-
cose Monitoring Satisfaction Survey items
“Emotional Burden” and “Trust”was com-
parable for the RT-CGM and control arms.
There was no significant difference in total
Diabetes Distress Scale score between
both groups.

SMBG

Patients performed an average of 2.8 6
1.4 self-measurements of blood glucose
during CGMtherapy and3.762.3 during
conventional therapy.

Adverse Events

Details of all of the adverse events are
provided inTable4.Noepisodesof severe
hypoglycemia or diabetes ketoacidosis

occurred in either study period. One ep-
isode of diabetes ketoacidosis occurred
during the washout period due to an in-
tercurrent illness.

CONCLUSIONS

Our findings show that in this random-
ized controlled trial, use of CGM in a
multiethnic cohort of adolescents and
young adultswith type1 diabetes led to a
significant increase in the proportion of
time that the glucose level was in the
target range compared with SMBG. This
was accompanied by significant reduc-
tion in HbA1c level, mean glucose, and
time spent in hyperglycemia. The bene-
fits in glycemic outcome over the whole
24-h period were also seen separately
during overnight and daytime periods.

Data from international registrieshave
consistently reported higherHbA1c levels
among adolescents and young adults
with type 1 diabetes compared with
preadolescents and older adults (2,3,11).
Challenges faced by this age group in

Table 3—Glycemic outcomes during nighttime and daytime periods

CGM Control Paired mean difference (95% CI)* P value

Nighttime only (2300–0800 h)
Mean glucose (mg/dL) 218.7 6 37.3 251.7 6 41.8 233.0 (246.4, 219.6) ,0.001
Time spent at glucose level (%)
70–180 mg/dL 34.9 6 13.8 25.3 6 11.9 9.7 (4.7, 14.7) ,0.001
70–144 mg/dL 22.7 6 10.4 13.6 6 7.4 9.1 (5.7, 12.5) ,0.001
.180 mg/dL 62.4 6 15.5 73.0 6 12.8 210.5 (215.9, 25.1) ,0.001
.144 mg/dL 74.6 6 12.4 84.6 6 9.1 210.0 (213.9, 26.1) ,0.001
,70 mg/dL 1.06 (0.51–4.03) 0.73 (0.05–3.56) 0.055
,50 mg/dL 0.10 (0.00–0.63) 0.00 (0.00–0.44) 0.117

Daytime only (0800–2300 h)
Mean glucose (mg/dL) 218.3 6 39.5 249.4 6 40.8 231.1 (242.4, 219.7) ,0.001
Time spent at glucose level (%)
70–180 mg/dL 36.8 6 13.9 25.5 6 10.9 11.3 (7.2, 15.4) ,0.001
.180 mg/dL 60.3 6 15.5 72.3 6 12.5 212.0 (216.7, 27.3) ,0.001
,70 mg/dL 2.03 (0.53–4.05) 0.94 (0.22–3.50) 0.179
,50 mg/dL 0.27 (0.00–0.99) 0.02 (0.00–0.77) 0.408

Data are mean6 SD or median (IQR). *Normally distributed data are presented as mean differences of values (CGMminus control phase). A positive
value indicates that the measurement was higher during the CGM period than it was during the control period.

Table 4—Adverse events

Events RT-CGM period Control period Washout period

Gastroenteritis 1 2 0

Respiratory tract infection 0 2 0

Urinary tract infection 0 1 0

Ketonemia related to missed
basal insulin injection 1 0 0

Fractured foot 1 0 0

Diabetes ketoacidosis due to
intercurrent illness 0 0 1

care.diabetesjournals.org Thabit and Associates 2541

D
ow

nloaded from
 http://ada.silverchair.com

/care/article-pdf/43/10/2537/629924/dc200736.pdf by guest on 10 April 2024

http://care.diabetesjournals.org


achieving their glycemic targets include
lower engagement levels of diabetes
self-management and the psychological
burden of living with the condition during
this developmental phase of their lives
(12,13).Althoughpreviousrandomizedstud-
ies have shown clinically meaningful HbA1c
reductionduringCGMuse comparedwith
SMBG (7,14,15), themajority of these stud-
ieswereperformedinadults,withrelatively
few randomized studies in adolescents and
young adults. Observational nonrandom-
ized studies showed that CGM use in
adolescents with type 1 diabetes facili-
tated HbA1c improvement (2,16), while a
meta-analysis showed no difference in
HbA1c levels between CGM and SMBG
in this cohort (17). These results, how-
ever, are limited by the inherent risk of
bias in the former and the heterogeneity
between studies in the latter.
To our knowledge, this is the first

randomized clinical study of a factory-
calibrated CGM system in this age group.
The reduced daily burden of using fac-
tory-calibrated CGM, which is clinically
approved for nonadjunctive use as part
of diabetes management (18), may have
been a contributory factor associated
with the greater satisfaction and open-
ness reported in this study, as well as
reduced daily hassle associated with the
device. The smartphone app use may
have also facilitated the CGM use adher-
ence observed in our study (median use
84%comparedwith30% in the JDRFCGM
study in adolescence) by reducing the
need to carry additional devices. Device
burden is known to be associated with
discontinuationof CGMuse in this cohort
(19). We therefore speculate that these
factors may have attributed to the rel-
atively higher percentage of CGM sensor
use in our study comparedwithothers. In
JDRF CGM study, although higher sensor
useadherencewasassociatedwith greater
HbA1c reduction (20), sensoruseandHbA1c
reduction were significantly lower among
adolescents compared with adults (8).
Certain caveats, however, need to be
considered when comparing our find-
ings with older CGM studies, as reported
outcomes are also likely influenced by
recent improvements in CGM system
technology, such as sensor accuracy and
usability.
The current work extends findings from

adult studies using a similar Dexcom G6
CGMsystem,which showed improvement
in glycemic control compared with SMBG

among MDI (7,14) and pump users (15).
Participants in our study were provided
with individualized training and approved
educational materials to help optimize
their use of the CGM system. Long-term
adherence to health care professional
and educator advice, however, in this
specific age group is known to be lower
compared with the older group and may
have influenced the moderate improve-
ment of time in target observed in our
study.Althoughthe time in targetachieved
by CGM in our study was relatively low
compared with that reported by others,
the reduction in HbA1c achieved is nev-
ertheless clinically meaningful in this
young population in the reduction of
the risk of future complications. There
was a trend of numerically increased hy-
poglycemia rates during CGM use, which
did not reach statistical significance.
However, in the context of the relatively
low hypoglycemia rates during the con-
trol period at the expense of hypergly-
cemia (time spent ,70 mg/dL of 9 min/
dayduring control periodand20min/day
during CGM period) this is not unexpected
and comparable to the Continuous Glu-
cose Monitoring Treatment in Patients
With Type 1 Diabetes Treated With In-
sulin Injections (GOLD) study in adults with
type1diabetes (mean6SD2.7962.97%).
We also noted slight increase in glucose
variability in our study. This is likely ex-
plained by participants correcting high
glucose levels in the CGM period com-
pared with persistent underrecognized
and therefore uncorrected high glucose
levels in the control period.

The strengths of our study are the ran-
domized crossover design; confounding
study period effectwas not detected for
the primary end point. Compared with
other published type 1 diabetes and tech-
nology studies, ours included a higher pro-
portionof participants fromdiverse ethnic
backgrounds, who tend to be underrep-
resented in type 1 diabetes research and
practice (21). Over half of our participants
also live in areas constituting the 30%most
deprived areas of England. Our study thus
allows for greater generalizability, espe-
cially among inner-city inhabitants with
type 1 diabetes. We included both MDI
and pump users, in keeping with current
use of CGM in both treatment modalities.
High adherence to glucose sensor wear
duringtheCGMperiodwasobserved, likely
due to reduced device burden. The study
was limited by the relatively short duration,

restricting longer-term assessment. The
sample size of the study limits the sta-
tistical power to perform subgroup anal-
ysis (i.e., glycemic outcomes amongMDI/
pump users and ethnicity). The amount
of sensor data available for analysis was
not equal between the CGM and control
periods; however, the HbA1c level improve-
ment supports the glycemic benefit of CGM
use in this population.

In conclusion, we found that use of a
factory-calibrated Dexcom G6 CGM sys-
tem in adolescents and youngadultswith
type1diabetesoveran8-weekperiod led
to an increase in proportionof time spent
in target range and reduced time spent in
hyperglycemia, accompanied by mean-
ingful HbA1c reduction. This was associ-
ated with greater satisfaction in glucose
monitoring, further extending its benefit
within this population.
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