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ARTICLE HIGHLIGHTS

� Why did we undertake this study?
Minimal continuous glucose monitoring (CGM) data are available for children at risk of type 1 diabetes (T1D) age <6 years with presymptomatic
T1D.

� What is the specific question(s) we wanted to answer?
Is early dysglycemia detectable using CGM in very young children being longitudinally followed in the Australian Environmental Determinants of
Islet Autoimmunity (ENDIA) T1D at-risk cohort study?

� What did we find?
Higher glycemic variability and percentage of CGM time spent >7.8 mmol/L (>140 mg/dL) were observed in ENDIA children with persistent islet
autoimmunity compared with age- and sex-matched control participants.

� What are the implications of our findings?
Early dysglycemia is detectable using CGM in children of all ages at risk of T1D, including the very young.
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OBJECTIVE

Continuous glucose monitoring (CGM) can detect early dysglycemia in older chil-
dren and adults with presymptomatic type 1 diabetes (T1D) and predict risk of
progression to clinical onset. However, CGM data for very young children at
greatest risk of disease progression are lacking. This study aimed to investigate
the use of CGM data measured in children being longitudinally observed in the
Australian Environmental Determinants of Islet Autoimmunity (ENDIA) study
from birth to age 10 years.

RESEARCH DESIGN AND METHODS

Between January 2021 and June 2023, 31 ENDIA children with persistent multiple
islet autoimmunity (PM Ab+) and 24 age-matched control children underwent
CGM assessment alongside standard clinical monitoring. The CGM metrics of glu-
cose SD (SDSGL), coefficient of variation (CEV), mean sensor glucose (SGL), and
percentage of time >7.8 mmol/L (>140 mg/dL) were determined and examined
for between-group differences.

RESULTS

Themean (SD) ages of PM Ab+ and Ab2 children were 4.4 (1.8) and 4.7 (1.9) years, re-
spectively. Eighty-six percent of eligible PM Ab+ children consented to CGM wear,
achieving a median (quartile 1 [Q1], Q3) sensor wear period of 12.5 (9.0, 15.0) days.
PM Ab+ children had higher median (Q1, Q3) SDSGL (1.1 [0.9, 1.3] vs. 0.9 [0.8,
1.0] mmol/L; P < 0.001) and CEV (17.3% [16.0, 20.9] vs. 14.7% [12.9, 16.6]; P < 0.001).
Percentage of time >7.8 mmol/L was greater in PM Ab+ children (median [Q1, Q3]
8.0% [4.4, 13.0] compared with 3.3% [1.4, 5.3] in Ab2 children; P = 0.005). Mean SGL
did not differ significantly between groups (P = 0.10).

CONCLUSIONS

CGM is feasible and well tolerated in very young children at risk of T1D. Very young
PM Ab+ children have increased SDSGL, CEV, and percentage of time >7.8 mmol/L,
consistent with prior studies involving older participants.

Prospective longitudinal studies of individuals at increased genetic risk have signifi-
cantly advanced the understanding of the natural history of type 1 diabetes (T1D)
and characterized stages of disease progression (1–3). Prospective studies focusing
on at-risk birth cohorts, such as the TEDDY, DAISY, Finish DIPP, DPT-1, and German
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and Australian BABYDIAB cohorts, have
shown that the peak incidence of islet
autoantibody positivity occurs between
ages 9 and 30 months (4). In addition,
those who develop persistent multiple
islet autoantibodies (PM Ab1) have a
70% 10-year risk and �100% lifetime
risk of progressing to clinical insulin-
requiring T1D (4). Consequently, a staging
system was developed to define the pro-
gression of individuals at risk of T1D, span-
ning from presymptomatic early stages to
symptomatic T1D and eventual clinical di-
agnosis. Stage 1 T1D is characterized by
multiple islet autoantibodies and normo-
glycemia; stage 2 T1D by islet autoimmu-
nity and evidence of dysglycemia, without
clinical symptoms or signs of T1D (2,3);
and stage 3, or clinical, T1D by overt hy-
perglycemia resulting in clinical presen-
tation and commencement of insulin
replacement (1–3).
Increased urgency for T1D screening

and monitoring for disease progression
(5–7) has followed the approval of tepli-
zumab (Tzield) to delay disease progres-
sion from stage 2 to 3 T1D (8). Increasing
numbers of genetic and/or islet autoanti-
body screening programs are underway
globally to identify and monitor individu-
als with persistent islet autoimmunity
(1,9), thereby preventing diabetic ketoa-
cidosis and optimizing timely access to
disease-modifying therapy (1,3). Current
approaches to glycemic monitoring and
staging of individuals with stage 1 T1D in-
clude serial measurements of HbA1c and
oral glucose tolerance tests (OGTTs) (1,3).
Longitudinal measures of HbA1c have been
investigated in presymptomatic T1D (10),
and a change of $10% in HbA1c, even
within the normal range, has been shown
to predict progression to stage 3 T1D (11).
OGTTs and random and fasting plasma glu-
cose levels have been shown to provide
useful measures of glycemic progression in
the early stages of T1D (12–14). However,
OGTTs have minimal feasibility in children
in whom the tests are poorly accepted,

and blood draws for fasting/random
plasma glucose levels are also less ac-
ceptable than less invasive testing in
young children (1,15).

The availability of continuous glu-
cose monitoring (CGM) devices with
sufficient accuracy to provide 24-h contin-
uous measurements of interstitial glucose
values provides an alternative method
for glycemic monitoring, but its role in
glycemic staging remains unclear (16).
CGM metrics have been shown to detect
early dysglycemia in children and young
adults with presymptomatic T1D and pre-
dict progression to clinical (stage 3) T1D
(15–19). Of note, CGM has also been
shown to identify dysglycemia in indi-
viduals at risk of T1D who have normal
findings on OGTTs (20,21). Importantly,
minimal CGM data are available for
young children, who likely have a more
rapidly progressive phenotype and age-
specific feasibility and acceptability re-
quirements to consider (1,15).

Therefore, this study aimed to investi-
gate early dysglycemia using CGM in very
young children with, and without, persis-
tent islet autoimmunity being longitudinally
observed in the Australia-wide Environmental
Determinants of Islet Autoimmunity (ENDIA)
study (22).

RESEARCH DESIGN AND METHODS

Study Population
The ENDIA pregnancy-childhood cohort
study commenced in 2013 and is observ-
ing 1,473 children who have a first-degree
relative with T1D. It collects health and
lifestyle data alongside biologic sampling
across pregnancy and early life to deter-
mine environmental factors that trigger is-
let autoimmunity in early life (22). The
primary outcome of ENDIA is persistent is-
let autoimmunity, defined as one or more
islet autoantibodies detected on consecu-
tive blood tests taken at least 3 months
apart. Serum autoantibody testing of insu-
lin, glutamic acid decarboxylase, IA2, and
zinc transporter 8 is conducted every

3 months from birth to age 2 years, and
every 6months thereafter, to age 10 years
(22).

Since 1 January 2021, all ENDIA chil-
dren with persistent islet autoimmunity
have been invited to wear blinded CGM
devices every 3 to 6 months. Between
1 January 2021 and 30 June 2023,
36 PM Ab1 children were invited to
wear CGM devices, and 31 (86%) agreed
to participate; 48 age- and sex-matched
Ab� children were invited to act as control
participants, of whom 24 (50%) agreed to
participate. Ab� status was defined as
having undetectable islet autoantibodies
within a 45- to 90-day window of the PM
Ab1 child’s date of seroconversion.

At the time of their first CGM, 28 of the
31 Ab1 children had an HbA1c measure-
ment within a 6-month window of the
CGM period. All these children had HbA1c
<5.7% (39 mmol/mol), and none had a
$10% increase in HbA1c over the previous
12months. No data were available for fast-
ing plasma glucose or postglucose load,
because OGTTs are not conducted as part
of the ENDIA study protocol. Based on the
current HbA1c diagnostic criteria for stage 2
T1D, the Ab1 children included in this
study were at stage 1 (3).

CGM Substudy Protocol
Members of the ENDIA Study Consumer
and Community Engagement group were
consulted at multiple stages in the devel-
opment of this protocol. Input was sought
on key aspects, including the type of sensor
used, blinding of real-time sensor glucose
levels, strategies to improve acceptability
for young children, and preferred mode of
feedback of CGM data to families.

The Dexcom G6 CGM device used in
this study is a factory-calibrated system
that has been demonstrated to measure
interstitial glucose values reliably and
accurately for up to 10 days of continu-
ous wear in children (23). For this sub-
study, children underwent blinded CGM
wear for a minimum of 14 consecutive
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days, wearing two sensors consecutively
(24). CGM data were uploaded to a secure-
access study-specific Dexcom CLARITY clinic.
Parents/carers were asked to continue their
child’s usual activities and eating habits dur-
ing the CGMperiod.

Outcomes and Sample Size
The primary outcome was SD of sensor
glucose levels (SDSGL), a summary mea-
sure of glycemic variability (amplitude,
frequency, and duration of fluctuations
in glucose measurements). Because of a
paucity of data from a comparable pop-
ulation of children with an affected
first-degree relative, power calculations
were based on findings in older children
(19). A sample size of 30 in each group
was estimated to achieve a power of at
least 0.8 (a = 0.05) to detect a differ-
ence in SDSGL of 0.31 mmol/L.

Secondary outcomes included the co-
efficient of variation (CEV) of sensor glu-
cose levels (CEV = SDSGL/mean) and
percentage of CGM time with sensor
glucose levels within specified target
ranges (time in range 3.9–7.8 mmol/L
[70–140 mg/dL]), time in hypoglycemia
(<3.9 mmol/L [<70 mg/dL]; <3.5 mmol/L
[<63 mg/dL]; <3.0 mmol/L [<54 mg/dL]),
and time in hyperglycemia (>7.8 mmol/L
[>140mg/dL];>8.9mmol/L [>160mg/dL];
>10.0mmol/L [>180mg/dL];>11.1mmol/L
[>200mg/dL]) (15,24).

Statistical Analysis
CGM data for all CGM periods con-
ducted between 1 January 2021 and 30
June 2023 were extracted as individual
CSV files for each participant from the
study-specific Dexcom CLARITY clinic.
CGM data management, validation, and
analysis were conducted using R (version
4.3.1) and R Studio (version 2023.6.1.524),
including the open access packages
cgmanalysis and iglu (25,26). Only CGM
records with >70% CGM data for at
least 4 days were included, resulting in
one PM Ab1 and one Ab� child being
excluded from analysis.

CGM metrics were calculated for each
study participant’s CGM period over 24 h,
as well as stratified into day- (6 A.M.–10 P.M.)
and nighttime (10 P.M.–6 A.M.). CGMmetrics
are presented from the first CGM period
for the PM Ab1 ENDIA children, and a sin-
gle CGM period conducted for the age- and
sex-matched Ab� ENDIA children. Data are
presented as mean (SD), median (quartile 1

[Q1], Q3), and n (%) unless otherwise
stated. Between-group comparisons were
conducted using linear mixed models in-
cluding a random intercept for matched
pair. Where heteroscedasticity in model re-
siduals could not be adequately addressed
through log transformation, Wilcoxon rank
sum tests were conducted.

Ethics
Ethics approval was obtained nationally
for the ENDIA CGM substudy from the
Women and Children’s Hospital in Ade-
laide (South Australia, Australia; 2020/
HRE01400) and Child and Adolescent
Health Service in Western Australia (Ned-
lands, Western Australia, Australia; HREC
RGS 0000002402). The study is also regis-
tered on the Australia New Zealand Clinical
Trials Registry (ACTRN12620000947909).
Written informed consent was provided
by each child’s parent/caregiver.

Data and Resource Availability
Deidentified participant data will be made
available after completion of the ENDIA
CGM substudy to investigators whose pro-
posed use of the data has been approved
by an independent review committee (i.e.,
learned intermediary) identified for this
purpose. Requests for data can be made
by e-mail to the ENDIA Study Chief Operat-
ing Officer at endia@adelaide.edu.au.

RESULTS

Characteristics of the PM Ab1 and Ab�

groups are presented in Table 1. The
mean age at time of persistent islet auto-
antibody detection was 2.0 (1.5) years.
The median age at first CGM was 4.3
(1.5, 5.9) years, with 15 (48%) of the
31 PM Ab1 children age #3 years and
11 (35%) age between 4 and 6 years. A
similar proportion of PM Ab1 and Ab�

children had a father or mother as their
only affected first-degree relative. A greater
proportion of the PM Ab1 children had the
DR34, DR4X, and DR44 haplotypes, as
expected, compared with the Ab� chil-
dren, a majority of whom had the DRXX
haplotype.

Sensor insertions were well tolerated
by children, with no topical anesthetic
used or requested, and no families de-
clined the second sensor insertion during
the CGM period. The median duration of
sensor wear data was similar in both
groups (PM Ab1 12.5 [9.0, 15.0] and
Ab� 13.0 [12.5, 15.0] days).

CGM Metrics in PM Ab+ and Ab2

Children
CGM data were analyzed for 30 of 31 PM
Ab1 and 23 of 24 Ab� children who had
>70% CGM data for 4 consecutive days.

Higher SDSGL and CEV were observed
in PM Ab1 compared with Ab� children
(Table 2 and Fig. 1A and B), with no dif-
ference observed in mean sensor glu-
cose level between the groups (Table 2
and Fig. 1C). PM Ab1 children spent a
median (Q1, Q3) 90.7% (83.0, 95.0) of
time with sensor glucose values between
3.9 and 7.8 mmol/L (70–140 mg/dL),
compared with 95.5% (93.6, 97.1) in the
Ab� group (Table 2 and Fig. 1D).

The median percentage of time spent
>7.8 mmol/L (>140 mg/dL) during the
first CGM period in PM Ab1 children was
8.0% (4.4, 13.0) compared with 3.3%
(1.4, 5.3) in Ab� children (P = 0.005) (Fig.
1D), with PM Ab1 children spending a
statistically significantly higher percentage
of time above higher cutoffs of 8.9 mmol/L
(160 mg/dL), 10.0 mmol/L (180 mg/dL), and
11.1 mmol/L (200 mg/dL) (Table 2).

Because the ENDIA CGM substudy
commenced in 2021, 8 years after the
ENDIA study commenced, the first CGM
period for PM Ab1 children occurred at
varying durations of islet autoimmunity.
Interindividual variability in CGM metrics
by age at first islet autoantibody detec-
tion and duration of islet autoimmunity
at time of first CGM was observed (Sup-
plementary Fig. 1). Some PM Ab1 chil-
dren who were younger at time of islet
autoantibody detection who had their
first CGM at a shorter duration of islet
autoimmunity had higher CGM metrics
(SDSGL, CEV, and percentage of time
>7.8 mmol/mol [>140 mg/dL]), whereas
others who had their first CGM at longer
duration of islet autoimmunity did not
(Supplementary Fig. 1). Conversely, some
children who were older at time of first
islet autoantibody had higher CGM met-
rics within a shorter duration of islet
autoimmunity.

When CGM data were stratified into
day and night periods, similar differences
were observed; SDSGL and CEV remained
significantly higher in PM Ab1 compared
with Ab� children during both day- and
nighttime (Supplementary Table 1); no
difference was observed between groups
in mean sensor glucose during the day- or
nighttime period. PMAb1 and Ab� children
spent amedian of 88.3% and 94.0% of time
with sensor glucose values between 3.9 and
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7.8 mmol/L (70–140mg/dL) during the day-
time and 95.9% and 98.2% during the night-
time periods, respectively (Supplementary
Table 1). The mean sensor glucose and per-
centage of CGM time spent >7.8 mmol/L
(>140mg/dL) foreachhouracross 24hdur-
ing the CGM period for each study partici-
pant included in this analysis are shown in
Fig. 2.

No difference was observed in per-
centage of time spent <3.9, <3.5, or
<3.0 mmol/L (<70, <63, or <64 mg/dL)
in PM Ab1 compared with Ab� children
over 24 h (Table 2) or with day- and
nighttime sensor readings analyzed sepa-
rately (Supplementary Table 1).

CONCLUSIONS

This study provides unique CGM data
from the Australian population–based
ENDIA study cohort of very young children
at risk of T1D who are being observed lon-
gitudinally from mother’s pregnancy to
age 10 years (22).The cross-sectional anal-
ysis, comparing CGM metrics in PM Ab1

children with age- and sex-matched Ab�

children, found higher glycemic variability
measured as SDSGL and CEV. No signifi-
cant difference was observed in the me-
dian sensor glucose between the groups.
However, children with PM Ab1 spent
significantly less time in the range
3.9–7.8 mmol/L (70–140 mg/dL) and

Table 1—Demographic and clinical characteristics of PM Ab+ and Ab2 children

PM Ab+ Ab2

Total n 31 24

Boys, n (%) 19 (61) 16 (67)

Age at first CGM session, years

Mean (SD) 4.4 (1.8) 4.7 (1.9)
Median (Q1, Q3) 4.3 (3.4, 5.9) 4.7 (3.6, 6.7)

Age at time of autoantibody detection, years

Mean (SD) 2.5 (1.5) NA
Median (Q1, Q3) 2.2 (1.3, 3.5) NA

Duration of PM Ab1 at time of CGM session, years

Mean (SD) 2.2 (1.7) NA
Median (Q1, Q3) 1.8 (0.9, 3.2) NA

Median HbA1c (Q1, Q3)

% 5.3 (5.0, 5.4)
mmol/mol 33.7 (31.5, 35.5)

HLA haplotype, n (%)

DR34 7 (23) 2 (8)
DR4X 9 (29) 3 (13)
DR44 8 (26) 2 (8)
DR3X 2 (6) 6 (25)
DR33 — 1 (4)
DRXX 3 (10) 9 (38)
Pending 2 (6) 1 (4)

T1D-affected relative, n (%)

Father 9 (29) 8 (33)
Mother 15 (48) 12(50)
Sibling 3 (10) 4 (17)
Father and mother 1 (3) 0 (0)
Father and sibling 2 (7) 0 (0)
Mother and sibling 1 (3) 0 (0)

NA, not applicable.

Table 2—CGM metrics at time of first CGM for PM Ab+ and Ab2 children

PM Ab+ Ab2 P

Total n 30 23

No. of days of sensor wear 12.5 (9.0, 15.0) 13.0 (12.5, 14.5)

SDSGL

mmol/L 1.1 (0.9, 1.3) 0.9 (0.8, 1.0) <0.001*
mg/dL 19.8 (16.2, 23.4) 15.8 (14.4, 18.0)

CEV, % 17.3 (16.0, 20.9) 14.7 (12.9, 16.6) <0.001*

Mean sensor glucose level

mmol/L 6.1 (5.8, 6.7) 6.0 (5.8, 6.3) 0.10*
mg/dL 109.8 (104.4, 120.6) 108.0 (104.4, 113.4)

Percentage of CGM time spent, mmol/L (mg/dL)

3.9–7.8 (70–140) 90.7 (83.0, 95.0) 95.5 (93.6, 97.1) 0.002†
>7.8 (>140) 8.0 (4.4, 13.0) 3.3 (1.4, 5.3) 0.005†
>8.9 (>160) 2.1 (0.9, 4.8) 0.6 (0.2, 1.2) 0.002†
>10.0 (>180) 0.7 (0.1, 2.0) 0.1 (0, 0.3) 0.006†
>11.1 (>200) 0.2 (0, 0.9) 0 (0, 0.1) 0.003†
<3.9 (<70) 0.4 (0.1, 1.5) 0.1 (0, 0.8) 0.163†
<3.5 (<63) 0.1 (0, 0.3) 0 (0, 0.2) 0.206†
<3.0 (<54) 0 (0, 0.1) 0 (0, 0.1) 0.463†

Mean amplitude of glycemic excursion 2.8 (2.3, 3.2) 2.3 (2.0, 2.4) 0.008*

Continuous overlapping net glycemic action 1.3 (1.1, 1.6) 1.1 (0.9, 1.2) <0.001*

Data are median (Q1, Q3). *Linear mixed model with log normal transformation. †Wilcoxon rank sum test.
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higher percentage of CGM time with
sensor glucose values >7.8 mmol/L
(>140 mg/dL).

Although differences in the point esti-
mates remained between the groups in
SDSGL, CEV, and percentage of CGM
time >7.8 mmol/L (>140 mg/dL) during
both the day- and nighttime periods,
these differences were greater during the
daytime, consistent with observations in

older children and young adults with
early-stage T1D (17).

A key strength of this study is the use of
the same CGM device for all participants,
with blinded wear to minimize the effect
of changes in dietary intake or other daily
activities in response to sensor glucose
readings. In addition, this study reports
summary CGM data collected over a me-
dian duration of �12 days, longer than

most previously published studies in chil-
dren at risk (17,19).

Because CGM monitoring of PM Ab1

children commenced in January 2021, and
the ENDIA study commenced in 2013, a
limitation to interpreting the differences
observed in CGM metrics between PM
Ab1 children and their matched control
participants is the variable duration be-
tween time of islet autoantibody detection
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Figure 2—Mean sensor glucose (mmol/L) (A) and percentage of CGM time spent >7.8 mmol/L (>140 mg/dL) (B) by hour of day at time of first
CGM period in PM Ab1 and Ab� children. Each row represents values for an individual study participant. SGL, sensor glucose level. *Child later
diagnosed with clinical T1D.
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(>140 mg/dL) (D) at time of first CGM in PM Ab1 and age- and sex-matched (assigned at birth) Ab� children. Solid line represents median value in
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1754 CGM in Young Children at Risk of T1D Diabetes Care Volume 47, October 2024



at time of first CGM for PM Ab1 children.
In addition, comparison between the
groups was restricted to unmatched analy-
ses because unique age- and sex-matched
Ab� ENDIA children were not available for
each PM Ab1 child.
Importantly, this study contributes ad-

ditional CGM data on very young children
at risk of T1D, who may have a more rap-
idly progressive phenotype of T1D, and
in whom CGM data are limited to a few
studies with a minimal number of partici-
pants age <5 years (19). The higher SD
and CEV of sensor glucose values ob-
served at time of first CGM in this young
group of PM Ab1 children with a median
age of <5 years are consistent with ob-
servations in older children (17,19). Nota-
bly, the median percentage of CGM time
spent >7.8 mmol/L (>140 mg/dL) in this
young cohort of children with stage 1
T1D at time of first CGM was significantly
higher than the rate observed in Ab�

children and children age 1–6 years with-
out T1D (27). Recently reported data
from the Autoantibody Screening for Kids
(ASK) study in the U.S. found that for in-
dividuals with >10% CGM time spent
>7.8 mmol/L (>140 mg/dL), the risk of
progression to clinical (stage 3) T1D was
80% in the following 12 months (19).
Currently, the role of CGM metrics in the
prediction and/or definition of clinical
T1D is an important area of investigation,
especially for young children age<6 years,
in whom OGTTs have low feasibility and
acceptability, and relying on a change in
HbA1c in this young population may miss
those rapidly progressing (1,28).
Longer-term follow-up of these ENDIA

children is underway and will focus on
characterizing within-person variability in
serial CGM periods to increase under-
standing of how and when dysglycemia
develops in this cohort of children with
young-onset persistent islet autoimmu-
nity. These unique data for young children
will contribute to global efforts investi-
gating the role of CGM in disease staging
and monitoring. The need for feasible,
acceptable, accurate, equitable, and cost-
effective clinical pathways for families
with children identified as having presymp-
tomatic T1D has become increasingly
urgent as islet autoantibody screening
programs are increasingly rolled out.
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Huynh, Ki Wook Kim, Grant Morahan, Helena
Oakey, Megan A.S. Penno, William D. Rawlinson,
Richard O. Sinnott, Georgia Soldatos, Rebecca L.
Thomson, Jason Tye-Din, Peter J. Vuillermin, and
John M. Wentworth. Associate investigators: Fer-
gus Cameron, Andrew Day, and Prudence Lopez.
Project, data, and biospecimenmanagers: Amanda
J. Anderson, Pat Ashwood, James D. Brown,Wil-
liam Hu, Dao Huynh, and Kelly J. McGorm.

Clinical scientist: Kelly Watson. Coordinators: Sa-
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search officers: Sabrina Binkowski, Minh Bui,
Abbey Gilbert, Dexing Huang, Ana Karceva, Brydie-
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Stone,Thao Tran, Sapphire Vaega, Emily Ward, Yan
Xu, and Cynthia Yau. Dietitian: Rachel Battersby.
Postdoctoral fellows: Bek Brittain, Charles Foster,
Christopher Hope, Preston Leung, Kylie-Ann Mal-
litt, Alexandra Roth-Schulze, Tim Sadlon, Bree Till-
ett, Gregory Walker, Ying Wong, and Enrique
Zozaya-Valdes. Administrator: Leanne Cavenett.
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