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Abstract
Objectives—To characterize glucose levels and variability in young children with T1D.

Methods—144 children ages 4-10 diagnosed with T1D prior to age 8 were recruited at 5
DirecNet centers. Participants used a continuous glucose monitor (CGM) every 3 months during
an 18-month study. Among the 144 participants, 135 (mean age 7.0 years, 47% female) had a
minimum of 48 hours of CGM data at >5 out of 7 visits and were included in analyses. CGM
metrics for different times of day were analyzed.

Results—Mean HbA1c at the beginning and end of the study was 7.9% (63 mmol/mol). Fifty
percent of participants had glucose levels >180mg/dL (10.0 mmol/L) for >12 hours/day and >250
mg/dL (13.9 mmol/L) for >6 hours/day. Median time <70 mg/dL (3.9 mmol/L) was 66
minutes/day and <60 mg/dL (3.3 mmol/L) was 39 minutes/day. Mean amplitude of glycemic
excursions (MAGE) was lowest overnight (12AM-6AM). The percent of CGM values 71-180
mg/dL (3.9-10.0 mmol/L) and the overall mean glucose correlated with HbAlc at all visits. There
were no differences in CGM mean glucose or coefficient of variation between the age groups of
4-<6, 6-<8 and 8—<10.

Conclusions—Suboptimal glycemic control is common in young children with T1D as reflected
by glucose levels in the hyperglycemic range for much of the day. New approaches to reduce
postprandial glycemic excursions and increase time in the normal range for glucose in young
children with T1D are critically needed. Glycemic targets in this age range should be revisited.
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Introduction

Methods

Parents of young children with type 1 diabetes (T1D) face many challenges to achieve
optimal glycemic control. There are often irregular eating patterns and activity is highly
variable leading to frequent hyperglycemia and hypoglycemia. Young children are often
very sensitive to insulin and not always able to recognize hypoglycemia (1) due, in part, to
blunted counter-regulatory responses (2) that exacerbate the problem. In view of the
potential adverse effects of hypoglycemia on the developing brain, until recently the
American Diabetes Association (ADA) has recommended higher Alc and blood glucose
targets for pre-teens than for adolescents (3). Prior to June 2014, ADA Alc goals were
<8.5% (69 mmol/mol) for children less than 6 years of age, <8.0% (64 mmol/mol) for ages
6-12 and <7.5% (58 mmol/mol) for teenagers (4). Similarly, target pre-prandial blood
glucose levels of 100-180 mg/dL (5.6-10.0 mmol/L) and overnight level of 110-200 mg/dL
(6.1-11.1 mmol/L) were recommended for children <6 compared with pre-prandial blood
glucose values of 90-180 mg/dL (5.0-10.0 mmol/L) and overnight levels of 100-180 mg/dL
(5.6-10.0 mmol/L) in 6-12 year olds. On the other hand, there is increasing evidence that
hyperglycemia also has adverse effects on the developing brain of young children,
suggesting the need for limiting exposure to hyperglycemia as well as hypoglycemia in
young children with T1D (5, 6).

Fingerstick glucose monitoring provides a limited view of true glycemic patterns, and often
fails to recognize the magnitude of glycemic excursions and may underestimate time spent
in hypoglycemic and hyperglycemic ranges (7, 8). As part of the Diabetes Research in
Children Network (DirecNet) study of the effect of glycemic control on cognitive function
and neuro-anatomic development in young children with T1D, continuous glucose
monitoring (CGM) data were collected every 3 months over 18 months. In this paper we
present the results of detailed analyses of these serial CGM assessments, which have
allowed us to more fully characterize the limitations of current treatment methods to
effectively limit the exposure of young children with T1D to hyperglycemia and
hypoglycemia.

The study was conducted by the five DirecNet clinical centers and the coordinating center.
Data for this study were obtained through a DirecNet study conducted to compare
neuroanatomical findings with targeted measures of neurocognitive function at baseline and
at 18 months in very young children with T1D. The protocol and consent forms were
approved by the Institutional Review Board at each center. Written informed consent was
obtained from the parent or guardian prior to enrollment. Major eligibility criteria for the
study included 1) clinical diagnosis of type 1 diabetes and using daily insulin therapy for at
least one month, 2) age 4.0 to <10.0 years, (if age 8.0 to <10.0 years, then diagnosis of
diabetes must have been prior to 8.0 years of age and prepubertal by physical examination),
and 3) positive antibody testing if onset of T1D < 1 year of age.
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CGM data were collected every 3 months for the 18 months of the study. At least 48 hours
of CGM data at a 3-month time point was required for inclusion in the analyses. Participants
who had 4 or fewer time points with at least 48 hours of CGM data were not included in the
analyses; 9 participants were not included due to insufficient CGM data, leaving a cohort of
135 participants for the analyses.

For participants using unblinded CGM as part of their diabetes care, data from their personal
CGM was collected every 3 months for the 18 months of the study. Otherwise a blinded
CGM (iPro2®, Medtronic MiniMed, Northridge, CA or DexCom SEVEN Plus®, DexCom,
San Diego, CA) was worn every 3 months. Among the 135 participants included in the
analyses, 73 used a blinded iPro2 only, 3 used blinded DexCom and iPro2, 21 used a
personal unblinded CGM device, and 38 had a combination of blinded CGM for some time
points and unblinded CGM for others. Among the 135 participants included in the analyses,
CGM data were available for a median of 943 hours during the 18-month period of the
study, with 27% of participants having 463—-<800 hours, 33% having 800-<1000 hours,
15% having 1000-<1500 hours and 25% having 1500-7411 hours of use. Participants using
the blinded CGM had CGM data for a median of 750 hours, and those using an unblinded
CGM had a median of 1,346 hours of data.

HbA1c was measured every 3 months by a local point of care device or local laboratory and
quality assurance performed per manufacturer specifications.

Statistical Methods

Results

CGM indices were calculated from data downloads at enrollment and every 3 months
through 18 months. The average CGM indices across all 7 visits for each participant were
calculated giving equal weight to each time point. Median (interquartile range) for each
CGM index was reported for different time periods of the day. Association of CGM indices
with HbAlc at each visit was assessed by Spearman correlation. Differences in averaged
CGM indices among age groups were assessed by Kruskal Wallis test. Sensitivity analysis
was conducted by including every T1D participant (N=144) in the original cohort. The mean
amplitude of glycemic excursions was calculated as originally defined (9).

Mean age (xSD) of the 135 participants was 7.0 +1.7 years; 47% were female (Table 1).
Mean age of onset of T1D was 4.1 + 1.9 years (range 0.9-8 years). At study baseline, 75
(56%) participants were on insulin pump therapy and the remainder used multiple daily
injections of insulin for treatment of T1D. Mean HbA1c for all subjects was 7.9+0.9%
[63+£9 mmol/mol] (range 6.3-10.2% [45-88 mmol/mol]) at study baseline and 7.9+0.9%
[63+£10 mmol/mol] (range 6.0-10.8% [42-95 mmol/mol]) at 18 months. ADA criteria for
HbA1c in effect at the time of the study were met at baseline by 86 (64%): 26 (63%) of the
41 4-5 year olds (ADA HbA1c target of 8.5% [69 mmol/mol]) and 60 (64%) of the 94 6-9
year olds (target of 8.0% [64 mmol/mol]), and HbAlc was <7.5% [58 mmol/mol] (current
ADA target) in 48 (36%). Median of each participant’s mean sensor glucose values was 191
mg/dL (10.6 mmol/L) (Table 2). HbAlc was lower for the unblinded group compared with
the blinded group at enrollment (7.6+0.8 % [59+9 mmol/mol] vs 8.0+0.9 % [64+9 mmol/
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mol], p=0.008) and at 18 months (7.4+0.7 % [58+8 mmol/mol] vs 8.1+1.0 % [65+11 mmol/
mol], p<0.001). HbAlc also was lower for insulin pump users compared with multiple daily
injections at enrollment (7.7£0.8 % [61+9 mmol/mol] vs 8.1+0.9 % [65+10 mmol/mol],
p=0.02) and at 18 months (7.8+£0.8 % [61+£8 mmol/mol] vs 8.2+1.2 % [66+13 mmol/mol],
p=0.03). As some participants were using an unblinded CGM device on a regular basis,
CGM use was higher in the unblinded group (table 3) compared with the blinded group
(table 4). Compared with the blinded CGM participants, participants using unblinded CGM
had less hypoglycemia (3.3% vs 5.1% of values less than 70 mg/dL [3.9 mmol/L]), more
euglycemia (53% vs 43% of values 71-180 mg/dL [3.9-10.0 mmol/L]) and less
hyperglycemia (17% vs 26% of values >250 mg/dL [13.9 mmol/L]).

Over the 18 months, overall CGM metrics showed that significant time was spent in the
hyperglycemic range, with 50% of overall participants having CGM values >180mg/dL
(10.0 mmol/L) for more than 12 hours a day and >250 mg/dL (13.9 mmol/L) for more than 6
hours a day (Table 2). In contrast, hypoglycemia was much less frequent, although the
median time <70 mg/dL (3.9 mmol/L) was still 66 minutes per day and <60 mg/dL (3.3
mmol/L) was 38 minutes per day. There were no appreciable differences in CGM glucose
metrics between the age groups of 4—<6, 6-<8 and 8-<10 (Supplemental Table 1). At 18
months, the current ADA target of <7.5% (58 mmol/mol) was met by 45 (33%) of the
children.

Not surprisingly, for all subjects glucose variability was less overnight than during the
daytime (median MAGE 80 mg/dL [4.4 mmol/L] versus 152 mg/dL [8.4 mmol/L], p<0.001)
while hypoglycemia was more frequent overnight (median time <70 mg/dL [3.9 mmol/L]
6.0% versus 4.2%, p<0.001). As shown in the Figure 1A, mean glucose correlated with
HbA1c at all visits (r = 0.53 to 0.61), as did the percentage of values between 71-180 mg/dL
(3.9-10.0 mmol/L) (r=—0.53 to —0.58). As shown in Figure 1D, there was not a relationship
between the frequency of glucose values <60 mg/dL (3.3 mmol/L) and Alc (r = -0.17 to
0.08). Sensitivity analysis demonstrated that results were similar when including all the 144
T1D participants in the analyses (results not shown).

Discussion

Hyperglycemia is the leading cause of diabetes complications, micro- and macrovascular
disease, as well as kidney, retina and peripheral nerve tissue damage, effects that are well-
known to be cumulative (10). In addition, the negative cognitive impact of hyperglycemia is
increasingly being recognized. Young children with T1D in our study had significant
exposure to hyperglycemia, with half of the children having CGM glucose values over 180
mg/dL (10.0 mmol/L) for 12 or more hours a day and over 250 mg/dL (13.9 mmol/L) for 6
or more hours a day. Significant hyperglycemia was documented both during the day as well
as overnight. These observations may be due to the fact that many parents of young children
with T1D have concerns about the risks of hypoglycemia, and feel more comfortable with
running blood glucose levels higher. A recent study suggests that mothers who worry most
about hypoglycemia compensate by maintaining their child’s blood glucose levels above
recommended levels (11).
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Young children are undergoing rapid neurocognitive development and in our study 51% of
CGM readings were >180 mg/dL (10.0 mmol/L) from 6 AM-8PM (mean glucose during this
time was 196 mg/dL [10.9 mmol/L]), which is when children are actively learning and in
school. In the neuro-imaging and neuro-cognitive portions of our study, subtle cognitive
differences were present in the children with T1D compared with age-matched healthy
controls despite relatively short T1D duration (5). Significant differences in brain gray
matter volumes (3) and white matter microstructure (12) in widespread brain regions also
were observed; these differences were primarily associated with hyperglycemia. These data
collectively suggest that chronic hyperglycemia is detrimental to the developing brain. A
study of adults by Cox et al. demonstrated that during hyperglycemia (>270 mg/dL [15.0
mmol/L]) adults with diabetes had a significant slowing of cognitive performance tests and
an increased number of mental subtraction errors (13). Limiting hyperglycemia in young
children with T1D may be particularly important during times of active learning.

Despite finding that many of the children had hyperglycemia for more than half the day,
64% of the children met the ADA HbA1c age-specific target at the time the study was
conducted (ADA goal Alc < 8.5% [69 mmol/mol] for age 0-6, and <8% [64 mmol/mol] for
ages 6-12) at study baseline (mean Alc 7.9% [63 mmol/mol]) and 60% at 18 months (mean
Alc 7.9% [63 mmol/mol]). Although participants using unblinded CGM had a lower HbAlc
and more time in the glucose target range of 71-180 mg/dL (3.9-10.0 mmol/L) than those
not using CGM as part of daily diabetes management, they still had glucose concentrations
above 180 mg/dL (10.0 mmol/L) for almost half the day. It is appealing to credit CGM for
the better glycemic control seen in regular CGM users than nonusers; however, there may
have been other factors that contributed to this difference. The Diabetes Patienten
Verlaufsdokumenation (DPV) registry (14) in Germany and Austria has reported
substantially lower HbAlc levels in young children (15) with T1D than has been reported by
the T1D Exchange registry in the U.S (16). One explanation for this could be that the target
Alc for children with diabetes in Europe is 7.5% (58 mmol/mol), the standard set by the
International Society for Pediatric and Adolescent Diabetes (ISPAD) (17) rather than the
prior ADA target of 8.0-8.5% (64—-69 mmol/mol). There are other factors that could
contribute to these differences including overall use of CGM as well as details regarding
insurance coverage of CGM between these populations. Some countries in Europe are
recommending increased use of CGM in young children (18). Our finding that many young
children with T1D are spending the majority of the day in the hyperglycemic range plus the
fact that hyperglycemia has been shown to have deleterious effects on the brains of these
children (6) provide support for the recent lowering of the ADA HbA1c target for this age
group to 7.5% (58 mmol/mol) (3). The wide range of mean glucose levels and percentages
of time above 250 mg/dL (13.9 mmol/L) for a given HbA1c level found in this study as well
as in prior studies (19-21) indicate that HbAlc may not be the sole best indicator of glucose
control in children with T1D. While HbAlc can be useful for monitoring changes in
glycemic control over time, substantial hyperglycemia and glycemic variability are
occurring even when HbAlc levels are at target.

Young children with T1D often spend the majority of the day in the hyperglycemic range,
with relatively low amounts of hypoglycemia. New approaches to examine the timing and
action of insulin could help to reduce glycemic excursions and increase time in the normal
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range for glucose in young children with T1D, particularly as there may be risk of cognitive
development with significant hyperglycemia. Given the glycemic excursions observed in our
study, there should be consideration to re-evaluate glycemic targets ranges for young
children, with respect for the risks of hyperglycemia and hypoglycemia. Other variables that
could be examined which might influence glycemic variability include timing if insulin
related to meals, activity patterns insulin sensitivity. Future long term studies examining
these variables using continuous glucose monitoring and closely examining postprandial
glycemic variability in relation to HbAlc can further elucidate methods to achieve improved
glycemic control.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A) Mean Glucose vs. Alc; B) %Glucose >180 mg/dL (10.0 mmol/L) vs. Alc; C)
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%Glucose >250 mg/dL (13.9 mmol/L) vs. Alc; D) %Glucose <60 mg/dL (3.3 mmol/L) vs. Alc

Each point on the scatterplot denotes one study visit. There are multiple points from the

same subject. Black dots represent blinded CGM and hollow circles represent unblinded

CGM.
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Table 1

Demographics and Clinical Characteristics at Study Enrollment

Age (years)
4-<6
6-<8
8-<10
mean + SD (range)
Female
Race/Ethnicity @
BMI percentile median (25%, 75M percentile)
Diabetes duration (years)
median (25, 75t percentile)
Range
Age at onset (years)
mean + SD
Range
Severe Hypoglycemia and Diabetic Ketoacidosis
Prior to Enrollment
One or more Severe Hypoglycemia Event by (%)
DKA at Diagnosis ¢ N (%)
DKA Between Diagnosis and Enrollment ¢ N (%)
Between Enrollment and 18 Months
Severe Hypoglycemia Event N (%)
DKA N (%)
HbAlc (%) (mmol/mol) mean + SD [range]

Enrollment

18 Months

N=135

41 (30%)
63 (47%)
31 (23%)
7.0 £1.7 (4.0 t0 9.99)
63 (47%)
81%6W, 7%H, 4%AA, 1%A, 7%0

72% (59%, 89%)

23(1.1,4.4)
01t07.9

41+19
0.9t08.0

22 (16%)
43 (32%)

5 (4%)

6 (4%)
4 (3%)

7.9+0.9 (63 +9)
[6.3 to 10.2 (45 to 88)]

7.9+0.9 (63 £ 10)
[6.0 to 10.8 (42 to 95)]

aW: White, H: Hispanic or Latino, AA: African American, A: Asian, O: other

bIncludes 17 participants with one episode, 3 with two, 1 with three and 1 with five episodes.

CExcluded 2 participants with unknown DKA history
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