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Abstract

Objectives: To determine trajectories of glycemic control and BMI z-score in a large pediatric
sample with type 1 diabetes (T1D) over a 38-year period, and to evaluate sex differences and
temporal changes in the prevalence of these trajectories.

Methods: We conducted a longitudinal, retrospective study of 7002 2-18 year olds with T1D
followed between 1978 and 2016 at a single center. Group-based modeling was used to identify
trajectories for hemoglobin Alc (HbAlc) and BMI z-score. Multinomial logistic regression
identified predictors of membership to less favorable glycemic trajectories.

Results: Group-based modeling yielded 5 HbAlc trajectories. 86% of the sample fell within 3
trajectories that were largely stable across childhood and adolescence, and 14% fell within 2
trajectories characterized by marked deterioration beginning in pre-adolescence. Girls were more
likely to be in the HbA1c trajectory with the highest starting HbAlc and significant deterioration
during adolescence, and in the highest two BMI z-score trajectories. Patients with non-white race
had the highest odds of belonging to a less favorable HbAlc trajectory. Prevalence of the High
Stable HbAlc trajectory decreased and prevalence of the Low Stable HbAlc trajectory increased
over the study period.

Conclusions: A minority of youth with T1D experienced deterioration of glycemic control
during adolescence. Girls were more likely to belong to the worst HbAlc trajectory and to BMI z-
score trajectories in the overweight/obese range, which may increase cardiometabolic risk.
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Addressing racial/ethnic disparities in glycemic control should remain a priority. Advances in T1D
management correlated with favorable shifts in HbAlc trajectory prevalence.
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INTRODUCTION

Most children and adolescents with T1D in the United States (US) do not meet the
recommended HbA1c target of <7.5% (58mmol/mol)1~4, which increases their risk of
developing diabetes-related complications®8. Recent studies have reported that girls with
T1D have worse metabolic control and complications than boys with T1D910, and higher
BMI z-scores than boys with T1D and girls without T1D®. Women with T1D have a
significantly higher relative risk of cardiovascular disease (CVD) compared to men with
T1D, when each are compared to their non-diabetic counterparts!. What remains poorly
understood is when this divergence in risk by sex begins and what is driving it. But data
suggest that adolescence may be a critical time period during which sex differences in CVD
risk factors emerge, particularly glycemic control and obesity.

Deterioration of glycemic control for youth with T1D during adolescence has been
frequently reported?2.13 and potential contributors to poor glucose control during puberty
include a physiologic decrease in insulin sensitivity, increased autonomy in diabetes
management, and psychosocial changes?-12. However, the premise that all adolescents will
experience worsened glycemic control is an imprecise overgeneralization, and may
contribute to missed opportunities to identify and treat the highest-risk youth. Several studies
have used longitudinal group-based modeling to identify subgroups of children with T1D
that follow distinct trajectories of glycemic control during adolescence, and all have,
surprisingly, reported that only the minority of young people with T1D experience
deteriorating glycemic control during adolescencel4-17,

Previous studies have aimed to determine if membership to unique trajectory groups could
be predicted by psychosocial factors, behavioral markers of self-care, healthcare utilization,
and/or clinical variables (e.g. total daily insulin dose)1>16:18.19 Remaining gaps in
understanding include whether trajectories of glycemic control differ by sex, how these
trajectory groups have changed over time with treatment advances in insulin delivery and
glucose monitoring, and how the obesity epidemic of the past several decades may have
affected glycemic control trajectories.

Here we present a large, longitudinal, retrospective cohort study of children and adolescents
(2-18 years old) with T1D for at least 1 year, seen at the Barbara Davis Center for Diabetes
(BDC) in Colorado between 1978 and 2016. Our primary objective was to use group-based
modeling to identify trajectories of HbAlc and BMI z-score. Secondary objectives were to
determine characteristics that could predict membership to each trajectory group, to explore
sex differences in HbAlc and BMI z-score trajectories across childhood and adolescence,
and to examine how the prevalence of glycemic and BMI z-score trajectory groups has
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changed over time. We hypothesized that the majority of youth would not experience a
significant deterioration in glycemic control during adolescence; that girls would be more
likely than boys to belong to clinically unfavorable HbAlc trajectories; that the prevalence
of favorable HbAlc trajectories has increased over the study period, mirroring improved
diabetes care; and that the obesity epidemic would result in increasing prevalence of higher
BMI z-score trajectories.

METHODS

Study population and design

We performed a longitudinal, retrospective cohort study of children and adolescents seen at
the BDC between 1978 and 2016, using electronic medical records. Inclusion criteria were
age between 2 and 18 years, a diagnosis of T1D for at least 1 year, and contribution of at
least 1 HbAlc or BMI z-score measure. T1D was defined by the clinically accepted criteria
at the time of the patient’s diagnosis. Patients meeting these criteria were identified using
unique identifiers through queries of 2 electronic medical record systems. Individuals were
excluded if sex was not recorded, or if there were no HbAlc or BMI z-score data available.
Data during the first year of diabetes diagnosis were excluded because of known weight
changes and wide HbA1c fluctuations around the time of diagnosis and during the
“honeymoon period”20:21, Data cleaning consisted of an assessment of plausibility for each
value (e.g. was a weight physiologically possible, based on that patient’s trends). Race/
ethnicity groups were defined as non-Hispanic White, Hispanic, Black, or Other.
Inconsistencies in how race/ethnicity was reported over the 38-year study period and the
small number of patients falling into other racial categories necessitated that the “other”
group be formed, which included patients who did not indicate Hispanic ethnicity, and who
identified as American Indian/Alaskan Native, Asian, Native Hawaiian/Other Pacific
Islander, Other, or where race was unknown or not reported. Insulin pump use was recorded
in the ‘insulin delivery’ field of the medical record, and patients with any recorded pump use
at any visit were categorized as “ever pump users”. This study was approved by the
Colorado Multiple Institutional Review Board and was conducted in accordance with the
Declaration of Helsinki.

Outcome Variables

HbA1c and BMI z-score were the primary outcomes of interest. HbAlc values and BMI z-
scores were averaged for each child per year of age from all visits within that year (e.g. the
mean of all HbAlc values for all visits for a particular child at 2 years of age was used as
that child’s 2 year old HbA1c). For earlier time points where HbA; was reported (before the
more specific HbAlc became routine), we used the formula derived by Krolewski et al. to
convert HbA; to HbAlc: HbAlc = [HbA; —0.14] / 1.23%2,

BMI z-scores by age and sex were calculated using the Centers for Disease Control and
Prevention’s (CDC) SAS program, which uses CDC 2000 Growth Charts (ages 2-20) as
reference data®3.
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Statistical Analysis
SAS version 9.4 (SAS Institute Inc., Cary, NC, US) was used for all analyses.

Group-Based Trajectory Modeling

We used group-based trajectory modeling (GBTM), adapted from the original approach
described by Nagin?425, and its recent application by Schwandt et al.1?, to identify
subgroups within the dataset that followed distinct trajectories for HbAlc and BMI z-score.
GBTM is a semi-parametric technique applied to longitudinal data to define groups that
follow similar patterns for a specified outcome variable over time26. This method allows for
unbiased estimates in longitudinal modeling even when there are missing data as is the case,
for example, when patients are diagnosed with T1D at different ages, and therefore some
patients have data available at younger ages and others do not. Further, it allows for unbiased
estimates when some data are missing after diagnosis, such as when patients are no longer
followed at the clinic and do not contribute data through the entire time period.

GBTM allows for unbiased estimates as long as missing data (e.g. those patients leaving the
clinic prior to the age of 18 or having sparse data) are missing completely at random
(MCAR). To assess the pattern of missing data in our sample, we compared group-based
trajectory assignments from a restricted cohort that had more complete data to those of the
entire cohort (see Figure S1, Supporting Information). The restricted cohort included
patients who established care at the BDC within a year of diagnosis who were followed
through age 17 or 18, and who had at least 8 HbAlc measures. As in the overall cohort, data
from within the first 12 months of diagnosis were excluded. Only 2093 patients (out of 6987
patients with HbAlc data) met these criteria, which is not unexpected considering the
migration of individuals into and out of communities and the fractured healthcare system in
the US. Utilizing this limited sample would restrict the power to examine differences by
time period and subgroups by sex and race/ethnicity and would bias results toward patients
diagnosed with T1D at younger ages. So, agreement in group trajectory assignments
between this restricted cohort and the entire cohort was determined using the weighted
Cohen’s kappa statistic (x = 0.84, 95% CI 0.83-0.86), where values between 0.81 and 1.00
are considered “almost perfect agreement”2’. Given the similarity between the two cohorts,
missing data in the entire cohort was assumed to be MCAR. We therefore present results
from the entire sample.

The decision to include individuals with even 1 HbAlc or BMI z-score measure, as opposed
to 2 or 3 or more aligns with the guiding document on growth curve modeling by Curran et
al., which states that a minimum of 3 measures per person is recommended for a “sizeable
portion of the cases”, but acknowledges that some proportion of the sample may only
contribute 1 or 2 measures28. In our dataset, 87% of individuals contributed at least 3 HbAlc
measures and 86% of individuals contributed at least 3 BMI z-score measures. Thus, we
included all individuals with 1 or more HbAlc or BMI z-score measures.

To generate group trajectories using the SAS application PROC TRAJ, the optimal number
of groups was chosen based on model fit (lower Bayes information criterion [BIC]), a
minimum percent membership in each group (=5%), and consideration of clinical context.
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Once the number of groups was chosen, the best polynomial fit for each group (e.g. linear,
cubic, quadratic) was determined by BIC. Individuals were assigned a single trajectory
based on the probability of group membership. To generate sex-specific HbAlc and BMI z-
score group trajectories, data were first stratified by sex, then PROC TRAJ was run
independently for each sex.

Time Periods by Year of Type 1 Diabetes Diagnosis

Patients were divided into 3 time periods based on their year of T1D diagnosis (1978-1995,
1996-2005, and 2006-2016). 1996 was chosen as a defining year based on significant
clinical practice changes that were being adopted at the BDC at this time as a result of the
Diabetes Control and Complications Trial (DCCT). The remaining 20 years of data were
split approximately evenly to create the other two time periods.

Weight Categories

We defined weight categories according to BMI percentiles for age and sex and the
corresponding z-scores as follows: underweight (BMI<5"%ile, z-score < —1.64), normal
weight (BMI 5t through 84M%ile, z-score —1.64 to < 1.04), overweight (BMI 85t through
94tozile, z-score 1.04 to < 1.64), and obese (BMI =951%ile, z-score =1.64).

Description, Comparison, and Prevalence of Trajectory Groups

We examined characteristics that could distinguish HbA1c trajectory groups overall, and
distinguish each HbA1c trajectory group from the ideal Low Stable group as a reference,
using likelihood ratio chi-square tests for categorical variables and univariate ANOVA using
PROC GLM for continuous variables (where p <0.05 was considered statistically significant
and <0.001 was considered highly statistically significant). We then compared
characteristics of specific HbAlc trajectory pairs using multinomial logistic regression
expressed as odds ratios with 95% confidence intervals. Additionally, the prevalence of each
HbA1c and BMI z-score trajectory group was determined for the 3 diabetes onset periods
(1978-1995, 1996-2005, and 2006—2016), and changes in the prevalence of trajectory
groups across time periods were assessed using ANOVA.

RESULTS

Sample Characteristics

The final sample represented 7002 unique children and adolescents who had a diagnosis of
T1D for at least 1 year and had at least 1 visit with either HbAlc or BMI z-score measured.
6987 individuals had at least 1 HbAlc measurement, and contributed a total of 107367
HbA1c measurements, with 6064 (87%) contributing at least 3 years of data. The median
number of HbAlc measures per person was 12 (Interquartile Range (IQR) 5-23). The
median time interval followed for HbAlc measures was 3.9 years (IQR 1.5-7.2). 6897
individuals had at least 1 BMI z-score measurement and contributed a total of 106736 BMI
z-score measurements, with 5941 (86%) contributing at least 3 years of data. The median
number of BMI z-score measures per person was 11 (IQR 5-22). The median time interval
followed for BMI z-score was 3.8 years (IQR 1.4-7).
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47% of the sample was female and 53% was male. 73% identified as non-Hispanic White,
8% as Hispanic, 3% as Black, and 12% were classified as Other. Within the Other category,
63% were documented as “unknown”, 12% were documented as “other”, 15% were labeled
“more than one race”, 5% were American Indian/Alaskan Native, 5% were Asian, and 0.4%
were Native Hawaiian/Other Pacific Islander. The mean age at onset of T1D was 8.3 years
for females and 8.5 years for males. 21% of individuals were diagnosed with T1D before
1996, 36% between 1996-2005, and 43% between 2006-2016. 9.6% of all visits were for 2—
6 year olds, 29.2% for 7-11 year olds, and 61.2% for 12-18 year olds. Any insulin pump use
was significantly lower among minority patients compared to those who were non-Hispanic
white, in the 2 most recent time periods, when pump use became prevalent. Between 1978—
1995, pump use was 10%, 18%, and 25% in black, Hispanic, and non-Hispanic white
patients, respectively (likelihood ratio chi-square p=0.05). Between 1996 and 2005, pump
use was 16%, 24%, and 51% in black, Hispanic, and non-Hispanic white patients,
respectively (p <0.0001). And, between 2006-2016, pump use was 29% in black patients,
36% in Hispanic patients, and 65% in non-Hispanic white patients (p <0.0001). The
percentage of visits for which insulin delivery information was missing was 19%, 1%, and
5% for the 1978-1995, 1996-2005, and 2006—-2016 time periods, respectively. Because
pumps were not widely adopted at the BDC until 1996, the majority of visits before 1996 for
which insulin delivery was “missing” were very likely to be by injection, with no
documentation of insulin delivery provided since injection was the assumed method prior to
pump use.

Group-Based Trajectory Modeling

HbAlc Trajectories—Group-based modeling for HbAlc from ages 2 through 18 yielded
5 distinct trajectory groups (Figure 1a): Low Stable (24.6% of the sample), Middle Stable
(43%), High Stable (18.2%), Middle Increasing (8.3%), and High Increasing (5.9%). “Low”,
“Middle”, and “High” refer to where each trajectory begins on the y-axis (i.e. the relative
HbALc value at age 2). “Stable” refers to trajectories with relative constancy of HbAlc
values across the age range and “Increasing” denotes trajectories with a significant increase
in HbAlc at some point across the age range. We tested for sex as a “risk factor” in the
overall HbA1c trajectory group model, and found that girls were more likely to be in the
High Increasing trajectory group than boys (p=0.0008). We then stratified the data by sex
and generated HbALc trajectory groups independently for each sex (Figure 2a). Independent
trajectory models (i.e. girls vs. boys) cannot be compared statistically. However, visually,
HbAc trajectory groups were similar for boys and girls, and were most closely aligned for
the Low, Middle, and High Stable groups. The Middle Increasing HbAlc trajectory
demonstrated a faster rate of rise from ages 10 through 18 for females compared to males.
Further, the High Increasing trajectory peaked earlier for females (age 14) than it did for
males (age 16-17).

Table 1 shows select characteristics by HbA1c trajectory group for the overall sample.
Characteristics that were statistically significantly different across all 5 HbAlc trajectory
groups were age at T1D onset (p< 0.0001), sex (p 0.02), race (p <0.001), average HbAlc (p
<0.0001), and average BMI z-score (p <0.0001).
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Next, for every characteristic, each HbAlc trajectory group was compared to the Low Stable
HbA1c trajectory group using multinomial logistic regression (Table 2). Data are presented
as odds ratios with 95% confidence intervals, in which the odds describe the risk of being in
the worse HbA1c trajectory group compared to the clinically ideal Low Stable group across
multiple variables. For every 1 year increase in age at onset of T1D, there was a 2-7%
decreased risk of belonging to any of the less favorable trajectories compared to the Low
stable group. (E.g. for every year older at the age of onset, an individual was 7% less likely
(OR 0.93 [0.91-0.94]) to be in the Middle Stable group than the Low Stable group). Patients
diagnosed between 1996-2005, compared to those diagnosed between 1978-1995 had a 28—
56% decreased odds of being in a less favorable HbAlc trajectory group and patients
diagnosed from 2006-2016 vs. 1978-1995 had a 47-73% decreased odds of being in a less
favorable HbAlc trajectory group. Being female was associated with a 29% increased odds
of being in the High Increasing group vs. the Low Stable group. Being a member of the
highest BMI z-score group (overweight/obese) compared to the lower 4 groups, was
associated with a 32, 63, and 58% increased odds of being a member of the less favorable
HbAc trajectory group for Middle Stable vs. Low Stable, High Stable vs. Low Stable, and
Middle Increasing vs. Low Stable comparisons, respectively. The odds of being in the High
Increasing vs. Low Stable comparison were not statistically significant for this BMI
variable. Individuals who were Black, Hispanic, or Other vs. White were at significantly
greater odds of being in the less favorable HbAlc trajectory group across all comparisons.
This ranged from a minimum of a 27% increased odds of being in the Middle Stable vs. Low
Stable group for individuals who were “Other” race vs. White, to a 1222% (greater than
12x) increased odds of being in the High Increasing group vs. Low Stable group for
individuals who were Black vs. White. When the model was adjusted for insulin pump use
(any use of pump ever vs. never), pump use was strongly and significantly related to a lower
risk of membership to an unfavorable HbA1c trajectory (data not shown). However, it did
not substantially change the relationship of race or any other variable with HbAlc trajectory
group. Because pump use was uncommon in the first time period studied, we did not include
this variable in our main model (Table 2).

BMI z-score Trajectories—Group-based modeling for BMI z-score from ages 2 through
18 also yielded 5 unique trajectories (Figure 1b): Group 1 (6.2% of the sample), Group 2
(21.3%), Group 3 (33.3%), Group 4 (26.5%), and Group 5 (12.6%). Trajectory groups 1
through 3 represented youth with a normal weight status and made up 60.8% of the total
sample. Trajectory group 4 (26.5%) contained patients of both normal and overweight status.
And, trajectory group 5 (12.6%) contained patients who were either overweight or obese.
We tested for sex as a “risk factor” in the overall BMI z-score trajectory group model, and
found that girls were significantly more likely than boys to be in Groups 4 (p=0.0002) and 5
(p<0.0001). We then stratified the data by sex and generated BMI z-score trajectory groups
independently for each sex (Figure 2b). Again, stratified trajectory groups cannot be
compared statistically, but they can be explored visually. Girls had lower BMI z-scores than
boys in early childhood. However, between age 11 and 15, girls demonstrated a clear upward
inflection in BMI z-score in all groups, exceeding that of the boys within every trajectory.
Boys showed a less prominent rise in BMI z-score in Groups 1-4 between ages 13 and 15.
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This difference in BMI z-score by sex appeared to be diminishing in all 5 trajectories by age
18.

Prevalence of Trajectory Groups over Time

HbA1c Trajectory Group Prevalence—Examining changes in prevalence of HbAlc
trajectory groups over time (Figure 3a), we found that the percentage of children and
adolescents belonging to the ideal Low Stable HbALlc trajectory has steadily increased, from
15.6% (1978-1995), to 23.8% (1996—-2005), to 29.9% (2006—2016), with p<0.001 between
each time period. Conversely, the percentage of children and adolescents belonging to the
less favorable High Stable HbAlc trajectory has steadily decreased over time: 26% (1978
1995), 18.1% (1996-2005), and 14.4% (2006-2016), with p<0.001 between each time
period. The prevalence of the Middle Stable HbA1c trajectory group (between 42-44%) and
High Increasing HbAlc trajectory group (between 5-6%) has not changed significantly over
time (p>0.05 between each time period). Lastly, the prevalence of the Middle Increasing
HbA1c trajectory group did not change between the earlier 2 time periods (p>0.05), but
decreased from 1978-1995 and 1996-2005 to 2006—2016 (p=0.01 and p<0.001,
respectively).

BMI z-score Trajectory Group Prevalence—Looking at changes in prevalence of BMI
z-score trajectory groups over the same 3 time periods (Figure 3b), there have been
statistically significant increases in membership to BMI z-score groups 1, 3, and 5, a
decrease in membership to BMI z-score group 2, and stability in BMI z-score group 4.

DISCUSSION

This is one of the longest published studies of HbAlc and BMI z-score trajectories among
youth with T1D. Previous studies examining trajectories of glycemic control over childhood
and adolescence, including the T1D Exchangel3, have used mean HbAlc for age, which is
vulnerable to the influence of extreme values, exaggerates the prevalence of deterioration
over adolescence, and masks important subgroup differences. Others2® have attempted to
identify predictors of glycemic control at a single age, which provides less robust
information about when to intervene on significant predictors to prevent deterioration. In
contrast, the GBTM approach used in this study is powerful in its ability to model patterns
from longitudinal data that allow for early identification of the highest risk children. Unlike
previous GBTM studies in T1D, including a large German/Austrian cohort17-18:30 children
as young as 2 years of age were represented in our sample, which allowed for a more
comprehensive evaluation of glycemic control and BMI z-score patterns across childhood
and adolescence. This may be particularly relevant given the overall trend of earlier T1D
onset31. Additionally, unlike many GBTM studies, we examined changes in the prevalence
of HbAlc and BMI z-score trajectory groups over 4 decades, providing context for the
impact of concurrent trends like the obesity epidemic and the significant advances in T1D
management.

One potential limitation of our study, compared to other GBTM studies, is that we had more
heterogeneity in the amount of data contributed by each person. This was a consequence of
the variation in the age of onset of T1D, and the shortage of population-based healthcare
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registries in US. As an academic specialty center for T1D, our findings might not be
generalizable to all settings. However, the BDC provides care to all children regardless of
insurance status, and serves a high proportion of all children with T1D throughout the Rocky
Mountain region. Our study included data from 2 electronic medical record systems, which
increases the risk for inconsistencies in data collection and entry. BMI z-score for
assessment of longitudinal weight status provides only an indirect measurement of adiposity,
and it is excess adiposity that is most relevant to cardiometabolic disease risk. We also
recognize that BMI z-score is now considered to be a statistically poor measure to describe
adiposity for children and adolescents with severe obesity32. However, because only a very
small proportion of individuals in our dataset had severe obesity, we used BMI z-scores
instead of BMI as a percentage of the 95M%ile. Use of BMI z-scores also allows for easier
comparisons to be made between our results and other studies of BMI z-score trajectories
among children with T1D30, Finally, the retrospective nature of this study increases the risk
of unmeasured confounders or mediators, which may be particularly relevant to the finding
of significant racial/ethnic disparities in HbAlc trajectory membership.

Our results demonstrate significant racial/ethnic disparities, where minorities had strikingly
higher odds of belonging to the least favorable HbAlc trajectory groups. The effect of race/
ethnicity on HbAlc membership was stronger than any other measured variable in our
model. And, while there was a strong relationship between race and insulin pump use (with
non-Hispanic whites having significantly higher rates of pump use than any minority), and
pump use was protective against membership to an unfavorable HbAlc trajectory, adjusting
for pump use did not significantly change the relationship between race and HbAlc
trajectory. Race/ethnicity is likely a surrogate for other important unmeasured variables,
which might include biopsychosocial factors like genetic risk, provider and family
perceptions of treatment intensity, or access to care33:34, Racial/ethnic disparities in insulin
pump use, complications, and treatment outcomes have been widely reported in youth with
T1D3536 including recently in the SEARCH for Diabetes in Youth study3’, and there is a
clear need for novel strategies to close this gap.

There have been significant advances in T1D treatment over the time period studied
including adoption of the DCCT’s intensive insulin approach, increased utilization of insulin
pumps, and the advent of continuous glucose monitoring. In our multinomial logistic
regression model, we not surprisingly found that a more recent diagnosis date predicted
membership to a more favorable HbA1c trajectory group.

And, consistent with these advances, we saw favorable shifts in the prevalence of the High
Stable and Low Stable HbAlc trajectory groups. However, these improvements in clinical
care have not decreased the prevalence of the smallest, but highest risk group of youth that
start with the poorest glycemic control, experience significant deterioration during
adolescence, and disproportionately represent females and racial/ethnic minorities.

We did not see a linear increase in BMI (by prevalence) over the 3 time periods studied,
which is inconsistent with what has been reported by some38, and with the US childhood
obesity epidemic3?. Others have similarly reported stability in the prevalence of overweight/
obesity in youth with T1D over a more recent time period40. The High Stable HbAlc
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trajectory group, which decreased in prevalence over the study period, had the highest mean
BMI z-scores, and the Low Stable HbALc trajectory group, which increased in prevalence,
had the lowest mean BMI z-scores, which could partially explain these results. The
relationship between BMI and glycemic control is complex, particularly during adolescence.
Higher insulin doses are often required during this period, which could contribute to weight
gain*l. And, adolescents may omit insulin intentionally or accidentally, which can result in
hyperglycemia and resultant weight loss*2.

The divergence seen in BMI z-score by sex (females > males) during adolescence is
consistent with trajectory findings recently reported in a German Austrian cohort by Prinz et
al.3%, The consequences of excess weight in adolescent females with T1D were recently
evaluated by Castro-Correia et al. who reported higher prevalence of dyslipidemia and
hypertension among females with T1D who were overweight/obese compared to normal
weight43. To minimize cardiometabolic risk, an intensive approach to weight management
should be considered for girls with T1D who are overweight or obese during pre-
adolescence, taking into account the complex relationship with glycemic control and insulin
omission as noted above. The significant differences by sex in the overall HbAlc trajectory
group model (Table 1), and, in the multinomial logistic regression (Table 2), are consistent
with a previous cross-sectional study of sex differences in HbAlc and BMI z-score®.

Findings from the present study challenge the notion that most children with T1D
experience deterioration of glycemic control during adolescence, and present an initial set of
risk factors that may help to predict membership to subgroups that are at highest risk for
suboptimal clinical outcomes during adolescence. Essential next steps include investigation
of variables that help to explain the sex and racial/ethnic disparities found in this study.
Future work may include model extension to investigate novel predictors of HbAlc or BMI
z-score trajectories in clinical cohorts (e.g. fear of hypoglycemia, mental health co-
morbidities). Broader applications include examining trajectory-specific effects of an
exposure, intervention, or policy*#4%, or evaluating an intervention or policy based on its
ability to move individuals from a less favorable to a more favorable trajectory group.
Finally, future GBTM studies would ideally examine cohorts across childhood and
adulthood, where longer-term clinical outcomes can be assessed.
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Figure la.
HbAc trajectory groups for all 2-18 year olds seen at the Barbara Davis Center in Colorado

between 1978-2016, with type 1 diabetes for = 1 year, and at least 1 HbAlc measure
(n=6987). HbA1c values were averaged for each child per year of age from all visits within
that year. Trajectory names: “Low”, “Middle”, and “High” refer to where each trajectory
begins on the y-axis (i.e. the relative HbAlc value at age 2). “Stable” refers to trajectories
with relative constancy of HbAlc values across the age range and “Increasing” denotes
trajectories with a significant increase in HbAlc at some point across the age range.
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Figure 1b.

BMI z-score trajectory groups for all 2-18 year olds seen at the Barbara Davis Center in
Colorado between 1978-2016, with type 1 diabetes for = 1 year, and at least 1 BMI z-score
measure (n=6897). BMI z-scores were averaged for each child per year of age from all visits
within that year. Weight categories are defined as follows: underweight (BMI z-score <
-1.64), normal weight (BMI z-score —1.64 to < 1.04), overweight (BMI z-score 1.04 to <
1.64), and obese (BMI z-score >1.64).
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Figure 2a.

Sex-specific HbAlc trajectory groups. After stratifying the data by sex, trajectories were
created and plotted independently for females (n=3281) and males (n=3706). This represents
all 2-18 year olds seen at the Barbara Davis Center in Colorado between 1978-2016, with
type 1 diabetes for = 1 year, and at least 1 HbAlc measure. Trajectory names: “Low”,
“Middle”, and “High” refer to where each trajectory begins on the y-axis (i.e. the relative
HbA1c value at age 2). “Stable” refers to trajectories with relative constancy of HbAlc
values across the age range and “Increasing” denotes trajectories with a significant increase
in HbA1c at some point across the age range.
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Sex-specific BMI z-score trajectory groups. After stratifying the data by sex, trajectories
were created and plotted independently for females (n=3242) and males (n=3655). This
represents all 2—-18 year olds seen at the Barbara Davis Center in Colorado between 1978-
2016, with type 1 diabetes for > 1 year, and at least 1 BMI z-score measure. Weight
categories are defined as follows: underweight (BMI z-score < —1.64), normal weight (BMI
z-score —1.64 to < 1.04), overweight (BMI z-score 1.04 to < 1.64), and obese (BMI z-score

>1.64).
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Figure 3a.

Prevalence of HbAlc trajectories by diabetes onset time period for all 2-18 year olds seen at
the Barbara Davis Center (BDC) in Colorado between 1978-2016, with type 1 diabetes for =
1 year, and at least 1 HbAlc measure (n=6987). 1996 marked significant clinical practice
changes at the BDC as a result of the Diabetes Control and Complications Trial. Data from
1996-2016 were split about evenly to create the 1996-2005 and 2006-2016 time periods.

* =p<0.001 for T1vs. T2, T2 vs. T3,and T1 vs. T3

1 =p<0.01 for T1vs. T3and T2 vs. T3

§=p<0.05for T1vs. T2and T1vs. T3

t = no significant differences between any two time points
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Figure 3b.

Prevalence of BMI z-score trajectory groups by diabetes onset time period for all 2-18 year
olds seen at the Barbara Davis Center (BDC) in Colorado between 1978-2016, with type 1
diabetes for > 1 year, and at least 1 BMI z-score measure (n=6897). 1996 marked significant
clinical practice changes at the BDC as a result of the Diabetes Control and Complications
Trial. Data from 1996-2016 were split about evenly to create the 1996-2005 and 20062016
time periods.

* =

p<0.001 for T1vs. T2, T2 vs. T3,and T1vs. T3

1 =p<0.01for T1vs. T3and T2 vs. T3
8§=p<0.05for T1vs. T2and T1vs. T3
T = no significant differences between any two time points
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Characteristics by HbAlc trajectory group

Table 1

Page 20

Low Stable ; Middle : :
N- n=1721 '\g'_%%lgzsggle HighStable n=1273 18.2% Increasing le?tl4lorécgeg§/lng p-value
24.6% - ° n=582 8.3% TSI
A(Eesﬁz (ir,'feég) 9.4+0.1 7.9+ 01 817+ 0.1 8.8™£0.2 8.8™£0.2 <0.0001
Sex (% female) 45.3 45.9 48.7 49.8 526 0.02
Race (%) *A *k A A A
White 80.88 76.25 67.09 67.79 5159
Hispanic 6.68 9.46 17.05 15.64 2152 <0.0001
Black 1.74 153 511 4.98 12.96
Other 10.69 12.76 10.76 11.68 13.94
Hb(ALécl\ﬂ/Tosllg)wl) 56+02 717501 85"+ 0.2 93°£0.3 10804 | <0.0001
0,
(['Sb,@ lf,_( /S"%) 7.3£0.02 8.6™"£0.01 100"+ 0.02 10.6™+0.03 120™+003 | <0.0001
B'E/J',',_Z 'SSCE(;re 0.37£0.02 0.457%0.02 0.53"+0.02 0.52""£0.03 043£0.04 | <0.0001

Likelihood ratio chi-square was used for categorical variables and univariate ANOVA for continuous variables, for all 2-18 year olds seen at the
Barbara Davis Center in Colorado between 1978-2016, with Type 1 diabetes for = 1 year, and at least 1 HbAlc measure (N=6987).

LSM: least squares mean; SE: standard error

p-value column indicates significance for the overall group comparison

= p<0.05,

*:
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Comparison of HbAlc trajectory pairs.

Table 2

Page 21

Odds Ratio (95% CI)

Middle Stable vs. Low
Stable

High Stable vs. Low
Stable

-

Middle Increasing vs.
Low Stable

s

——/\

High Increasing vs.
Low Stable

Age at onset
(per 1y increase)

0.93 (0.91-0.94)

0.95 (0.93-0.96)

0.98 (0.96-1.00)

0.97 (0.94-1.00)

Time Period

1996-2005 vs. 1978-1995

0.62 (0.52-0.75)

0.44 (0.35-0.54)

0.65 (0.50-0.86)

0.72 (0.52-0.99)

2006+ vs. 1978-1995

0.53 (0.44-0.64)

0.27 (0.22-0.33)

0.34 (0.26-0.44)

0.49 (0.35-0.67)

Female vs. Male

0.97 (0.86-1.09)

1.05 (0.90-1.22)

1.12 (0.93-1.36)

1.29 (1.03-1.62)

BMI z-score Trajectory
Group

BMIz groups 1-4

BMIz group 5 (highest) vs.

1.32 (1.08-1.61)

1.63 (1.30-2.05)

1.58 (1.19-2.09)

1.13 (0.80-1.59)

Race

Black vs. White

0.92 (0.58-1.48)

3.56 (2.27-5.59)

3.41(2.01-5.77)

12.22 (7.60-19.65)

Hispanic vs. White

1.61 (1.28-2.02)

3.60 (2.81-4.61)

3.11 (2.30-4.22)

5.64 (4.10-7.77)

Other vs. White

1.27 (1.05-1.54)

1.31 (1.03-1.67)

1.35 (1.00-1.84)

2.19 (1.56-3.05)

Comparisons were made using multinomial logistic regression, for all 2-18 year olds seen at the Barbara Davis Center in Colorado between 1978—
2016, with Type 1 diabetes for = 1 year, and at least 1 HbA1c measure (n=6987). For each column, odds ratios represent the odds of being in the
clinically worse HbAlc trajectory group compared to the ideal Low Stable group. Each row has been adjusted for every other row variable (e.g.
Age at onset has been adjusted for Time period of diagnosis, Sex, BMI z-score Trajectory 5 vs. 1-4, and Race).
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