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Abstract

Objective: To examine the association between glycated hemoglobin (HbAlc) and severe
hypoglycemia rates in patients with type 1 diabetes receiving usual care, by analysing data from
the US Type 1 Diabetes Exchange (T1DX), German/Austrian Diabetes Patienten
Verlaufsdokumenation (DPV), and Western Australian Children Diabetes Database (WACDD)
diabetes registries.

Methods: Data for patients with type 1 diabetes, aged <18 years with a minimum duration of
diabetes of 2 years, were extracted from each registry for a 12-month observation period between
2011 and 2012 (7,102 T1DX, 18,887 DPV, and 865 WACDD). Rates of severe hypoglycemia
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(self-reported loss of consciousness/convulsion) were estimated per 100 patient-years and
analyzed by HbA1c, source registry, treatment regimen, and age group.

Results: Overall, the severe hypoglycemia rate per 100 patient years was 7.1, 3.3, and 6.7 in
T1DX, DPV, and WACDD patients, respectively. Lower HbAlc was not associated with an
increased rate of severe hypoglycemia when examined by source registry, treatment regimen, or
age group.

Conclusion: An inverse relationship between mean HbALc and risk of severe hypoglycemia was
not observed in this study of 3, independent cohorts of children and adolescents with type 1
diabetes. Investigation in other large, longitudinal cohorts is recommended to further characterize
the contemporary relationship between glycemic control and risk of severe hypoglycemia rates in
pediatric patients with type 1 diabetes.
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INTRODUCTION

An ongoing challenge for clinicians and patients with type 1 diabetes is how to achieve
optimal glycemic control, without increasing the risk of severe hypoglycemia.l The
landmark Diabetes Control and Complications Trial (DCCT) reported a significantly
reduced risk of diabetes-related complications in patients with type 1 diabetes, aged between
13 and 39 years at trial entry, who received intensive (median HbAlc 7%; 54 mmol/mol)
compared with conventional (median HbALc 9%; 75 mmol/mol) diabetes treatment.?
However, the major adverse finding in this clinical trial was a 3-fold increased risk of severe
hypoglycemia events in patients who were randomized to the intensive management arm of
the study. In keeping with this, the DCCT reported a significantly higher risk of severe
hypoglycemic events (when defined as requiring assistance or when defined as seizure or
coma) associated with lower glycemic control.® Consistent with this, a higher rate of severe
hypoglycemia was associated with lower glycemic control and in non-trial cohorts in the
1990s, such as the population-based pediatric sample in Western Australia.# The relationship
between lower glycemic control and increased risk of severe hypoglycemia, together with
the life-threatening nature of these events, has understandably contributed to a fear of
hypoglycemia in patients and their care givers, and been a major barrier in the achievement
of optimal glycemic control.>:

In recent years, studies in large longitudinal cohorts of pediatric patients with type 1 diabetes
suggest that the relationship between glycemic control and severe hypoglycemia may have
weakened.”-10 For example, in youth aged <20 years in Germany and Austria, the severe
hypoglycemia rate decreased significantly between 1995 and 2012 despite simultaneous
improvements in glycemic control,8 and in Denmark, the national severe hypoglycemia rate
halved in children with type 1 diabetes between 2008 and 2013 and no association was
found with prevailing HbA1lc.’
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Considering advances made in diabetes therapies over the past decades in insulin analogues,
insulin delivery systems, glucose-monitoring technologies, and patient education, a change
in the relationship between HbAlc and risk of severe hypoglycemia is theoretically
plausible, and would have important clinical implications for achieving glycemic targets in
pediatric patients with type 1 diabetes. The establishment of well-standardized, longitudinal
diabetes registers in many developed countries which span this time period provide an
invaluable resource for monitoring changes in diabetes-related exposures and outcomes, and
enable comparisons between countries and populations. Therefore, the aim of this study was
to investigate the hypothesis that lower HbAlc is no longer associated with an increased risk
of severe hypoglycemia in contemporary pediatric patients with type 1 diabetes, by
examining the relationship between HbAlc and severe hypoglycemia in 3, independent
cohorts of patients with type 1 diabetes.

2| METHODS

2.1| Study populations

Data were analyzed from the Type 1 Diabetes Exchange clinic registry (T1DX) in the United
States, the DPV (Diabetes Patienten Verlaufsdokumenation) database in Germany and
Austria and the Western Australian Children’s Diabetes Database (WACDD) in Western
Australia. All are longitudinal, prospective diabetes registries that have previously been
described in detail 1113

The T1DX which was established in 2010, is a non-population based, multicentre clinic
registry with patient data collected via annual questionnaires and from clinic visits.11
Approximately one-fourth of patients attending the participating centres are enrolled in the
T1DX. The DPV, established in 1995, and the WACDD, established in 1987, are both
population-based registries with patient data collected at quarterly clinic visits and have
estimated case-ascertainment rates of 80% and >999%, respectively.12.13

2.2 | Patient selection

Data were extracted from each registry, for all patients diagnosed with type 1 diabetes, with
data available for a minimum of 12 months between 2011 and 2012. To be included in the
analysis, patients had to be aged <18 years and have a minimum duration of diabetes of 2
years at their last clinic visit during the study period.

The data extract consisted of 1 or more records per patient, depending on the number of
clinic visits they attended during the study period. Variables available for analysis included
age at diagnosis, sex, date of visit, current age, duration of diabetes, HbAlc, total daily
insulin dose, insulin treatment regimen, and number of severe hypoglycemia events since
last clinic visit/questionnaire.

2.3| Primary outcome

The primary outcome of this study was the occurrence of severe hypoglycemia, defined in
accordance with International Society for Pediatric and Adolescent Diabetes (ISPAD)
guidelines, as a hypoglycemic event resulting in loss of consciousness or seizures.1 In the

Pediatr Diabetes. Author manuscript; available in PMC 2020 April 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Haynes et al.

2.4

25|

Page 4

T1DX, data on severe hypoglycemia events were collected via a questionnaire that asked
how many times over the past 12 months the participant experienced a severe hypoglycemic
event where seizure or loss of consciousness occurred.!! In the DPV and WACDD registries,
the number of self-reported severe hypoglycemia events occurring since the last clinic visit
was recorded at each visit, with most patients attending approximately every 3 months.12:13
Patients are asked by their clinician how many times since the last clinic visit they had
experienced a hypoglycemic event. If any events are reported, further questions relating to
whether or not assistance was required to administer glucose or glucagon and whether or not
the event resulted in loss of consciousness/coma or a hospital visit are determined in order to
classify the event as being either moderate or severe.

Covariates

The main exposure of interest in this study was the mean HbA1c calculated for each patient
for the 12-month study observation period. Patients were categorized into 4 groups
according to their mean HbA1c (<7.0% [<53.0 mmol/mol], 7.0% to <8.0% [53 to <64
mmol/ mol], 8.0% to <9.0% [64 to <75 mmol/mol], 29.0% [>75 mmol/mol]), with the
groups representing clinically relevant categories ranging from very good to poor glycemic
control.

To enable adjustment for potential confounders or effect modifiers, data available for
duration of diabetes, age and insulin treatment regimen were also included in the analyses.
Patients were classified as having a duration of diabetes of 2-<5 years or >5 years, into age
groups according to their current age at the last visit (<6 years, 6 to <13 years, 13 to <18
years) and as being treated with either injections or Continuous Subcutaneous Insulin
Infusion (CSII) according to the treatment regimen they were on for the majority of the
observation period. The age group categories used in this study reflect preschool, pre-
adolescent and adolescent ages and the social/psychosocial factors inherent to these life-
stages.

Statistical analyses

For each patient included in the study, the total number of severe hypoglycemia events and
total observation time (in years) over which these events were collected for were calculated.
For individuals in the T1DX, data for an exact observation period of 12 months was
extracted, resulting in each individual having 1 year of observation time. For the DPV and
WACDD registries, data were extracted for all available observation time during the study
period 2011-2012, during which the patient met the study inclusion criteria. Therefore,
patients from these 2 registries contributed variable observation time. To calculate the severe
hypoglycemia rate per category analyzed, the total number of severe hypoglycemia events of
relevant patients was used as the numerator and their summed total observation time used as
the denominator. The resulting rate was then multiplied by 100 to provide the severe
hypoglycemia rate per 100 patient years. To determine the relative risk of severe
hypoglycemia according to HbAlc, the incidence rate ratio was estimated for each HbAlc
category, using the 7.0% to <8.0% (53 to <64 mmaol/mol) group as the reference group.
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Multivariable analysis was conducted using negative binomial regression modelling to
account for over-dispersion of severe hypoglycemia events.1® The base model for severe
hypoglycemia included HbA1c category as the only independent variable, providing
unadjusted severe hypoglycemia rates for each HbAlc category.

Duration of diabetes, current age, sex, and treatment regimen categories were then added to
the model to estimate severe hypoglycemia rates for each HbAlc category, after adjusting
for these potential confounding factors. To examine duration of diabetes, age, and treatment
regimen for effect modification on the relationship between HbAlc and severe
hypoglycemia, cross-product terms between each HbAlc group and each of these variable
groups were added in turn to the adjusted model and tested for significant interaction effects.

A two-tailed P-value <.05 was considered statistically significant, with the Bonferroni-
Stepdown method for correction of ~values applied for multiple comparisons. All the
analyses were performed using SAS version 9.4 (SAS Institute Inc., Cary, North California).

2.6| Ethics

The study was performed according to the principles of the Declaration of Helsinki for
medical research, and approved by the ethics committees of each registry centre, as well as
the local institutional review boards of participating centres.

3| RESULTS

In total, 7,102 patients were included from the T1DX registry, 18,787 from the DPV registry
and 865 from the WACDD registry (Table 1). There were no clinically significant
differences across the registries in the proportion of boys, mean age at diagnosis, or mean
duration of diabetes (Table 1). Notably, 59% of patients in the T1DX registry were treated
by CSIlI, compared with 41% of DPV and 35% of WACDD patients. The mean HbAlc was
8.6% (70 mmol/mol) in T1DX patients compared with 8.0% (64 mmol/mol) in DPV and
8.2% (66 mmol/mol) in WACDD patients (Table 1).

3.1| Rate of severe hypoglycemia (loss of consciousness/seizure) by source registry

Overall, there was a severe hypoglycemia rate of 3.3 (95%ClI: 3.0-3.6) per 100 patient-years
in the DPV cohort, 7.1 (95%CI: 6.3-8.0) per 100 patient-years in the TLDX cohort, and 6.7
(95%Cl: 4.8-9.5) per 100 patient-years in the WACDD cohorts (Table 1).

3.2 | Rate of severe hypoglycemia by source registry and HbAlc category

An inverse relationship between the severe hypoglycemia rate and glycemic control as
measured by HbAlc, was not observed in any of the registry cohorts (Figure 1A, Table 2). In
the T1DX cohort, the severe hypoglycemia rate in patients with a mean HbAlc =9.0% (=75
mmol/mol) was significantly higher than that in patients with a mean HbAlc of 7.0% to
<8.0% (53 to <64 mmol/mol) (P=.001, Table 2). In the DPV cohort, a low and relatively
stable severe hypoglycemia rate was observed across all HbAlc categories (dotted line in
Figure 1A, Table 2). The severe hypoglycemia rates observed in both the T1DX and
WACDD cohorts were significantly higher than those observed in the DPV cohort (rate ratio
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T1DX vs DPV 2.14 [95%Cl: 1.86-2.62], A< .001; WACDD vs DPV 2.03 [95%CI: 1.42—
2.88], P<.001) but not significantly different from each other (rate ratio WACDD vs T1DX
0.95 [95%Cl: 0.65-1.34], NS) (Figure 1A).

Rate of severe hypoglycemia by registry, HbAlc category, and treatment regimen

As treatment regimen was found to have significant effect modification (£<.001) in the
multivariable analyses for all 3 registries, the relationship between HbAlc category and
severe hypoglycemia rates for each registry cohort was analyzed stratified by treatment
regimen, and results are presented for all patients combined (Figure 1A, Table 2) as well as
patients treated by injections (Figure 1B, Table 3) and CSII separately (Figure 1C, Table 3).

In the DPV cohort, a low severe hypoglycemia rate was observed across all HbAlc
categories, with no inverse relationship observed in patients combined (dotted line in Figure
1A, Table 2), patients treated by injections or patients treated with CSII (dotted line in
Figure 1B,C, Table 3).

For patients treated with injections in the T1IDX and WACDD cohorts, the severe
hypoglycemia rate /ncreased, rather than decreased, with higher HbA1c categories (solid and
dashed lines in Figure 1B, Table 3). The relationship between HbAlc and severe
hypoglycemia rate was less clear for patients treated by CSII in the WACDD cohort (dashed
line in Figure 1C, Table 3), probably due to the smaller number of patients in this cohort.
These observations remained unchanged after adjusting for age, sex, and duration of
diabetes (Table 3).

With all registry cohorts combined, the severe hypoglycemia was significantly higher in
patients treated with injections compared with those on CSI|I (rate ratio inj. vs CSll: 1.34
[95%CI: 1.16-1.56], A< .001). When analyzed separately, a significantly higher severe
hypoglycemia rate was observed for patients treated with injections compared with CSIlI in
the DPV (rate ratio Inj. vs CSII: 1.56 [95%CI: 1.28-1.90] A< .001) and T1DX (rate ratio
inj. vs CSlI: 1.38 [95%CI :1.09-1.76] P < .001) cohorts. A statistically significant difference
was not found for the WACDD cohort, most likely due to the smaller number of cases in this
cohort and reduced statistical power (rate ratio Inj. vs CSll: 1.67 [95%CIl: 0.84-3.31] NS).

Rate of severe hypoglycemia by HbAlc category and age group

Due to inadequate cases numbers in the youngest age group for the WACDD and T1DX
cohorts, the relationship between severe hypoglycemia rates and HbALc in children aged <6
years was restricted to patients in the DPV registry, in whom no association between HbAl1c
and severe hypoglycemia rates was observed (Figure 2A). The mean severe hypoglycemia
rate was stable across all HbAlc categories for all 3 age groups in the DPV registry (Figure
2A-C).

In 6 to <13 year olds, a higher mean severe hypoglycemia rate was estimated in those with
an HbAlc 29.0% (=75 mmol/mol) for patients in the TLDX and WACDD registries;
however, the estimates had wide 95% Cls reflecting a low number of cases in this age group
(Figure 2B). In the oldest age group of 13 to <18 years, no inverse association was observed
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between the mean severe hypoglycemia rate and HbA; categories in all 3 registry cohorts
(Figure 2C).

4| DISCUSSION

This international, collaborative study reports the lack of an inverse relationship between
rates of severe hypoglycemia and glycemic control as measured by HbAlc, in 3,
independent contemporary cohorts of youth with type 1 diabetes. Importantly, the lack of
inverse relationship between severe hypoglycemia and HbA1c reported in this study, was
observed in patients treated with both CSII and injection therapy.

The benefits of near normal glycemic control in partially preventing or delaying
microvascular complications of diabetes and reducing the morbidity and mortality in
patients with type 1 diabetes are well established.16:17 Similarly, the real risks of morbidity
and mortality associated with hypoglycemia are also established,® and it is known that
hypoglycemia can be fatal.18 In young children with type 1 diabetes, the challenge of
optimizing glycemic control whilst minimizing the risk of severe hypoglycemia is even
greater because of their erratic and often unpredictable eating and physical activity levels
and the potential increased risk of long-term neurocognitive deficits due to the effect of
hypoglycemic episodes on the developing brain.1920 Reassuringly, a recent study has shown
that optimal glycemic control is achievable without increasing the risk of severe
hypoglycemia even in young children with type 1 diabetes.®

A change in the association between higher HbAlc and rates of severe hypoglycemia during
the past decades has been reported in several populations.”8:10.21 For example, a significant
reduction in severe hypoglycemia rates was observed in Germany and Austria between 1995
and 2012, despite the maintenance of or improvement in HbAlc over the same period® and
in Western Australia a halving of severe hypoglycemia rates was observed between 1999
and 2011 despite improvements in overall HbAlc over the same time period.22

The strengths of this study are its use of data from multiple, independent, prospective
diabetes registries. The data are either population-based or in the case of the T1DX,
considered to be generally representative of the total pediatric population attending the
participating diabetes centres.1! In contrast to the relationships observed between HbAlc
and severe hypoglycaemia rates in the DCCT, which were based on patients in a well-
controlled clinical trial setting, the relationships reported in this study are based on registry
data from patients receiving usual care in a variety of clinical settings, and reflect
contemporary advances in clinical practice and application of diabetes therapies in multiple,
international pediatric populations. For instance, patients with an HbAlc <7% in the cohorts
examined in this study probably represent a self-selected group of patients achieving this
high level of glycemic control whilst receiving their usual clinical care, in contrast to
patients in the intensively managed arm of the DCCT who achieved lower HbAlc levels
with additional, intensive oversight provided by health care providers. Availability of data on
sex, age, duration of diabetes, and treatment regimen enabled adjustment of these known
potential confounders on the rate of severe hypoglycemia in this study.23 As individual level
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indicators of socioeconomic status were not available for individuals from all registries
included in this study, any influence of this measure could not be analyzed.

Limitations of the study include the use of HbAlc as a measure of glycemic control which
reflects the average glycemic control over the previous 4 to 12 weeks, without any
information on glycemic fluctuations or variability over that period. However, HbA1c is still
recommended as the most useful measure of glycemic control in patients with diabetes, and
remains the only measure for which good evidence is available in terms of later risk of
complications of diabetes.1” Another limitation of this study is that severe hypoglycemia
event data were retrospectively collected either at quarterly clinic visits in the DPV and
WACCD, or via an annual questionnaire in the T1DX, resulting in the potential for recall
bias and possible under or over-reporting. However, this is anticipated to be minimal as, due
to their severity, it has been shown that recall of severe hypoglycemia events is relatively
accurate 1 year after they occur.24 Although the T1DX is not population-based and may
have selection bias with patients more likely to be of higher socioeconomic status and
treated at academic treatment centres, this is unlikely to have biased the association of
HbA1c to severe hypoglycemia rates, but may impact the generalizability of the findings to
the whole type 1 diabetes population in the United States.

In interpreting the study findings, it is important to note that this study was unable to
account for the temporary relationship between severe hypoglycemic events and
concomitant changes in HbAlc. Therefore, possible explanations for the lack of inverse
association observed between HbA1c and severe hypoglycemia rates resulting from
variation in HbAlc due to changes in clinical targets, or lack of adherence to medical
management cannot be excluded. For instance, it is possible that in patients who experienced
a severe hypoglycemic event, the severity of the event may have resulted in a post-event
increase in HbALc due to increased fear of hypoglycemia and either patient or clinician-led
loosening of glycemic control. Conversely, a tightening of glycemic control could precede
the occurrence of a severe hypoglycemic event in patients with a high HbAlc resulting in an
apparent increased risk of severe hypoglycemia being observed in patients with a higher
mean HbAlc.

Keeping these limitations in mind, it is possible that advances in diabetes therapies and
technologies over the past decades could be enabling better glycemic control without a
corresponding increase in the risk of severe hypoglycemia. Such advances could include the
introduction, and increased use, of insulin analogues, CSII therapy, increased frequency of
SMBG, continuous glucose monitoring (CGM), use of carbohydrate counting and
calculators for insulin dose adjustments and improvements in patient education and
management of hypoglycemia.8:2526 |rrespective of such advances in modern diabetes
therapies and technologies, the application of clinical recommendations and patient
education remain critical in minimizing the risk of hypoglycemia in patients with type 1
diabetes.2027 This includes effective patient/caregiver education regarding hypoglycemia
awareness and management, strategies for appropriate dietary intake and exercise-related
insulin adjustments and the importance of self-blood glucose monitoring.2% Given the real
risks associated with severe hypoglycemia, glycemic targets need to be individualized,
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taking into account the patient’s age, comorbidities, lifestyle, personal/caregiver preferences,
and the potential impact of hypoglycemia.l 28

In conclusion, this study reports that an inverse relationship between HbAlc and severe
hypoglycemia was not observed in 3 contemporary cohorts of youth with type 1 diabetes.
Investigation in other large, longitudinal cohorts is recommended to further characterize the
contemporary relationship between glycemic control and risk of severe hypoglycemia rates
in pediatric type 1 diabetes.
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A-C, Unadjusted mean severe hypoglycemia (SH) rate per 100 patient years by glycated
hemoglobin (HbA1c) category and registry for (A) all patients combined, (B) patients
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HbA1c% category

treated with injections, and (C) patients treated with CSII

Pediatr Diabetes. Author manuscript; available in PMC 2020 April 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Haynes et al.

Registry:
35 1
30 4

25 -

SH rate
20
(per 100
patient 15 -
years) 10

5 4
0

A

+¢@e¢DPV @@= TIDX «=@==WACDD
<6 year olds
[ YT & é. '''''''''' T

SH rate
(per 100
patient 15 |
years) o |

<7 7.0-<80 8.0-<9.0 >=9.0
HbA1c¢% category

6-<13 year olds

SHrate 20
(per 100
patient
years) o

<7 7.0-<80 8.0-<9.0 >=9.0
HbA1c¢% category

13<18 year olds

FIGURE 2.

<7 7.0-<8.0 8.0-<9.0 >=9.0
HbA1c% category

Page 13

A-C, Severe hypoglycemia rate (SH) adjusted for sex and diabetes duration by registry and
glycated hemoglobin (HbA1c) category for patients aged <6 years (A); 6 to <13 years (B)
and 13 to <18 years (C). Error bars represent upper and lower 95% confidence interval of

estimated marginal mean SH rate. A, Includes patients from the Diabetes Patienten

Verlaufsdokumenation (DPV) registry only due to small case numbers in this subgroup in
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the Type 1 Diabetes Exchange (T1DX), and Western Australian Children Diabetes Database
(WACDD) registries
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