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Abstract

Aims

Diabetic ketoacidosis (DKA) is a serious and potentially fatal complication of type 1
diabetes and it is difficult to identify individuals at increased risk. The aim of this
study was to identify predictive factors for DKA by retrospective analysis of registry

data and use of a subgroup discovery algorithm.
Materials and Methods

Data from adults and children with type 1 diabetes and >2 diabetes-related visits
were analyzed from the Diabetes Prospective Follow-up Registry. Q-Finder®, a
supervised non-parametric proprietary subgroup discovery algorithm, was used to
identify subgroups with clinical characteristics associated with increased DKA risk.

DKA was defined as pH <7.3 during a hospitalization event.
Results

Data for 108,223 adults and children, of whom 5,609 (5.2%) had DKA, were studied.
Q-Finder® analysis identified 11 profiles associated with increased risk of DKA: low
body mass index standard deviation score; DKA at diagnosis; age 6—10 years; age
11-15 years; HbA1c 28.87 [73 mmol/mol]; no fast-acting insulin intake; age <15 years
and not using a continuous glucose monitoring system; physician diagnosis of
nephrotic kidney disease; severe hypoglycemia; hypoglycemic coma; and
autoimmune thyroiditis. Risk of DKA increased with number of risk profiles matching

patients’ characteristics.
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Conclusions

Q-Finder® confirmed common risk profiles identified by conventional statistical
methods and allowed the generation of new profiles that may help predict patients

with type 1 diabetes who are at a greater risk of experiencing DKA.
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Introduction

Diabetic ketoacidosis (DKA) is a serious and potentially fatal complication of type 1
diabetes, characterized by hyperglycemia, metabolic acidosis, and ketosis." It is
caused by relative or absolute insulin deficiency, leading to accelerated

gluconeogenesis, glycogenolysis, impaired glucose utilization in peripheral tissues,

ketogenesis, and lipolysis.’ 2 Clinical management of DKA involves administration of

fluids, electrolytes and insulin.?

Several risk factors for DKA, defined by pH <7.3 and/or DKA-related hospitalization,
have been identified based on traditional analyses of the Diabetes Prospective
Follow-up Registry (DPV), which includes data of predominantly German and
Austrian patients with diabetes.® Identified risk factors for DKA include: age 11-15
years old at diabetes onset; lower mean body mass index-standard deviation score;
higher HbA1¢; migration background (e.g. place of birth for 21 parent outside of

Germany or Austria for the DPV); and higher mean number of hospitalisations.® 4

Despite knowledge of these risk factors, DKA remains a significant cause of
morbidity and mortality in people with diabetes, with hospital admissions in the US
reaching 160 000 in 2017.2 Annual incidence of DKA is reported as 8 episodes per
100 person-years in children (<18 years) and 2.5 per 100 person-years in adults,* °
though it is possible that actual values may be higher given the difficulty in
diagnosing DKA due to variability in symptoms, particularly in young children and
those who have not been previously diagnosed with type 1 diabetes.® 7 Mortality
rates in pediatric patients with DKA are between 0.15 and 0.31%, and cerebral

edema accounts for up to 87% of all DKA-related deaths.3
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Better knowledge of patient profiles associated with increased risk for experiencing
DKA will provide useful information to physicians and could lead to improvements in
the prevention and management of diabetes. Advanced analytics can supplement
the conventional statistics described above to generate new insights on DKA risk
factors using large diabetes cohorts such as the DPV. Q-Finder® (Quinten, Paris,
France), is a subgroup discovery algorithm, which identifies patient profiles
associated with an outcome of interest and the specific combinations of distinct
characteristics for each profile.%'%1" The objective of this study was to identify
predictive factors for DKA in type 1 diabetes by conducting a retrospective analysis
of data from the DPV using a novel analytical approach leveraging the Q-Finder®

algorithm.

Materials and Methods

Data Source

This was a retrospective cohort analysis of adults and children (<18 years) with type
1 diabetes in the DPV registry, from Germany and Austria. The analysis was
performed in March 2019 and included patients with a diagnosis of type 1 diabetes
with at least two diabetes-related visits in the full database. The index visit was
defined as the first type 1 diabetes-related visit recorded in the DPV, since it was first
established in 1995. The follow-up period was from day 10 after index date until a
DKA event or the last recorded visit. Ethical approval was not required as this was a
retrospective analysis of de-identified registry data; however, the overall DPV
initiative was approved by the Ethics Committee of Ulm University and by the local

Review Boards of participating centers.
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Outcome for Subgroup Discovery

The outcome of interest for subgroup discovery was occurrence of any DKA (yes/no)
defined as pH <7.3 during a hospitalization event throughout follow-up. A descriptive
analysis of study variables and covariates at the index visit was performed for

patients with and without DKA.

Q-Finder® Subgroup Discovery Analysis

The analysis was performed using Q-Finder® (Quinten, Paris, France), a supervised
non-parametric proprietary subgroup discovery algorithm for which detailed
methodology and algorithm principles have been described previously.!" Prior to
initiating the analysis, the full dataset was divided into a learning dataset (50%), test
dataset (25%) and validation dataset (25%). The datasets were created by random
sampling, stratified by DKA, age, gender, migration background (defined as a
patient, or at least 1 parent of the patient, born outside of Germany, Austria,
Switzerland or Luxembourg), HbA1c, and follow-up duration variables. The learning
dataset was first used to generate candidate profiles using 126 clinical variables
(Supplementary Table 1) potentially associated with a higher frequency of DKA,
based on the clinical and technical experience of a committee of 6 experts (from Ulm
University and Sanofi). Identified profiles were then ranked according to statistical
criteria; profiles that passed a higher number of these criteria, or scored higher on a
given criteria (i.e. greater effect size or statistical significance) were described as
more reliable and thus ranked higher."" With duplicates removed, profiles that
passed these statistical criteria were tested on the test dataset, using the same
criteria as the learning dataset, and an additional multiple test correction (Benjamini-

Hochberg). Ranked profiles were then reviewed by the expert committee for clinical
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relevance and then validated on the validation dataset. The criteria for this step-wise

process are shown in Supplementary Figure 1.

Sensitivity analysis

Sensitivity analyses were performed to assess the robustness of the findings with
DKA defined by the selected parameter (i.e. pH <7.3 during a hospitalization event),
as compared with DKA defined by other parameters: (1) pH <7.3 or bicarbonate <15
mmol/L; (2) blood glucose >13.9 mmol/L (250 mg/dL) and pH <7.3 and bicarbonate
<15 mmol/L and ketonemia and/or ketonuria (based on Deutsche Diabetes
Gesellschaft/ German Diabetes Society [DDG] guidelines); and (3) blood glucose
>11 mmol/L (200 mg/dL) and pH <7.3 and/or bicarbonate <15 mmol/L and
ketonemia and/or ketonuria (based on International Society for Pediatric and

Adolescent Diabetes [ISPAD] guidelines).

Output

The output comprised a set of patient profiles, each defined by either a criterion or a
combination of criteria that characterized a subgroup with higher rates of DKA than
the rest of the population (odds ratio [OR] >1; higher rate of DKA in patients defined
by the profile versus patients with DKA not defined by the profile). Profiles were
adjusted for the following confounding factors: age, gender, migration status and
HbA1c level (within 3 months prior to a DKA event or at the end of the study for

those who did not experience DKA), and follow-up duration.

Results
As of March 2019, the DPV included records for 516,091 people with diabetes. In
total, 126,235 had a diagnosis of type 1 diabetes, of whom 83,905 were children

(<18 years). The dataset analyzed comprised data for 108,223 patients with type 1
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diabetes and >2 diabetes-related visits. Of the 108,223 adults and children in the

dataset, 5.2% (5,609) experienced DKA.

Descriptive Analysis

Individuals with DKA were younger, had lower body mass index standard deviation
score (BMI-SDS), higher HbA1c level, an earlier onset of diabetes, and a shorter
disease duration versus non-DKA patients (Table 1). Those that experienced DKA
were also more likely to have a migration background, lower levels of supervised
physical activity (e.g. club sport or attendance at fithess centre), and required more
medical consultations versus those who did not experience DKA. For the full list of

126 clinical variables considered, refer to Supplementary Table 1.

Q-Finder® Analysis

The initial data-driven process generated approximately 120,000 candidate profiles,
which were ranked using statistical measures to enable the top 45 profiles to be
selected. The number of profiles was reduced to 15 during the testing phase, based
on statistical factors, correction for multiple testing and the selection of relevant
profiles by clinical experts. During the validation step, 11 profiles were confirmed to

be associated with increased risk of DKA: low BMI-SDS (<-1.69 adjusted for age);

DKA at onset; children aged 6—10 years; children aged 11-15 years; HbA1.28.87 [73

mmol/mol] within 3 months prior to a DKA event (or by last visit for patients without
DKA); no fast-acting insulin intake; age <15 years and not using a continuous
glucose monitoring system (CGMS); patients diagnosed with nephrotic kidney
disease; severe hypoglycemia; hypoglycemic coma between index visit and DKA
event (or by last visit for patients without DKA); and autoimmune thyroiditis. The
association of these profiles with the risk of DKA in the full dataset is presented in

Figure 1.
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Three profiles covered approximately 20% of the full dataset: HbA1c=8.87% (23%),
no fast-acting insulin (20%) and age between 11 and 15 years (19%). The profiles

with the lowest coverage of <3% of the dataset were severe hypoglycemia (3%),

diagnosis of nephrotic kidney disease (1%), and hypoglycemic coma (1%) (Figure 1).

The findings with the selected clinical profiles were consistent across the learning,

validation, and testing steps (Table 2).

Patients with a higher number of the profiles described above were at increased risk
of having DKA (Figure 2); however, fewer patients were likely to have a higher
number of profiles. For example, 64.7% of patients (n=70,018) had at least one
profile, with a DKA rate of 7.1%. By comparison, less than 5% of patients had at
least three profiles, but 19.5% of them had DKA. None of the patients had more than

seven profiles.

Sensitivity analysis

Using the alternative definitions of DKA, 5.8% (6,266) of patients experienced DKA
as defined by pH <7.3 or bicarbonate <15 mmol/L, 0.4% (448) of patients
experienced DKA according to the DDG definition, and 2.7% (2,974) of patients
experienced DKA according to the ISPAD definition. The profiles were generally
comparable when using the different definitions (Supplementary tables 2—4).
However, with the DDG definition, the profile of no short acting insulin is no longer
associated with an increased risk of DKA, while the profiles for HbA1c=28.87 [73
mmol/mol], hypoglycemia with coma, and severe hypoglycemia are no longer
statistically significant (Supplementary table 3). With the ISPAD definition, the profile

of severe hypoglycemia is no longer statistically significant (Supplementary Table 4).
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Discussion

The descriptive statistics in this analysis provided characteristics for patients with
and without DKA that were consistent with previously published data. Patients with
DKA had higher HbA1c, lower BMI, were younger, and were more likely to have a
migration background.* 213 The finding that DKA is associated with suboptimal
glycemic control (higher HbA1c) in proximity to the event is expected and has been
reported previously.* 213 The association with being underweight may reflect the
link between having a higher BMI and greater residual B-cell function that has
previously been reported in children with type 1 diabetes.' The higher likelihood of
DKA in people with a migrant background may reflect the lower household incomes
in this group, or issues around accessing appropriate diabetes educational

materials.?

Using the Q-finder® analysis, 11 profiles were confirmed to be associated with an
increased risk of DKA. The higher risk of DKA in the 11-15 years vs 6—10 years age
groups may be explained by a combination of biological and social factors. Insulin
resistance develops during puberty and may contribute to suboptimal glycemic
control during adolescence.' Furthermore, diabetes-related stigma and fear of
hypoglycemia have been associated with suboptimal glycemic control in
adolescents.'®1” As children get older and gain more autonomy in their own diabetes
management,'® they may engage in behaviors to avoid stigma and hypoglycemia
such as reduced blood glucose monitoring and poor compliance to insulin therapy,

which negatively impact glycemic control and may increase the risk of DKA.1% 20

The finding that autoimmune thyroiditis is associated with an increased risk of DKA
may reflect findings that thyroiditis is a sign of more aggressive autoimmune

responses in familial vs non-familial type 1 diabetes.?' Familial type 1 diabetes tends
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to manifest earlier and is associated with significantly higher prevalence of anti-
thyroid antibodies and a closer link with thyroiditis versus non-familial type 1
diabetes.?! Thyroiditis may therefore potentially be a marker for people with type 1
diabetes who have >1 autoimmune conditions and more aggressive type 1 diabetes.
Additionally, there are links between DKA and thyroid function that may be related to
a variety of factors including insufficient insulin secretion, highly fluctuating blood

glucose, induction of pro-inflammatory cytokines, and cell hypoxia.??

The analysis also identified novel potential DKA risk factors that do not appear to
have been described previously, such as nephrotic kidney disease, hypoglycemia
with coma, severe hypoglycemia, no fast-acting insulin, and age <15 years with no
CGMS experience. These newly identified risk factors provide valuable hypotheses
that can be tested in further studies on independent datasets. Interestingly, these
risk factors may also reflect sub-optimal glycemic control (nephrotic kidney disease,
hypoglycemia with coma, severe hypoglycemia) or lack of experience with, or
availability of tools to improve, glycemic control (age <15 years with no CGMS

experience).

The fact that matching more than one of the selected profiles is associated with an
increased risk of experiencing DKA supports their clinical relevance. The robustness
of these results derives from the large multicenter population-based database that
provided source data and the generation, testing, and validation of the clinical
profiles in independent datasets. In addition, the analysis was controlled for
confounding factors and the effects of multiple testing. In the current analysis, DKA
was defined by pH <7.3, as per previous analyses of the DPV registry. Sensitivity
analyses were performed using three other definitions of DKA based on updated

guidelines that include parameters for bicarbonate levels, blood glucose, and
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ketonemia and/or ketonuria. Results were generally consistent regardless of which
definition of DKA was used; however, the DDG definition appeared to be too

restrictive, identifying only 0.4% with DKA during follow-up.

This study is limited in some aspects. The results are limited to this specific
population from Germany and Austria, therefore further validation of these results in
an independent database with patients from a more diverse population would
provide additional confidence in the relevance of the clinical profiles. A sub-analysis
of the data would also be of interest to explore whether these identified profiles are
more strongly associated with DKA risk in adults versus children. Another limitation
is the need for human-processed data as well as the input from the committee of
experts to be applied to the algorithm, meaning that some degree of subjectivity or
bias cannot be discounted from the identification of the profiles. Additionally, the
dataset analyzed lacked information on some factors that may be associated with
DKA risk. For example, education level was not available in the dataset, and
increasing educational attainment is associated with lower HbA1c so may impact the
risk of DKA.23 Non-adherence to insulin treatment was also not captured in the
dataset, which may highlight if patients were non-adherent to their therapy, such as

insulin, which has been described as a risk factor for DKA in other studies.'? 13

In conclusion, this subgroup detection algorithm confirmed risk profiles for DKA that
were identified previously using conventional statistical methods. Furthermore, the
analysis allowed the generation of new profiles that may help healthcare
professionals identify patients at greater risk of DKA. These profiles will need to be
investigated further to better understand how they influence the development of
DKA, which may help inform on how DKA risk can be managed in adults and

children with type 1 diabetes.
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Tables

Table 1. Patient characteristics at the index visit according to occurrence of DKA

events (Yes/No)

Patient Characteristic DKA No DKA
n=5,609 (5.2%) n=102,614 (94.8%)
Mean SD Mean SD
Age, years 14.7 9.0 28.5 18.5
BMI-SDS (AGA data) 0.1 1.1 0.3 1.2
HbA1c (MOM-DCCT, 9.3 2.0 8.0 1.8
[%])
Age at onset, years 8.8 6.4 15.3 14.1
Disease duration, years | 5.9 59 10.4 10.8
Migration background, 19.8 n/a 12.0 n/a
%
Supervised physical 0.8 1.5 1.5 3.0
activity, units/wk
Medical visits, n 42 29 23 23.6

AGA, American Gastroenterological Association; BMI-SDS, body mass index-SD

score; DKA, diabetic ketoacidosis; MOM-DCCT, multiple of the mean transformation

851801 SUOWILLIOD BAERID 3(qedtidde au Aq peLLin0B a1e a1 YO SN JO SBIN 10§ ARRIGIT BUIIUO AB{IA UO (SO IPUOD-PUE-SLLLBYLIOY" A3 1 ARe.q1ou 1 UO//ScY) SUOIPUOD PU. SWie L 8L 385 *[£202/60/90] U0 ARIqIT 8UIIUO AB|IM ‘Uieg BeISBAIUN AQ GE0GT WOP/TTTT OT/I0p/L00 A |IMARIq pul uo'sqnd-wop;/:sdiy WwoJy pepeojumoq ef ‘9zeTeorT



14631326, ja, Downloaded from https://dom-pubs.onlinelibrary.wiley.com/doi/10.1111/dom.15039 by Universitaet Bern, Wiley Online Library on [06/03/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

method - Diabetes Control and Complications Trial; n/a, not applicable; SD, standard
Migration background defined as 21 parent of non-German or non-Austrian heritage.

deviation; wk, week.



Table 2. Statistical indicators of selected profiles during the learning, validation, and testing steps

Learning (N=54,111)

Validation (N=27,056)

Testing (N=27,056)

Variable Threshold
OR (95% CI) OR (95% CI) OR (95% CI)

Standardized HbA1c, % >8.87 % | 4.22 (2.74-6.55) 4.55 (2.43-8.68) 5.12 (2.83-9.46)
Age range, years 6-10 1.58 (1.35-1.84) 2.42 (1.97-2.97) 2.17 (1.76-2.65)
Age range, years 11-15 4.05 (3.65-4.50) 3.77 (3.25-4.38) 3.46 (2.99-4.01)
Diagnosis of nephrotic kidney

Yes 3.59 (2.64-4.81) 2.87 (1.88-4.26) 2.44 (1.59-3.63)
disease
DKA at onset Yes 1.57 (1.37-1.80) 1.99 (1.64-2.39) 1.53 (1.26—1.86)
Hypoglycemia with coma 21 event | 6.36 (4.32-9.17) 7.69 (4.36—-12.98) 6.48 (3.98-10.22)
Hypoglycemia no coma 21 event | 2.35(1.73-3.12) 3.52 (2.32-5.19) 2.65 (1.78-3.83)
Diagnosis of thyroiditis Yes 1.99 (1.67-2.37) 1.81 (1.39-2.33) 1.35 (1.02-1.76)
Standardized BMI <-1.69 2.75 (2.10-3.56) 2.41 (1.60-3.52) 2.57 (1.77-3.64)
Fast-acting insulin intake No 1.55 (1.39-1.74) 1.42 (1.21-1.67) 1.44 (1.23-1.69)
Age, years <15.3 7.66 (6.13-9.62) 7.77 (5.59-10.95) 7.89 (5.68-11.07)
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+ CGMS days

0

BMI, body mass index; CGMS, continuous glucose monitoring system; ClI, confidence interval; DKA, diabetic ketoacidosis; OR,

odds ratio.
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Figures

Figure 1. Association of validated profiles with the risk of DKA in the full dataset
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TEffect size criterion corrected for confounders; *Effect significance criterion corrected for confounders. Confounding factors: age, gender, migration status,

last recorded HbA1c within 3 months prior to a DKA event or at the end of the study for those who did not experience DKA, and follow-up duration.
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Figure 2. Risk of DKA according to the number of overlapped profiles a patient belongs to
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