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Diabetic Ketoacidosis at Diagnosis
of Type 1 Diabetes Predicts Poor
Long-term Glycemic Control
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This study tested the hypothesis that diabetic ketoacidosis (DKA) at diagnosis of
type 1 diabetes in children predicts poor long-term glycemic control independently
of established risk factors.
RESEARCH DESIGN AND METHODS

This was a prospective cohort study of 3,364 Colorado residents diagnosed with
type 1 diabetes before 18 years of age, in 1998–2012, and monitored for up to
15 years. Of those, 1,297 (39%) had DKA at diagnosis (blood glucose >250 mg/dL,
and venous pH <7.3 or bicarbonate <15 mEq/L). Severity of DKA was further classiﬁed as mild/moderate (pH 7.10–7.29 or bicarbonate 5–14 mEq/L) or severe (pH <7.10
or bicarbonate <5 mEq/L). HbA1c levels were measured an average of 2.8 times/year
(median 20 HbA1c values/patient). A linear mixed model was used to examine the
effect of DKA on long-term HbA1c levels, adjusting for age, race/ethnicity, sex, family
history of diabetes, health insurance, and insulin pump use.
RESULTS

DKA at diagnosis predicted persistently elevated HbA1c levels. Compared with children without DKA, HbA1c tracked 1.4% (15.3 mmol/mol) higher in those with severe
DKA (P < 0.0001) and 0.9% (9.8 mmol/mol) higher in those with mild/moderate DKA
at diagnosis (P < 0.0001). These effects were independent of ethnic minority status or
lack of health insurance at diagnosis that predicted higher HbA1c by 0.5% (5.5 mmol/mol;
P < 0.0001) and 0.2% (2.2 mmol/mol; P < 0.0001), respectively. Insulin pump use or
having a parent or sibling with type 1 diabetes predicted lower long-term HbA1c by,
respectively, 0.4% (4.4 mmol/mol; P < 0.0001) and 0.2% (2.2 mmol/mol; P = 0.01).
CONCLUSIONS

DKA at diagnosis of type 1 diabetes in children predicts poor long-term glycemic
control, independent of demographic and socioeconomic factors.
Diabetic ketoacidosis (DKA) is a life-threatening complication affecting 30–46% of children with newly diagnosed type 1 diabetes in the U.S. (1,2). Although mortality is
currently ,1%, DKA is still associated with detrimental neurocognitive outcomes
(3,4). DKA is largely preventable because it often results from delayed care caused
by low awareness of diabetic symptoms in the community and among health care
providers (5–7).
Type 1 diabetes results from the autoimmune destruction of b-cells in the pancreas
and the subsequent lack of insulin. Severe hyperglycemia and systemic inﬂammation
associated with DKA have been shown to further deplete functional pancreatic islets (8).
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RESEARCH DESIGN AND METHODS
Study Population

The study cohort consists of 3,364 Colorado
residents aged 0–17 years diagnosed with
type 1 diabetes between 1998 and
2012 and monitored at the Barbara Davis
Center for Diabetes (BDC) for at least
1 year and up to 17 years, until 8 April
2016. Type 1 diabetes was diagnosed
by a physician based on the clinical phenotype and measurement of islet autoantibodies. Of the 3,926 potential study
participants, excluded were children with
type 2 diabetes (n = 238), monogenic diabetes (n = 13), diabetes secondary to
cystic ﬁbrosis (n = 72) or other conditions
(n = 40), and indeterminate diabetes (n =
19) (2). Also excluded were children with
unknown DKA status at diagnosis (n =

105) and those for whom fewer than
two HbA1c measurements were available
(n = 75). These exclusions left 3,364 children with type 1 diabetes for the study
population of interest.
Demographic, insurance status, and
clinical characteristic data were extracted
from medical records. Patients were
monitored at the BDC, which serves
youth with diabetes in Colorado. The
BDC is the default ambulatory service
for the Children’s Hospital of Colorado
Network of Care (CHCO), which provides
more than 60% of general pediatric care
and more than 90% of pediatric subspecialty care in Colorado. A populationbased registry of childhood diabetes,
Search for Diabetes in Youth (SEARCH),
has shown that 82% of all Colorado children with diabetes and 84% of those
with type 1 diabetes diagnosed between
2002 and 2012 were seen at the BDC. This
pattern has not changed during the past
15 years; thus, the data presented in this
analysis are representative of the state
of Colorado.
Race/ethnicity was based on parental
report deﬁned using the 2000 U.S. Census.
Because only 16% of our participants were
Hispanic, 4% non-Hispanic Black, and 4%
other, these race categories were combined, and subsequently in the analyses
race was dichotomized into non-Hispanic
white versus other (nonwhite or Hispanic). Insurance status before diagnosis
of diabetes was categorized as 1) private
insurance, 2) government-provided insurance (Medicaid, TRICARE, Colorado Resident Discount Program, or Child Health
Plan Plus), or 3) none. HbA1c levels were
measured at baseline and also at each
visit (2.8 visits/year, on average; median
20 visits/patient) using the DCA 2000+
(Bayer).
Standard criteria (20) were used to deﬁne DKA (blood glucose .250 mg/dL, and
venous pH ,7.3 or bicarbonate ,15
mEq/L). Severity of DKA was further classiﬁed as mild/moderate (pH 7.10–7.29 or
bicarbonate 5–14 mEq/L) or severe
(pH ,7.10 or bicarbonate ,5 mEq/L).
The Colorado Institutional Review Board
(COMIRB) approved the protocol and
granted a waiver of informed consent.
Statistical Analysis

A Student t test was used to compare
continuous variables at baseline between
the children who presented with DKA and
those without DKA. A x2 test was used to

compare categorical data. Individual average HbA1c levels were calculated annually, starting 60 days after the diagnosis
through the follow-up. Pearson correlation coefﬁcients were used to examine
the correlation and covariance matrices
for the repeated measures of HbA1c level
over time.
A linear mixed model was used to estimate the mean change in the HbA1c levels
over time by DKA status (yes/no) to account for the inherent correlation of repeated measures on the same individual
over time. The ﬁrst model was unadjusted, and the ﬁxed effect of the model
consisted of time (yearly), DKA status
(yes/no), and an interaction of DKA status
by time. A second unadjusted linear
mixed model was used to estimate
the mean change in the HbA1c level over
time by DKA severity (no, mild/moderate,
severe). A ﬁnal linear mixed model was
used to estimate the mean change
in the HbA 1c level over time by DKA severity category (no, mild/moderate, severe), adjusting for age at diagnosis,
race/ethnicity, sex, family history of diabetes, insurance status, and insulin pump
use.
For all linear mixed models performed,
model assumptions, such as a normally
distributed outcome measure, were
checked. All models were further assessed to verify there was in fact a linear
trend over time and that a quadratic or
spline term did not signiﬁcantly improve
the model ﬁt. Finally, transformed residuals, using the Cholesky decomposition
technique, were examined to assess the
adequacy of the ﬁtted models and additionally to look for an indication of any
outliers. Because the mixed model analyses assume data are missing at random,
the missing data pattern was checked,
and the assumption was veriﬁed by plotting the means over time stratiﬁed by the
time of the last measure completed. A
P value of ,0.05 was considered statistically signiﬁcant for all analyses. The statistical analysis was performed using
SAS 9.3 software of the SAS System for
Windows.
RESULTS

DKA at diagnosis was present in 1,297
of the study participants (38.6%). The
baseline characteristics of the study population stratiﬁed by DKA status are reported
in Table 1. Children who presented in
DKA were younger, more often nonwhite

Downloaded from http://diabetesjournals.org/care/article-pdf/40/9/1249/548981/dc170558.pdf by guest on 17 May 2022

Lower residual b-cell function (9),
higher insulin requirements (10), and
worse glycemic control (11) during the
following 1–2 years have been shown in
children with DKA at presentation compared with those diagnosed with milder
symptoms. Early tight glycemic control, as
measured by hemoglobin A1c (HbA1c),
prevents diabetic complications (12–14),
while loss of residual b-cell function
increases the risk of retinopathy, nephropathy, neuropathy, and severe hypoglycemia (15). DKA may worsen glycemic
control and prognosis of diabetes through
exacerbation of b-cell loss at diagnosis
independently of other factors such
as age and intensity of postdiagnosis
management.
Despite advances in medical management, type 1 diabetes remains a burdensome disease with everyday challenges
and substantial medical costs. In addition,
most youth with type 1 diabetes do not
meet the American Diabetes Association
guidelines for glycemic control (16) and
are likely to experience excess morbidity
and premature mortality (17–19).The objective of this study was to test the hypothesis that children who present in DKA
at the diagnosis of type 1 diabetes experience worse glycemic control later in the
course of the disease, independently of
demographic and socioeconomic factors
or access to care that are associated with
both onset DKA and long-term diabetes
care and glycemic control. If conﬁrmed as
an independent predictor of glycemic
control, DKA should be seen as a preventable risk factor for long-term diabetic
complications.
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Table 1—Baseline characteristics of the study population
DKA
n = 1,297

No DKA
n = 2,067

P value

Age at onset (years)*

0 (0)

8.8 6 4.6

9.4 6 4.3

,0.0001

Sex
Female
Male
Ethnicity
Non-Hispanic white
Nonwhite or Hispanic

0 (0)
585 (45.1)
712 (54.9)

956 (46.2)
1,111 (53.8)

897 (69.3)
398 (30.7)

1,638 (79.3)
427 (20.7)

743 (57.9)
390 (30.4)
151 (11.7)

1,535 (74.6)
401 (19.5)
122 (5.9)

122 (9.4)
440 (33.9)
735 (56.7)

189 (9.2)
633 (30.6)
1,245 (60.2)

58 (4.5)

287 (14.0)

576 (45.3)
638 (50.2)

879 (42.9)
883 (43.1)

471 (36.3)

844 (40.8)

0.009

12.1 6 2.0
109 6 21.9

10.8 6 2.5
95 6 27.3

,0.0001

8.4 6 1.7
68 6 18.6

8.0 6 1.5
65 6 16.4

,0.0001

693 (66.6)
348 (33.4)

d
d

Insurance status
Private
Government
None
Location of residence
Rural
Urban
Metropolitan
Family history
First-degree relative with diabetes
Family history of diabetes
Yes
No
Insulin pump use
At type 1 diabetes diagnosis*
HbA1c (%)
HbA1c (mmol/mol)
At 60 days post type 1 diabetes
diagnosis*
HbA1c (%)
HbA1c (mmol/mol)
DKA severity
Mild or moderate
Severe

0.16

,0.0001

4 (0.1)

,0.0001

22 (0.7)

0 (0)

0.11

,0.0001

43 (1.3)

0 (0)

CONCLUSIONS

410 (12)

278 (8.3)

256/1,297 (19.7)

d

*Student t test was used to compare continuous variables, which are presented as mean 6 SD;
otherwise, a x2 test was used to compare categorical data, which are presented as n (%).

or Hispanic, more often uninsured or
covered by a government-provided insurance plan, and less likely to have
ﬁrst-degree relatives with type 1 diabetes than children presenting without
DKA. As expected, HbA1c levels at diagnosis of type 1 diabetes, as well as 60 days
after the diagnosis, were higher in children diagnosed in DKA. Among children
who presented in DKA, one-third had severe DKA.
Longitudinal HbA1c levels up to 15 years
after type 1 diabetes diagnosis are shown
by DKA status in Fig. 1 and by severity
of DKA in Fig. 2. Throughout the entire
study period, HbA1c levels in children
presenting in DKA remained 0.3–1.0%
(3.3–10.9 mmol/mol) higher than those
diagnosed with milder symptoms. There
was an apparent dose-response relationship between the severity of DKA and the
average HbA1c during the entire follow-up
period. HbA1c gradually increased in all

groups, consistent with gradual loss of
endogenous insulin secretion reported
both in type 1 and type 2 diabetes.
Multivariate Analysis

DKA at diagnosis predicted elevated longitudinal HbA1c levels independent of
other factors in a multivariate mixedeffects model (Table 2). Compared with
children without DKA, HbA1c tracked 1.4%
(15.3 mmol/mol) higher in those with
severe DKA (P , 0.0001) and 0.9%
(9.8 mmol/mol) higher in those with
mild/moderate DKA (P , 0.0001). These
effects were independent of ethnic minority status or lack of health insurance
at diagnosis, which predicted higher
HbA1c by 0.5% (5.5 mmol/mol; P ,
0.0001) and 0.2% (2.2 mmol/mol; P ,
0.0001), respectively. The effect of DKA
was also independent of insulin pump use
or having a parent or sibling with type 1
diabetes, which predicted lower HbA1c by

The major novel ﬁnding of this study is
the sustained negative effect of DKA at
diagnosis of type 1 diabetes in children
on glycemic control during the following 15 years. Importantly, this effect is
independent of demographic and socioeconomic factors (younger age, ethnic
minority status, male sex) or access to
care barriers that are associated with
both DKA and long-term glycemic control. The dose-response effect of DKA
severity on future poor glycemic control
strengthens the evidence for causality.
Therefore, DKA at diagnosis of type 1
diabetes is not just an acute complication but is also a harbinger of increased
morbidity and mortality associated with
poor glycemic control. Consequently,
effective prevention of DKA at diagnosis
may provide enduring beneﬁts. Future
studies are warranted to assess the effectiveness of DKA prevention at type 1
diabetes onset on improving long-term
glycemic control.
Our study conﬁrmed previously known
risk factors for DKA at diagnosis of childhood type 1 diabetes (Table 1). Children
that presented in DKA were younger than
those who presented with milder symptoms, and younger age predicted higher
HbA1c over time (0.5% [5.5 mmol/mol]
per 10 years in age at diagnosis), similar
to previous studies (21,22). Consistent
with other studies (1,23), we found a
high percentage of children diagnosed in
DKA were nonwhite or Hispanic and had
government-provided or no medical insurance. These associations are likely
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Missing
n (%)

Variable

0.4% (4.4 mmol/mol; P , 0.0001) and
0.2% (2.2 mmol/mol; P = 0.01), respectively. Family history of diabetes other
than type 1 diabetes in a parent or sibling
did not predict a change in long-term
HbA1c levels.
The dose-response relationship between severity of DKA and average HbA1c
during the follow-up was conﬁrmed. Speciﬁcally, there was an increase in HbA1c
levels over time of 0.9% (9.8 mmol/mol)
for those diagnosed in mild/moderate
DKA and a 1.4% (15.3 mmol/mol) increase for those in severe DKA. The
long-term mean HbA1c levels adjusted
for age, race/ethnicity, sex, insurance
status, family history of diabetes, and
insulin pump use (Supplementary Fig. 1)
were similar to unadjusted patterns
(Fig. 2).
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multifactorial and inherently incorporate
language barriers, parental education, socioeconomic status, and cultural inequalities. Although adjusting for insurance
status and insulin pump treatment may
not fully control for disparities in access
to care, the BDC provides the same level
of diabetes management to all children,
regardless of the family’s ability to pay.
The Center provides, as needed, free diabetes care supplies (Helping Hands by
the Children’s Diabetes Foundation) as
well as free transportation and parking.
Since 2002, the BDC Hispanic/Latino
Childhood Diabetes Program has provided bilingual culturally sensitive diabetes care service for Spanish-speaking and
bilingual families. Therefore, it is unlikely
that disparate access to care could explain
the observed sustained differences in
HbA1c over time.
In support of the observed reduction
in HbA1c levels from insulin pump use
(continuous subcutaneous insulin infusion) shown in this study, previous studies
performed in similarly aged cohorts
with comparable follow-up time found

a decrease in HbA 1c level of 0.6%
(6.6 mmol/mol) from 1998 to 2005 (24)
and an even larger reduction of 1.5%
(16.4 mmol/mol) from 2000 to 2011
(25). The rate of DKA was found to be
the lowest among children or siblings of
people with type 1 diabetes, which illustrates the importance of parental awareness of signs and symptoms of diabetes.
However, having a ﬁrst-degree relative
was not an independent predictor of
HbA1c in children diagnosed without
DKA in this study (P = 0.22) and was found
to increase post diagnosis HbA1c in Danish
children who have a low prevalence of
DKA at diagnosis (11). We have shown
predictors of higher HbA1c over time, independent of DKA status at onset, include
increased age, female sex, minority race/
ethnicity, and being on government insurance or having no insurance compared
with private insurance. These results
highlight lifestyle factors other than DKA
that can be targeted to reduce poor glycemic control over time. In addition, all of
these factors have been shown to affect
social contributors of poor glycemic
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Figure 1—DKA at diagnosis of children with type 1 diabetes and long-term glycemic control. The
numbers reported below the ﬁgure represent the number of participants contributing the overall
HbA1c level during that point in time. Data presented are mean 6 SE from unadjusted linear mixed
model.

control in children and adolescents with
type 1 diabetes (26).
Several studies have demonstrated
that early glycemic control is of paramount importance to the prevention of
diabetic complications (12,13). The Diabetes Control and Complications Trial
(DCCT) demonstrated that the mean
HbA1c level during the trial was the overriding predictor of retinopathy progression and that even what appeared to be
minimal changes in HbA1c levels actually
translated into large reductions in the
risk of complications (27–29). More speciﬁcally, the DCCT study showed that a
10% reduction in HbA1c was associated
with a 44% lower risk of retinopathy progression and that this relationship applied over the range of HbA 1c values
(27). A 1.4% (15.3 mmol/mol) difference
in HbA1c levels observed in the current
study between the severe DKA group
and no DKA group, at the HbA1c of 9.5%
(80 mmol/mol), translates to a 13% reduction in HbA1c and an ;50% reduction
of retinopathy.
Exacerbated loss of b-cells is the most
plausible mediator of the powerful effect
of DKA at diagnosis on long-term glycemic
control. Severe hyperglycemia and systemic inﬂammation associated with DKA
augments damage from prolonged autoimmune destruction and further depletes
functional pancreatic islets (8). This leads
to lower residual b-cell function (9) and
worse glycemic control despite higher
insulin requirements (10). Children who
experience DKA can exhibit long-term
cognitive complications, which in turn
adversely inﬂuence their ability to engage
in self-care. Ghetti et al. (3) assessed
memory deﬁcits in 33 children with
type 1 diabetes who suffered at least
one episode of DKA and found that children with DKA history had a signiﬁcantly
lower ability to recall events in association with speciﬁc details, as tested by
event-color and event-spatial position
associations. Furthermore, when cognitive problems persist into late adolescence, there is evidence indicating
greater risk for poor diabetes management during early adulthood (30,31),
which is in turn associated with chronic
hyperglycemia (32).
Development of islet autoantibodies
occurs before clinical diagnosis of type 1
diabetes, making type 1 diabetes a predictable disease in an individual with two
or more autoantibodies (33). Screening
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children for the presence of islet autoantibodies and close monitoring of those
who are positive can prevent 80–90% of
DKA, especially among children with no

family history of diabetes (34,35). General
population screening for islet autoantibodies, combined with a community
awareness campaign, has been shown to

Table 2—Predictors of longitudinal HbA1c levels during follow-up for up to 15 years in children with type 1 diabetes*
Predictor of HbA1c

HbA1c % (mmol/mol) estimate

HbA1c % (mmol/mol) 95% CI

P value

DKA at diagnosis
None
Mild/moderate
Severe

Ref.
0.87 (9.5)
1.35 (14.8)

d
0.71–1.03 (7.8–11.3)
1.23–1.47 (13.4–16.1)

d
,0.0001
,0.0001

0.05 (0.5)

0.04–0.06 (0.4–0.7)

,0.0001

20.17 (21.9)

20.25 to 20.08 (22.7 to 20.9)

0.0001

Ref.
0.48 (5.2)

d
0.38–0.59 (4.2–6.4)

d
,0.0001

Ref.
0.20 (2.2)
0.22 (2.4)

d
0.03–0.37 (0.3–4.0)
0.11–0.33 (1.2–3.6)

d
0.02
,0.0001

Insulin pump use (yes)

20.41 (24.5)

20.50 to 20.32 (25.5 to 23.5)

,0.0001

Family history
No family history of diabetes
Parent or sibling with type 1 diabetes
Other family history of diabetes

Ref.
20.19 (22.1)
20.04 (20.4)

d
20.34 to 20.05 (23.7 to 20.5)
20.13 to 0.05 (21.4 to 0.5)

d
0.01
0.39

Age at diagnosis (years)
Male sex
Ethnicity
Non-Hispanic white
Other
Insurance status
Private
Government
None

*Results show either an increase or decrease in mean HbA1c levels associated with the predictor, from a linear mixed-effects model, with all predictors
analyzed simultaneously.
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Figure 2—DKA severity at diagnosis of children with type 1 diabetes and long-term glycemic control.
The numbers reported below the ﬁgure represent the number of participants contributing the
overall HbA1c level during that point in time. Data presented are mean 6 SE from unadjusted linear
mixed model.

be effective and feasible in preventing
DKA (36), highlighting that DKA is a modiﬁable risk factor that can be targeted to
improve glycemic control over time in
children with type 1 diabetes.
The current study has inherent strengths
and limitations. The main strength of this
study is that it was performed in a large cohort of children with type 1 diabetes that
have been monitored for a long time using
standardized methods. In addition, this
study is externally valid in that it is generalizable to the entire state of Colorado. However, there are some limitations because we
do not have reliable data on insulin analogs
or insulin dose over time. It would be of interest to examine changes in insulin dose–
adjusted HbA1c over time. To ultimately
prove the postulated effect of DKA on residual endogenous insulin secretion, serial C-peptide measurements will be
needed in future studies. It is possible
there are metabolic or physiologic differences in the rate or severity of the b-cell
damage that then lead to the development of DKA and consequently also account for the poorer long-term glycemic
control. For example, differences have
been observed in complement levels;
speciﬁcally, higher plasma complement
C4A protein concentrations were associated with higher levels of stimulated
C-peptide at 1 month post diabetes diagnosis, whereas those with higher C4B levels were less likely to retain the capability
to secrete endogenous insulin at 9 months
post diagnosis (37). Finally, we have not
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