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OBJECTIVE — Current criteria for the diagnosis of diabetic ketoacidosis (DKA) are limited
by their nonspecificity (serum bicarbonate [HCO5] and pH) and qualitative nature (the presence
of ketonemia/ketonuria). The present study was undertaken to determine whether quantitative
measurement of a ketone body anion could be used to diagnose DKA.

RESEARCH DESIGN AND METHODS — A retrospective review of records from hos-
pitalized diabetic patients was undertaken to determine the concentration of serum B-hydroxy-
butyrate (BOHB) that corresponds to a HCO5 level of 18 mEq/1, the threshold value for diagnosis
in recently published consensus criteria. Simultaneous admission BOHB and HCO; values were
recorded from 466 encounters, 129 in children and 337 in adults.

RESULTS — A HCO; level of 18 mEq/1 corresponded with BOHB levels of 3.0 and 3.8 mmol/l
in children and adults, respectively. With the use of these threshold BOHB values to define DKA,
there was substantial discordance (~=20%) between BOHB and conventional diagnostic cri-
teria using HCO5, pH, and glucose. In patients with DKA, there was no correlation between
HCO; and glucose levels on admission and a significant but weak correlation between BOHB
and glucose levels (P < 0.001).

CONCLUSIONS — Where available, serum BOHB levels =3.0 and =3.8 mmol/l in children
and adults, respectively, in the presence of uncontrolled diabetes can be used to diagnose DKA
and may be superior to the serum HCO5 level for that purpose. The marked variability in the
relationship between BOHB and HCO, is probably due to the presence of other acid-base
disturbances, especially hyperchloremic, nonanion gap acidosis.
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ecently published consensus crite-

ria for diagnosing diabetic ketoaci-

dosis (DKA) include a serum
bicarbonate (HCO5) level =18 mEq/], pH
=7.30, the presence of ketonuria/
ketonemia, an anion gap >10 mEq/1, and
a plasma glucose concentration >250
mg/dl (13.9 mmol/l) (1). The develop-
ment of a consensus statement represents
an advance in view of the divergence of

opinion that has existed concerning what
the standards for diagnosis of DKA should
be (2). However, these diagnostic criteria
have limitations. Anion gap, HCO5, and
pH are relatively nonspecific for DKA be-
cause they can be affected by the degree of
respiratory compensation or the presence
of a separate acid-base disturbance. Keto-
nuria and ketonemia are usually deter-
mined with the nitroprusside assay,
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which detects acetoacetate (AcAc) but not
the most abundant ketone body, B-hy-
droxybutyrate (BOHB) (3). Moreover, the
measurement is not quantitative (4).
Ketone body anion concentrations
(i.e., AcAc and BOHB), on the other
hand, directly reflect the rate of ketone
body production (5), which is accompa-
nied by equimolar production of hy-
drogen ions (6). The present study was
undertaken to investigate how a laborato-
ry-based measurement of serum BOHB
might be used as part of simplified diag-
nostic criteria for the diagnosis of DKA.

RESEARCH DESIGN AND
METHODS — We retrieved electronic
medical records data from Mayo Clinic
Rochester patients from January 1994
through October 2006 according to a
protocol approved by the Mayo Institu-
tional Review Board. The data were re-
trieved by ICD-9 codes (250.12 and
250.13) and for simultaneous measure-
ments of BOHB and HCO5. A total of 545
encounters were initially identified. Age,
type of diabetes (1 or 2), and admission
blood tests, including measurements of
glucose, BOHB, HCOs;, pH, and lactate
were recorded if available. Serum BOHB
was measured on the P Module of a Roche
Modular Analytics system, using reagent
provided by Roche Diagnostics (India-
napolis, IN). The coefficient of variation
ranged from 4% (at levels of 1 mmol/l)
to < 1.5% (at levels >4 mmol/l).

The discharge summary or admission
note was used to determine type of diabe-
tes. In each encounter, the temporal
relationship between blood tests and ini-
tiation of insulin therapy was noted. En-
counters in which serum glucose, BOHB,
or HCO; were either not available at all or
were obtained after initiation of therapy
were excluded. BOHB and HCO; were
compared using regression analysis to de-
termine the BOHB value that corre-
sponded with a serum HCOj5 level of 18
mEq/l. Using that BOHB value to define
DKA, data were then analyzed to assess
the degree of diagnostic discordance be-
tween BOHB and HCO5. BOHB values
corresponding to HCOj levels of 15 and
10 mEq/1, values used to define moderate
and severe DKA, respectively (1), were
also determined by regression analysis.
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Because of known differences in buffering
capacity related to age (7), data from chil-
dren (<16 years of age) and adults (=16
years of age) were analyzed separately as
well as in aggregate. Sensitivity and spec-
ificity for serum HCO5 values were ad-
dressed through receiver operating
characteristic (ROC) analysis (8). The
area under the ROC curve summarizes
the accuracy of classification. Data are ex-
pressed as means * SEM.

RESULTS — A total of 466 encounters
in 304 patients met the inclusion criteria
for the study and were analyzed. Twenty-
eight percent of the encounters occurred
in patients aged <16 years. The mean
ages of the children and adults were
10.8 = 0.4 and 33.2 = 1.1 years, respec-
tively. In 99 of the episodes, the hospital-
ization was the occasion for a new
diagnosis of diabetes.

The relationship between HCO5 and
BOHB was curvilinear, and the best fit
was obtained with a polynomial regres-
sion in each instance. When children and
adults were analyzed separately, the
BOHB values that corresponded with a
HCO; value of 18 mEq/l were 3.0 and 3.8
mmol/l, respectively, with a strong nega-
tive association (Fig. 1). The correspond-
ing BOHB values for a HCO; level of 15
mEq/l were 4.4 and 5.1 mmol/l, whereas
the corresponding BOHB values for a
HCOs; level of 10 mEq/l were 7.7 and 8.9
mmol/l, respectively.

Using BOHB values =3.0 mmol/l in
children and =3.8 mmol/l in adults to
define DKA, 248 episodes of DKA in 200
patients were identified. There were 218
encounters in 147 patients with lower
BOHB values (<3.0 mmol/l in children and
<3.8 mmol/l in adults) (without DKA). Ta-
ble 1 shows the frequency of type 2 diabe-
tes, together with concentrations of BOHB,
HCOs, glucose, pH, and lactate in patients
with and without DKA thus defined. As can
be seen, pH and lactate data were available
for only a minority (~28%) of patients.
Among those who had lactate measured,
lactate was >4 mmol/l in ~12% of encoun-
ters (n = 7 each among patients with and
without DKA).

The admission glucose concentration
was =13.9 mmol/l in ~8% of both chil-
dren and adults with DKA. The pH was
>7.30 in 7% of children and 20% of
adults with DKA and =7.30 in 25% of
children and 11% of adults without DKA.
The HCO; level was >18 mEq/l in 7% of
children and 17% of adults with DKA,
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Figure 1— Relationship between serum HCO5 and BOHB in hospitalized children (upper panel)

and adults (lower panel) with diabetes.

whereas it was =18 mEq/l in 14% of chil-
dren and 16% of adults without DKA.
There was diagnostic discordance be-
tween the BOHB cutoff and at least one of
the conventional diagnostic criteria
(HCOs5, pH, or glucose) in 15% of chil-
dren and 27% of adults with DKA. Table 2
shows the sensitivity and specificity of se-
rum HCO5 when it was used to diagnose
DKA defined by the BOHB criteria, based
on ROC analysis. The areas under the
ROC were 0.953 and 0.909 in children
and adults, respectively.

The relationship between glucose
level and acidosis in DKA encounters was
examined by regression analysis, using

both HCO5 and BOHB as an index of se-
verity of acidosis. Because the analysis
showed no difference between children
and adults, the results were combined.
There was no correlation between HCO4
and glucose (Fig. 2, upper panel). In con-
trast, there was a significant correlation
between BOHB and glucose, although it
was rather weak (Fig. 2, lower panel).
These latter two observations were essen-
tially identical when DKA was defined by
HCO; instead of by BOHB (not shown).
Glucose concentrations were 26.4 = 0.8
and 23.9 = 1.4 mmol/l in patients with
HCOj5 levels of =15 and 16-18 mEq/l,
respectively (NS). Glucose levels were
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>33.3 mmol/l in 23 and 17% of patients
in the two groups (not shown).

CONCLUSIONS — The results of the
present study demonstrate that in hospi-
talized patients with diabetes, a serum
HCOj5 level of 18 mEq/! corresponds with
serum BOHB levels of 3.0 mmol/l in chil-
dren and 3.8 mmol/l in adults. They also
indicate that when these BOHB levels are
used for the diagnosis of DKA, there is
discordance with conventional criteria.

In the past, a variety of diagnostic cri-
teria have been used for DKA, including
total ketone body anion (AcAc + BOHB)
concentrations of 3 mmol/l (9) or 5
mmol/l (10), pH values <7.37 (11) or
<7.20(12),and serum HCO; levels of 18
mEq/1 (13) or 15 mEq/1 (14). Considering
this divergence of opinion, the recently
published consensus criteria (1) are a pos-
itive development. However, the criteria
have limitations. Whereas confirmation
of ketonemia/ketonuria may be diagnos-
tically useful in the absence of a ketone
body anion measurement such as BOHB,
it provides only subjective, qualitative in-
formation (4). In a position statement that
is somewhat contradictory to the consen-
sus criteria, the American Diabetes Asso-
ciation stated that urine ketone tests are
not reliable for diagnosing DKA and that
measurement of BOHB in blood is pre-
ferred, although no mention was made of
specific BOHB levels (15).

Perhaps the most widely used test for
defining DKA, at least in research studies,
has been the serum HCOj; value. The
HCOj5 value has the advantage of being
less susceptible than pH to abrupt
changes in ventilation, but like pH it is
nonspecific. Baseline HCO; values before
the onset of DKA may vary because of pre-
existing acid-base disturbances, includ-
ing chronic renal disease with acidosis
(low baseline HCOj; value) and chronic
respiratory acidosis (high baseline HCO,

Sheikh-Ali and Associates

value). Acute disturbances can also con-
tribute to changes in HCO5 levels. Nausea
and vomiting are common in patients
who present with DKA and can result in
metabolic alkalosis consequent to loss of
[H*] (16). An acute accumulation of
other organic anions such as lactate can
also contribute to changes in HCO; val-
ues. The variability in the relationship be-
tween BOHB and HCO; values found in
the present study is consistent with con-
tributions from all of these factors.

AcAc, as an unmeasured anion that is
increased in DKA, is a potential contribu-
tor to this variability. The average BOHB-
to-AcAc ratio in DKA has been reported to
be 3.0:1t0 3.2:1 (17,18). However, there
have been case reports of “nitroprusside-
negative” patients with ratios >7:1 (3). In
a review of the literature, we found seven
studies in which individual BOHB and
AcAc concentrations were available in 61
patients with DKA. In these seven studies,
the mean BOHB-to-AcAc ratio was 3.0:1
with a coefficient of variation of 30% (see
details in the online appendix available at
http://dx.doi.org/10.2337/dc07-1683).
This finding suggests that differences in
AcAc concentrations contribute little to
the observed variability in the relation-
ship between BOHB and HCOj levels in
the present study and that factors such as
concurrent lactic acidosis (19) and espe-
cially hyperchloremic nonanion gap acido-
sis (20) are more likely to be responsible.

Previous studies have shown that
children have lower extracellular buffer-
ing capacity than adults (7). It is unclear
whether this is due to chronic respiratory
alkalosis, an acidification defect due to re-
nal immaturity, or perhaps other factors.
Nonetheless, our findings indicate that
for a given degree of hyperketonemia in
DKA, children can be expected to have
more severe acidemia than adults. For this
reason, it seems appropriate to apply a
different diagnostic standard for DKA in

Table 2—Sensitivity and specificity of serum HCO; in diagnosing DKA defined by BOHB
(=3.0 mmol/l in children, =3.8 mmol/l in adults), using ROC analysis

HCO; ™ (mEg/D Sensitivity (%) Specificity (%)
Children 21 98.8 60.5
18 91.9 86.0
15 81.4 93.0
10 57.0 97.7
Adults 21 91.3 62.6
18 82.6 83.9
15 70.2 02.5
10 441 99.4
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Figure 2— Relationship between serum HCO5 and glucose (upper panel) and serum BOHB and
glucose (lower panel) in adults and children with DKA.

children than in adults. In fact, a lower
total ketone body anion concentration (3
mmol/l) has been suggested for a diagno-
sis of DKA in children (9) than that pro-
posed for adults (5 mmol/l) (10).

The fact that nonspecific tests of acid-
base status such as pH and HCO- are cen-
tral to the diagnosis of DKA may relate to
their availability. For many years, BOHB
was a research test that was not practical
for clinical use. However, the widespread
use of open-channel automated chemis-
try analyzers (21) makes it possible for
virtually any laboratory to perform tests
for BOHB levels rapidly.

Point-of-care (POC) BOHB testing
has recently received increased attention,
but the procedure has limited precision
above concentration of 2.5-3.0 mmol/l
(22). For this reason, we believe that POC

methods can be useful for self-monitoring
(and possibly the prevention of DKA), but
that a laboratory-based test would be
preferable for diagnostic purposes until a
POC method with improved precision
and accuracy is available. Other investiga-
tors and the World Health Organization
have taken a similar position on POC glu-
cose testing (23).

A limitation of our study is that it is
retrospective. Furthermore, it does not
provide actual proof that BOHB is supe-
rior to HCOs for the diagnosis of DKA.
Rather, such a conclusion must be arrived
at on theoretical grounds. Fulopetal. (21)
compared BOHB to both serum CO, con-
tent and anion gap in 64 DKA encounters
and concluded that the correlations were
too weak for BOHB to be useful to assess
the severity of ketoacidosis. This conclu-

sion is based on the assumption that
HCOs; is the “gold standard” for diagnos-
ing DKA, however. If BOHB were the gold
standard, imperfections in the relation-
ship between BOHB and measures of
metabolic acidosis such as HCO;
(whether BOHB explains 36% of the vari-
ability in HCO5 as Fulop et al. reported or
~64% as we found) would only attest to
the nonspecificity of HCO; for DKA. Ad-
rogue etal. (20) reported that half or more
of patients presenting with DKA had a sig-
nificant hyperchloremic, nonanion gap
acidosis attributable to renal loss of po-
tential HCO5 in the form of ketonuria,
separate from the anion gap acidosis re-
sulting from overproduction and accu-
mulation of ketone bodies (20). This
indicates that a process other than keto-
acidosis contributes to depression of se-
rum HCOj in patients with DKA and may
be a major contributor to the diagnostic
discordance between BOHB and HCO,
that we observed. Moreover, there is no
evidence to suggest that hyperchloremic
acidosis contributes to morbidity and
mortality in DKA; in fact, patients with
DKA and hyperchloremic acidosis have
less dehydration and therefore presum-
ably less hyperosmolality, conditions that
are both thought to contribute to mortal-
ity (12,24), than individuals with “pure”
ketoacidosis (20).

We found that when lactate concen-
trations were measured in patients with
DKA, they were >4 mmol/l in ~12% of
patients. Lactic acidosis has been defined
as a lactate concentration =4 mmol/l (25)
or =5 mmol/l (26); using the latter defi-
nition, Nattrass and Alberti (19) found
lactic acidosis in 15% of patients with
DKA. Because of this finding and because
elevated lactate concentrations appear to
portend a poor prognosis (27), we believe
measurement of lactate should be per-
formed routinely on admission in patients
with DKA.

In the present study, there was no
correlation between HCO; and glucose in
patients with DKA as reported previously
(2), a further reflection of the nonspeci-
ficity of HCO; for DKA. In contrast, there
was a significant but quite weak correla-
tion between BOHB and glucose. The
weakness of the correlation is consistent
with uncoupling between hepatic pro-
duction of ketone bodies and glucose. It
has been known for many years that hy-
perglycemia may be surprisingly mild in
DKA (28), and glucose production rates
can be near normal (29); the therapeutic
implications of this are obvious and have
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been discussed (2). We also found no dif-
ference in the severity of hyperglycemia
or incidence of hyperosmolarity (glucose
concentration >13.3 mmol/l) in patients
with mild DKA (HCO; level of 16-18
mEg/l) (1) and patients with moderate or
severe DKA (HCOs level of <16 mEg/D).
This result indicates that the concept of a
finite overlap between DKA and hyper-
glycemic hyperosmolar syndrome (HHS)
(defined as a glucose concentration of
>13.3 mmol/l and including patients
with HCOj levels in the 16-18 mEq/1
range) (1) may be somewhat artificial, be-
cause patients with DKA with and with-
out HHS are equally hyperglycemic. In
other words, DKA can present with or
without hyperosmolality irrespective of
the severity of acidosis, and HHS can
present with or without DKA.

In summary, we suggest that DKA can
be defined as uncontrolled diabetes ac-
companied by a BOHB level =3.0 mmol/l
in children and =3.8 mmol/l in adults.
Certainly, any diagnostic criterion for
DKA is arbitrary. We do not suggest that
patients with levels below such an arbi-
trary cut point for diagnosis would auto-
matically be managed differently than
those with levels above it. The use of such
a cut point does not supersede clinical
judgment, but it does in our view impose
additional, and desirable, diagnostic
rigor. The minimum BOHB concentra-
tion that we suggest be present for a diag-
nosis of DKA in adult patients (3.8
mmol/) not only relates to a serum HCO4
level of 18 mEq/l but also, assuming a
BOHB-to-AcAc ratio of 3.0:1 (see above),
corresponds almost exactly to the 5
mmol/l total ketone body anion concen-
tration threshold suggested by Alberti and
Hockaday (10). This definition of DKA is
more precise and quantitative than previ-
ous criteria for a diagnosis of DKA. How-
ever, it is not practical to make the BOHB
test available with a rapid turnaround un-
less a hospital has a relatively large vol-
ume of patients with DKA. Further
evaluation of its use in prospective stud-
ies, in combination with other diagnostic
criteria, is needed.
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