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BACKGROUND AND PURPOSE: Ketone bodies provide important alternate fuel for brain
metabolism, and their transport into the brain increases with prolonged fasting. During
diabetic ketoacidosis (DKA), serum ketone concentrations markedly increase; however, little is
known about whether ketone bodies accumulate in cerebral tissues during DKA. We used
proton MR spectroscopy (MRS) to detect cerebral �-hydroxy butyrate (�OHB) and acetone/
acetocaetate (AcAc) in children with DKA.

METHODS: Twenty-five children underwent brain MRS: nine within 4 hours of the start of
treatment for DKA; 11, at 4–8 hours; and five, at 8–12 hours. MRS was repeated after their
recovery from the DKA episode at >72 hours after the start of treatment. MRS was evaluated
for peaks corresponding to �OHB (doublet centered on 1.20 ppm) and lactate (doublet centered
on 1.33 ppm). Difference spectroscopy was used to identify the AcAc peak at 2.22–2.26 ppm.

RESULTS: �OHB was detected in 13 children (52%), more frequently within 4 hours (eight
children, 89%) than after 4 hours (five children, 31%). AcAc was detected in 15 children (60%),
more frequently at >4 hours after the start of treatment (12 patients, 75%) than in the first 4
hours (three patients, 33%). Lactate was detected in five children (18%), all within the first 8
hours of treatment.

CONCLUSION: In children, �OHB and AcAc accumulate in the brain during DKA, and they
can be detected on MRS. Care should be taken in interpreting MRS results in patients with
DKA to avoid erroneously attributing �OHB peaks to lactate.

Diabetic ketoacidosis (DKA) is a serious complica-
tion of diabetes mellitus type 1. Insulin deficit results
in hyperglycemia, hyperosmolality, acidemia, and the
production of ketones by the liver (1). These ketones
can cross the blood-brain barrier and may be used as
an alternative to glucose as an energy source in the
brain (2, 3). However, whether these ketone bodies
accumulate in cerebral tissues during DKA is unclear.
Understanding the uptake and metabolism of ketones

in the brain during DKA is important, as ketones may
be involved in the development of the potentially
life-threatening complication of cerebral edema. Re-
cent data suggest that ketones themselves may alter
permeability of the vascular endothelium and that
they may be directly involved in the production of
cerebral edema (4). MR spectroscopy (MRS) has
provided a noninvasive means to begin to investigate
this issue. The purpose of our study was use MRS to
detect cerebral �-hydroxy butyrate (�OHB) and ace-
tone/acetocaetate (AcAc) in children with DKA.

Methods

Patient Population
Patients were eligible for participation if they were younger

than 18 years, if they had a diagnosis of diabetes mellitus type
1, and if they had DKA (defined as serum glucose �300 mg/dL,
venous pH � 7.25 and/or serum bicarbonate level �15 mEq/l,
and a positive result for urine ketones or serum ketones of �3
mmol/L).
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Treatment Protocol
The institutional review boards of the two participating in-

stitutions approved the study. After obtaining written informed
consent from parents or guardians, we treated enrolled patients
according to a standardized DKA protocol. All patients re-
ceived an initial 10–20-mL/kg infusion of 0.9% saline, depend-
ing on the assessed degree of hypovolemia. Patients with per-
sistently poor perfusion or hemodynamic instability after this
infusion were given additional infusions of 0.9% saline until
normal perfusion and hemodynamic stability were established.
Subsequent intravenous fluids were administered as 0.67%
saline (112 mEq sodium/L) with the rate calculated to replace
an estimated fluid deficit of 70 mL/kg over 48 hours. Insulin
was administered by means of continuous intravenous infusion
at an initial rate of 0.1 U/kg/hour. Patients were not treated
with bicarbonate. Potassium replacement was initiated with 20
mEq potassium chloride and 20 mEq potassium phosphate per
liter of intravenous fluid and adjusted to maintain normal
serum potassium concentrations. Glucose was added to the
intravenous fluids when the patient’s serum glucose concentra-
tion was less than 300 mg/dL. Serum electrolyte concentrations,
venous pH, and partial pressure of CO2 were measured at
presentation and monitored during treatment.

Imaging Procedures
Patients enrolled in the study underwent brain MR imaging

with proton MRS at two points: 2–12 hours after the start of
treatment for DKA and after their recovery from the episode
of DKA (at �72 hours after the start of treatment for DKA).
Images were obtained by using a standard quadrature head coil
and a 1.5-T imaging system (Signa; GE Medical Systems, Mil-
waukee, WI). During the each examination, all images were
obtained at the same section locations with identical fields of
view so that the anatomic and spectroscopic images were spa-
tially registered. Three-plane localizing imaging was per-
formed, followed by a T2-weighed fluid-attenuated inversion
recovery (FLAIR) sequence (TR/TE/TI � 10,000/147/2200,
4.2-mm-thick sections).

Single-voxel spectroscopy was performed by using the Probe-P
sequence (probeSI.psd; GE Medical Systems), with TR/TE 1500/
144. One 8-cm3 voxel was selected from the FLAIR images; it
contained periaqueductal gray matter (18 patients) or basal gan-
glia (seven patients). Automatic shimming on the voxel was per-
formed and routinely produced a line width of 4 Hz or less, water
suppression of 99%, and a flip angle of 135° � 30°. Figure 1 shows
examples of voxel placement. The periaqueductal gray matter and
basal ganglia were chosen for spectroscopy on the basis of the
known regional pattern of brain injury seen in children with DKA
and cerebral edema (5, 6).

Use of pharmacologic sedation during the imaging proce-
dures was avoided whenever possible. However, when sedation
was necessary, sodium pentobarbital (�2 mg/kg) or midazolam
(�0.1 mg/kg) was used.

Peaks of cerebral metabolites were identified according to
their chemical shifts, as follows (7): N-acetylaspartate (NAA,
2.02 ppm), creatine and phosphocreatine (Cr, 3.0 ppm), free
choline compounds (Cho, 3.20 ppm), acetone (2.22 ppm), lac-
tate (doublet with peaks at 1.28 and 1.38 ppm), and �OHB
(doublet with peaks at 1.15 and 1.25 ppm). With a TE of 144
ms, lactate and �OHB were defined as inverted peaks, and
lipids were suppressed.

To identify lactate and distinguish it from �OHB, we used a
phantom model. Three 500 mL water-filled MR spectroscopy
test phantoms were constructed (Huntington Medical Re-
search Institute, Pasadena, CA) based on published methods
and metabolite concentrations (8). NAA, Cr hydrate (Cr), and
Cho chloride (Cho) concentrations were 12.5, 10.0, and 2.0
mmol/L, respectively. The phantoms were identical in compo-
sition with the exception that the first phantom contained
�OHB but no L-lactate, the second phantom contained L-
lactate but no �OHB, and the third phantom contained both
�OHB and L-lactate. To obtain larger �OHB and lactate
peaks, the concentrations of both these metabolites were in-
creased to 15 mmol/L, three times that described in a previous
report (9).

Single-voxel MRS was performed in each phantom by using
a point-resolved spectroscopic (PRESS) sequence with timing
parameters identical to those used in patients (TR/TE � 1500/
144). PRESS spectra with TEs of 192 and 288 ms were also
obtained to confirm the inversion properties of the J-coupled
doublets, and a stimulated echo-acquisition mode (STEAM)
sequence with TE � 35 ms was performed to confirm the
presence of the full set of metabolites. The phantoms were
scanned at room temperature, and the spectra were shifted
according to the established dependence of chemical shift of
these peaks on temperature. The phantom PRESS spectra
clearly showed NAA, CR, Cho peaks, in addition to the �OHB
and or L-lactate peaks.

The main peaks of NAA, Cr, and Cho were used to register
the phantom spectra with the in vivo spectra from the patients.
A best fit between these peaks was manually determined on the
phantom and the in vivo spectra to allow for both shifting and
horizontal scaling of the in vivo spectra. The doublet peak
thought to corresponding to �OHB and or L-lactate on the
patient spectra could then be confirmed on the basis of the
alignment of the peaks with the doublet or triplet in the phan-
tom spectra.

For each subject, we calculated the difference spectrum,
defined as the subtraction of the spectrum obtained during

FIG 1. Position of voxels for spectros-
copy in the periaqueductal region (A) and
in the basal ganglia (B).
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DKA treatment from the spectrum obtained after recovery.
Each spectrum was first converted to a continuous function by
fitting third-order interpolating functions between each mea-
sured value of the spectrum. Each spectrum was then adjusted
by subtracting a baseline value computed as the mean value in
the frequency range of 0.6–1.0 ppm for the spectrum obtained
during DKA treatment, and the range 0.6–1.6 ppm for the
spectrum obtained after recovery. To prepare the spectra for
subtraction, an overall scale factor and a frequency shift was
applied to the spectrum obtained after recovery. This scale
factor and frequency shift were determined by means of least-
squares fit of the admission spectrum to the scaled and shifted
spectrum obtained after recovery. This fit allowed us to match
the main spectrum peaks of NAA, Cr, and Cho and thereby
produce the smallest appearance in the difference spectrum.

Results
Twenty-five children with DKA were enrolled (Ta-

ble). At enrollment, 11 children complained of head-
ache, and two had altered mental status (Glasgow
Coma Scale [GCS] scores of less than 15). One of the
two had a GCS score of 13, which returned to normal
(GCS score of 15) 18 hours after the start of therapy
for DKA. The other child was severely obtunded, with
an initial GCS score of 6. Her mental status improved
after 5 hours of treatment for DKA and returned to
normal after 12 hours. Seven additional children had
deterioration of mental status during treatment. Six
had mild mental status decline (minimum GCS scores
of 14). The seventh child had a decline in the GCS
score to 11 at hour 7, but this returned to normal by
hour 10. None of these children were treated for
cerebral edema because their inversion-recovery im-
ages did not show overt evidence of cerebral swelling
(i.e., reduced ventricular size, unapparent basilar cis-
terns, or intensity abnormalities). All patients fully
recovered without neurologic deficits. Four children
received pharmacologic sedation for initial imaging,
and three children received sedation for follow-up
imaging.

Nine children (36%) were initially imaged within 4
hours after beginning treatment for DKA. Eleven
(44%) were initially imaged 4–8 hours after begin-
ning treatment, and five (20%) were initially imaged
8–12 hours after beginning treatment. �OHB was

detected in 13 children (54%): eight (89%) of nine
patients in the 0–4-hour group, four (36%) of 11
patients in the 4–8-hour group, and in one (20%) of
five in the 8–12-hour group (Figs 2–4).

AcAc was detected during difference spectroscopy
in 15 patients (54%) (Figs 2, 4, 5). AcAc was seen in
three (33%) patients in the 0–4-hour group, in eight
(73%) in the 4–8-hour group, and in four (80%) in
the 8–12-hour group.

In five patients, lactate was detected during their
initial studies. Four of these patients had both �OHB
and lactate (Fig 6), and one had lactate alone. All of
these patients had been imaged within the first 8
hours of therapy. Serum lactate concentrations were
measured in four of five children with detectable
lactate on MRS. Serum lactate concentrations were
elevated in two of these four. Among the patients
without detectable lactate on MRS, serum lactate
concentrations were measured in 13 and were found
to be elevated in seven. Therefore, the frequency of
elevated serum lactate levels was similar in those
patients with and in those without detectable lactate
on MRS.

Of nine children who had an abnormal mental
status (GCS score �15) at presentation or during
treatment, six (67%) had �OHB detectable on MRS,
and seven (78%) had AcAc. In comparison, �OHB
and AcAc were detected less frequently in 16 children
with normal mental status at presentation and during
treatment; �OHB was detected in seven (44%), and
AcAc in six (37%). The difference in the frequency of
detecting �OHB was not significant (P � .25); how-
ever, the difference in the frequency of detecting
AcAc showed a trend toward significance (P � .06).
Lactate was detected in four (44%) of nine children
with abnormal mental status compared with one (6%)
of 16 with normal mental status (P � .04).

Lactate, �OHB and AcAc were not detected in any
of the spectra obtained during follow-up studies at 72
hours or longer after treatment for DKA.

Discussion

We documented the accumulation of ketone bodies
in the brain in children with DKA and demonstrated
that the time course of changes in cerebral ketone-

Clinical characteristics of the 25 study participants at presentation

Characteristic Value

Age (y) 12.0 � 2.7
Sex (%)

Female 52
Male 48

New-onset diabetes (%) 44
Serum sodium level (mmol/L) 132 � 4
Serum potassium level (mmol/L) 4.7 � 0.9
Serum urea nitrogen level (mg/dL) 21 � 9
Serum creatinine level (mg/dL) 1.3 � 0.4
Serum glucose level (mg/dL) 647 � 216
Venous pH 7.12 � 0.06
Partial pressure of CO2 22 � 9

Note.—Data are the mean � standard deviation unless otherwise
specified.

FIG 2. Patients with �OHB, AcAc, both, or neither on initial
imaging during DKA therapy.
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body concentrations paralleled the typical pattern of
changes in serum ketone-body concentrations ob-
served during DKA treatment. We believe we are the
first to document the presence of �OHB in cerebral
tissues in patients with DKA and the first to docu-
ment the presence of AcAc in a pediatric study.

In children, insulin-dependent diabetes is a com-
plex metabolic disorder, and cerebral edema is a se-
rious and potentially life-threatening complication of
DKA. Metabolic alterations in DKA include insulin
deficiency, hyperglycemia, hyperosmolality, acidemia,
and the accumulation of ketone bodies produced by
the liver (1). Acidemia can increase levels of the
ketone bodies AcAc and �OHB by as much as 30
times, and the accumulation of lactate may augment
this acidemia. Although serum levels of ketone bodies
are known to be elevated, no human study has dem-
onstrated �OHB accumulation in the brain during
DKA, to our knowledge. One study has demonstrated
the presence of AcAc in cerebral tissues in a small
number of adults with diabetes (9).

In the normal state, glucose is the predominant fuel
used by the brain. Previous studies have demon-
strated that the brain can use ketone bodies as an
alternative energy source for glucose during starva-
tion, fasting, or strenuous exercise (2, 3, 10). How-
ever, acute infusion of �OHB in the nonfasting state
does not increase brain �OHB levels (11, 12). With
prolonged fasting, upregulation of monocarboxylic

acid transporters in the blood-brain barrier induces
the entry of ketones into the brain (11). Ketone bod-
ies enter the tricarboxylic acid cycle after being con-
verted to acetyl coenzyme A. Metabolism of ketones
leads to an inhibition of glycolysis and a decrease in
glucose utilization by the brain (13, 14).

Previous studies of proton MRS in adults with
diabetes mellitus have shown elevated AcAc levels in
patients with DKA. Using difference spectroscopy,
Kreis and Ross (9) found a peak at 2.22 ppm in two of
nine adults with DKA. This peak, which disappeared
after the patients’ recovery from DKA, was attributed
to acetoacetate or acetone. These investigators did
not detect �OHB in any of their patients. Acetone
has also been identified during proton spectroscopy in
the occipital lobes of children treated with a keto-
genic diet for epilepsy control (15).

Lapidot and Haber (14) found elevated plasma and
brain levels of �OHB in diabetic, hyperketonemic
young adult rabbits. �OHB was observed in some of
the 13C spectra in brain tissue. However, though an
infusion of �OHB into normal nondiabetic rabbits
significantly increased plasma levels, it did not in-
crease cerebral �OHB levels. �OHB has also been
documented on 3-T proton MRS in the basal ganglia
of two children with persistent hyperinsulinemic hy-
poglycemia of infancy who received oral �OHB sup-
plementation as treatment for hypoglycemia (16).
However, to our knowledge, we are the first to doc-
ument the presence of �OHB in the brain in children
with DKA. Our finding of accumulated �OHB likely
results from two factors: First, we imaged patients
with DKA earlier in the course of treatment than did
previous investigators. Because detection of cerebral
�OHB was greatest during the first 4 hours of ther-
apy, earlier imaging allowed us to detect �OHB more
readily. Second, healthy children have overnight fast-
ing values of ketone bodies higher than those of
adults, and they appear to use �OHB in the brain to
a greater extent than do adults (17).

The serum ratio of �OHB to acetoacetate is known
to rise during DKA from a normal ratio of 1:1 to as
high as 10:1. During treatment, this ratio returns to
normal as �OHB is metabolized to acetoacetate. Our

FIG 3. Findings in a 3-year-old girl with
new-onset DKA.

A, Initial spectra were obtained 2 hours
after the start of therapy for DKA (black) in
the patient and a phantom containing only
�OHB (gray). �OHB is seen as a doublet
centered at 1.2 ppm.

B, �OHB is absent in the patient’s spec-
trum (black) obtained after her recovery
from DKA.

FIG 4. Patients with �OHB and/or AcAc on initial imaging by
the timing of the study after the start of therapy.
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study demonstrated that brain concentrations of ke-
tone bodies parallel those typically seen in the serum,
with �OHB present early in DKA treatment and with
AcAc appearing later.

Although none of our patients had overt cerebral
edema, previous studies have demonstrated that most
children with DKA have evidence of subtle, subclin-
ical cerebral edema (18–20). Studies in children with-
out overt manifestations of cerebral edema nonethe-
less may contribute useful information regarding the
pathophysiology of edema formation. The current
data provide important insights into the alterations in
cerebral metabolic state that occur during DKA. Ke-
tone accumulation in the brain may be important
because ketones have been found to have direct ef-
fects on the brain microvascular endothelium (4), and
they may alter permeability of the blood brain barrier.
Elevated brain glucose and ketone levels may also
cause oxidative tissue damage, resulting in disruption
of membrane structure. This may result from both
production of reactive oxygen species, as well as from
a compromised free radical scavenger system (21, 22).
This combination of microvascular effects and mem-

brane disruption could possibly contribute to the de-
velopment of cerebral edema.

In our study, lactate was present on MRS in several
patients. Lactate was detected with significantly
greater frequency in children with mental status ab-
normalities during DKA treatment than in those with
normal mental status. Detection of lactate may indi-
cate anaerobic cerebral metabolism; these findings
therefore support the possibility that cerebral hypo-
perfusion occurs during DKA and that is plays a role
in the pathogenesis of cerebral edema. For ethical
reasons, treatment for DKA cannot be withheld to
conduct MRS; therefore, the cerebral metabolic state
during untreated DKA could not be evaluated. How-
ever, because lactate was detectable in some patients
several hours after the start of treatment for DKA,
lactate might have been present in more patients or in
greater concentrations if MRS could have been per-
formed before start of treatment.

These data have practical implications for the use
of MRS in evaluating patients with diabetes. Lactate,
�OHB, and AcAc may all be detected during brain
proton MRS in children with DKA. In particular,

FIG 5. Findings in a 14-year-old male adolescent; arb indicates arbitrary.
A, Initial spectrum (black) during DKA shows AcAc (peak at 2.22 ppm) and �OHB. Spectrum from the phantom containing �OHB is

gray.
B, On the spectrum obtained after the patient’s recovery from DKA, AcAc and �OHB are absent.
C, Difference spectrum between A and B.

FIG 6. Findings in an 11-year-old girl
with DKA.

A, Initial spectrum (black) during treat-
ment for DKA and spectrum from phantom
containing both lactate and �OHB (gray).
Patient’s spectrum shows lactate and
�OHB as a triplet with peaks from 1.15 to
1.38 ppm. AcAc is noted at 2.22–2.26
ppm.

B, After recovery, no lactate or �OHB is
detected on the patient’s spectrum (black).
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lactate and �OHB arise in overlapping spectral loca-
tions and must be differentiated from one another.
Lactate is an indicator of anaerobic cerebral metab-
olism. In other studies of patients with brain injury,
detection of lactate on MRS was correlated with
poorer neurologic outcomes (23, 24). Because of the
overlapping spectral locations of lactate and �OHB,
�OHB might be easily mistaken for lactate and inter-
preted as representing cerebral ischemia, with a poor
prognosis. Our findings should alert radiologists per-
forming MRS to the frequent detection of �OHB in
children with DKA, so that MR spectra in these
patients can be interpreted accurately.
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