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BACKGROUND AND PURPOSE: Subclinical cerebral edema occurs in many, if not most, children with
diabetic ketoacidosis (DKA) and may be an indicator of subtle brain injury. Brain ratios of N-acetylas-
partate (NAA) to creatine (Cr), measured by proton MR spectroscopy, decrease with neuronal injury or
dysfunction. We hypothesized that brain NAA/Cr ratios may be decreased in children in DKA, indicating
subtle neuronal injury.

MATERIALS AND METHODS: Twenty-nine children with DKA underwent cerebral proton MR spectros-
copy during DKA treatment (2–12 hours after initiating therapy) and after recovery from the episode (72
hours or more after the initiation of therapy). We measured peak heights of NAA, Cr, and choline (Cho)
in 3 locations within the brain: the occipital gray matter, the basal ganglia, and periaqueductal gray
matter. These regions were identified in previous studies as areas at greater risk for neurologic injury
in DKA-related cerebral edema. We calculated the ratios of NAA/Cr and Cho/Cr and compared these
ratios during the acute illness and recovery periods.

RESULTS: In the basal ganglia, the ratio of NAA/Cr was significantly lower during DKA treatment
compared with that after recovery (1.68 � 0.24 versus 1.86 � 0.28, P � .005). There was a trend
toward lower NAA/Cr ratios during DKA treatment in the periaqueductal gray matter (1.66 � 0.38
versus 1.91 � 0.50, P � .06) and the occipital gray matter (1.97 � 0.28 versus 2.13 � 0.18, P � .08).
In contrast, there were no significant changes in Cho/Cr ratios in any region.

CONCLUSIONS: NAA/Cr ratios are decreased in children during DKA and improve after recovery. This
finding suggests that during DKA neuronal function or viability or both are compromised and improve
after treatment and recovery.

Clinically apparent cerebral edema is the most frequent se-
vere complication of diabetic ketoacidosis (DKA) in chil-

dren, occurring in 0.7%– 0.9% of DKA episodes.1,2 Children
who have this complication have high rates of mortality and
permanent neurologic morbidity.1-3 Children at highest risk
for cerebral edema during DKA are those with greater dehy-
dration and greater hypocapnia at presentation,1 but the pre-
cise etiology of this complication is not well understood.

Although only a small minority of children with DKA de-
velop clinically apparent cerebral edema, several studies have
suggested that some degree of cerebral edema may be present
in most children with DKA.4-6 It is unclear, however, whether
this “subclinical” cerebral edema is associated with underlying
cerebral injury.

Proton MR spectroscopy is an imaging tool that is highly
sensitive for detecting cerebral injury.7,8 N-acetylaspartate
(NAA) is a putative neuronal marker9 and cerebral injury (de-
creased neuronal viability, decreased neuronal function, or
neuronal loss) is reflected by a decrease in the concentration of
NAA relative to other cerebral metabolites.7,8 Prior work10 has
shown a decrease in parietal NAA/creatine (Cr) ratios in adults
with diabetes compared with normal controls. In addition,

children11 with poorly controlled diabetes have decreased pa-
rietal NAA/Cr compared with controls. To date, however,
changes in the concentrations of cerebral metabolites have not
been evaluated during DKA in children. In the current study,
we used proton MR spectroscopy to evaluate cerebral metab-
olism and injury in children during DKA.

Materials and Methods
Patient population. Patients were enrolled in this study over a

3-year time period at 2 institutions. Participation in this study was

offered to all children who met the following criteria: 1) They were

younger than 18 years of age, 2) were diagnosed with type 1 diabetes

mellitus, and 3) had DKA (defined as serum glucose �300 mg/dL,

venous pH � 7.25 and/or serum bicarbonate �15 mEq/L, and a pos-

itive test for urine ketones or serum ketones �3 mmol/L). The study

was completed on all children whose parents or guardians gave con-

sent for participation.

Treatment Protocol
The study was approved by the institutional review boards of the

participating institutions. After informed consent from parents or

guardians, we treated enrolled patients according to a standardized

DKA protocol as previously described.6

Imaging Procedures. Patients enrolled in the study underwent

MR imaging of the brain by using a standard quadrature birdcage

head coil and a 1.5T imaging system (Signa Horizon, LX Version 9.1,

GE Healthcare, Milwaukee, Wis) at 2 time points: 1) between 2 and 12

hours after the initiation of treatment for DKA and 2) after recovery

from the episode of DKA (72 hours or more after the initiation of

treatment for DKA, after metabolic acidosis and ketosis had resolved).

Axial T2-weighted fluid-attenuated inversion recovery (FLAIR) images
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(TR/TE/TI, 10 000/147/2200 ms) were obtained with a FOV of 24 cm,

a section thickness of 4.2 mm, and a section gap of 0.8 mm and were

followed by proton MR spectroscopy. For the initial 11 patients in the

study, multivoxel chemical shift imaging was performed by using the

Probe-P sequence (GE Healthcare), a point-resolved spectroscopy

sequence designed for the detection of resonances with long T2s. This

sequence was used at a single-section location that included the oc-

cipital lobes and basal ganglia by using TR/TE 1000/144 ms and a

section thickness of 20 mm. The region of interest for automatic

shimming was a rectangular area of 0.5–1 cm set inside the skull. The

distance between this region and air/tissue/bone interfaces in the skull

was increased if the line width was greater than 15 Hz, water suppres-

sion was less than 97%, or flip angles were outside a 135 � 30° range.

The spectra were displayed by using the Functool package (GE

Healthcare).

Additionally, single-voxel spectroscopy was performed on these

11 patients at the level of the periaqueductal gray matter by using the

Probe-P sequence with TR/TE 1500/144 ms. One voxel of 8 cm3 was

selected, and automatic shimming on the voxel was performed and

routinely produced a line width of 4 Hz or less, water suppression of

99%, and a flip angle of 135 � 30°.

Subsequently, the protocol was modified to allow better resolu-

tion of lactate and ketone peaks for a separate substudy.12 Therefore,

patients enrolled subsequently (n � 18) had single-voxel MR spec-

troscopy by using the previously mentioned technique in the right

basal ganglia and the right occipital gray matter only.

The periaqueductal gray matter, occipital gray matter, and basal

ganglia were chosen as regions of interest for spectroscopy interroga-

tion on the basis of previously described regional patterns of brain

injury seen in children with DKA and cerebral edema13-15 and on

previously described diffusion-weighted imaging abnormalities in

children with DKA.6

Use of pharmacologic sedation during the imaging procedures

was avoided whenever possible. However, in cases where sedation was

necessary, sodium pentobarbital (2 mg/Kg or less) or midazolam (0.1

mg/Kg or less) was used.

FLAIR images were prospectively reviewed by a single pediatric

radiologist at the time the study was performed.

Peaks of cerebral metabolites were identified according to their

chemical shifts as follows9: NAA (2.02 ppm), creatine and phospho-

creatine (Cr, 3.02 ppm), and free choline compounds (Cho, 3.23

ppm). The heights of the metabolite peaks were used to calculate

ratios of NAA/Cr and Cho/Cr.

Statistical Analysis
Changes in the ratios of NAA/Cr, and Cho/Cr between the initial

imaging studies and the studies performed after recovery from the

episode of DKA were analyzed by using the Wilcoxon signed-rank

test. We used Stata statistical software for all calculations (Stata Ver-

sion 8.2, StataCorp, College Station, Tex).

Results
Thirty-five children with DKA were enrolled into the study. Of
these 35 children, 6 completed the initial MR imaging studies
but did not complete the follow-up studies. For 5 of these
children, the follow-up imaging studies were not completed
because parents or guardians did not wish the child to receive
pharmacologic sedation. One additional child died before the
follow-up studies as the result of a thromboembolic event. The
remaining 29 children composed the study population. The

mean age of the patients was 11.9 � 3.0 years, and 48% were
male. Forty-five percent had new-onset diabetes. At the time
of presentation to the emergency department, the following
mean laboratory measurements were obtained on the enrolled
patients: serum glucose concentration 624 � 221 mg/dL, se-
rum sodium concentration 132 � 4 mmol/L, blood urea ni-
trogen concentration 21 � 8 mg/dL, serum bicarbonate con-
centration 8.9 � 3.2 mmol/L, pH 7.12 � 0.09, and PCO2 level
23 � 9 mm Hg.

Eleven children (38%) manifested abnormalities in mental
status (ie, Glasgow Coma Scale [GCS] scores �15) during
DKA treatment. For 9 of these 11 children, the mental status
abnormalities were mild (minimum GCS scores of 13–14).
The other 2 children had greater derangements in mental sta-
tus, with minimum GCS scores of 12 and 5. Inversion-recov-
ery MR imaging sequence (FLAIR) findings were normal in all
patients and did not demonstrate overt cerebral edema in any
patient during DKA treatment or after recovery. Specifically,
the basal ganglia appeared normal in all patients. One patient
received pharmacologic treatment for suspected cerebral
edema after the initial MR imaging while awaiting MR imag-
ing results. He had a decline in GCS score to 13 and was treated
with mannitol and hypertonic saline. No further treatment
was given after findings of the inversion-recovery MR imaging
sequence were determined to be normal. All 29 patients recov-
ered fully, without neurologic deficits.

Initial imaging studies were performed a mean of 6.0 � 2.7
hours after the initiation of therapy for DKA. NAA/Cr ratios
were found to be significantly lower in the initial imaging
studies of the basal ganglia compared with imaging studies
performed in the same brain region after recovery from DKA
(Figs 1 and 2). In addition, a trend toward lower NAA/Cr
ratios during DKA treatment was seen in the occipital gray
matter and periaqueductal gray matter. In contrast, Cho/Cr
ratios during DKA treatment and after recovery were not sig-
nificantly different in any of the regions of interest. Lactate was
detected in 5 of the 29 patients (17%) during DKA treatment
and was absent in all recovery studies.

Discussion
In this study, we observed a significant decrease in the NAA/Cr
ratio within the basal ganglia in children during acute DKA.
This ratio increased after recovery from DKA. Similarly, there
was a trend toward lower NAA/Cr ratios in the periaqueductal
gray matter and the occipital gray matter during DKA com-

Fig 1. A 13-year-old girl with insulin-dependent diabetes mellitus. Spectra from the right
basal ganglia during DKA episode and after recovery, demonstrating a lower NAA/Cr ratio
during DKA.
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pared with after recovery. In contrast, there were no signifi-
cant changes in Cho/Cr ratios during and after DKA treat-
ment. These patterns of change imply that neuronal function
or viability or both are compromised during DKA.

DKA occurs frequently in children with type 1 diabetes
mellitus (DM). Twenty-five percent or more of children with
new-onset type 1 DM present with DKA, and children with
established type 1 DM have DKA at rates as high as 0.2 events/
patient year.16 Clinically apparent cerebral edema occurs in
approximately 1% of pediatric DKA episodes and has a mor-
tality rate of 21%–24%, with many survivors left with perma-
nent neurologic deficits.1,2 The exact etiology of cerebral
edema in DKA is not yet known and is likely complex and
multifactorial. Investigators have evaluated several possible
contributing factors including hypoxia-ischemia, alterations
in cerebral blood flow, disruption of cell membrane ion trans-
port, generation of intracellular osmolytes, and increased con-
centrations of various inflammatory mediators.17

Asymptomatic cerebral swelling occurs with much greater
frequency than clinically apparent cerebral edema and may be
present in most DKA episodes in children.4,5,18 Thus, DKA-
related cerebral edema may have varying clinical presenta-
tions, ranging from entirely asymptomatic to severe neuro-
logic derangements and manifestations of increased
intracranial pressure.

Proton MR spectroscopy is a useful technique for func-
tional interrogation of the brain in many neurologic disorders.
Prominent neurotransmitters and metabolites detected
within the brain9,19 include NAA (2.02 ppm), choline com-
pounds (Cho, 3.23 ppm), and Cr/phosphocreatine (Cr at 3.02

ppm). NAA is a neuronal-axonal marker and is not found in
mature glial cells, CSF, or blood.20 Decreases in NAA may
result from decreased neuronal viability, decreased neuronal
function, or neuronal loss.19 Decreased NAA has been re-
ported in seizure foci, brain metabolic disorders, neurodegen-
erative processes, ischemia, and stroke. Reduction of cerebral
NAA may be reversible,21 and thus it can be used as a dynamic
marker of neuronal dysfunction and integrity. The configura-
tion of the NAA molecule and the N-acetyl group that gives
rise to the 2.02-ppm peak is not influenced by the pH of the
blood.19 Cho compounds (predominantly phosphorylcholine
and glycerophosphorylcholine), when membrane-bound, are
not MR spectroscopy–visible. Disease processes that result in
membrane breakdown, such as neurodegenerative processes
or tumors, increase the Cho peak.9 Cr and phosphocreatine
are high-energy phosphates used in energy-dependent cellular
systems. The peak attributable to these metabolites is relatively
unaffected by various brain pathologies and therefore has been
used as an internal standard to assess changes in other metab-
olite concentrations.9,19 The changes in ratios of peak intensi-
ties reflect changes in the corresponding metabolite
concentrations.10

Kreis and Ross10 have reported decreased NAA/Cr ratios in
the parietal region, but not in the occipital cortex, of 22 adults
with DM (most of these patients had type 1 DM) in compari-
son with age-matched controls. Nine of these 22 patients un-
derwent MR spectroscopy imaging within 4 days of treatment
for DKA. Two patients had studies performed acutely and af-
ter recovery from DKA; however, relative changes in the
NAA/Cr ratios in these patients were not reported.

Fig 2. Relative (A) NAA/Cr and (B) Cho/Cr in the basal ganglia, occipital gray matter, and periaqueductal gray matter in study patients during DKA episode and after recovery.
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More recently, Surac et al11 noted decreased NAA/Cr ratios
in the posterior parietal white matter and in the pons in chil-
dren with poorly controlled type 1 DM as compared with age-
matched healthy children. These authors did not find a similar
decrease in NAA/Cr ratios within the basal ganglia; however,
no children were imaged during DKA.

The decrease in the NAA/Cr ratio in the basal ganglia dur-
ing acute DKA suggests that neuronal integrity is compro-
mised and that brain tissue is at risk for neuronal damage or
loss. The basal ganglia are known to be particularly susceptible
to injury during DKA-induced cerebral edema,13,15,22,23 and
this susceptibility has been hypothesized to be related to the
high adenosine triphosphatase demand of this region.14,24

Children at highest risk for cerebral edema during DKA are
those with greater dehydration and greater hypocapnia at pre-
sentation.1 It is possible, therefore, that depletion of intravas-
cular volume in combination with cerebral vasoconstriction
due to hyperventilation may lead to hypoperfusion and brain
ischemia, especially within more vulnerable areas such as the
basal ganglia. This scenario is further supported by demon-
stration of lactate peaks on proton MR spectroscopy within
the basal ganglia12 in children in DKA, suggesting anaerobic
cerebral metabolism. Data from animal studies using diffu-
sion-weighted imaging demonstrate that apparent diffusion
coefficient (ADC) values are significantly decreased in un-
treated DKA.25 In human studies using diffusion-weighted
imaging and perfusion imaging to evaluate children undergo-
ing treatment for DKA, ADC values were elevated and perfu-
sion was increased.6 These data raise the possibility that isch-
emic injury may occur in untreated DKA, followed by
postischemic hyperperfusion during DKA treatment. The cur-
rent data support this hypothesis by providing evidence of
decreased neuronal viability during DKA. In addition, as ex-
pected, there were no significant changes in the Cho/Cr ratio
in any studied areas of the brain because this ratio would be
expected to be elevated only in specific disease processes that
result in membrane breakdown, such as neurodegenerative
processes or tumors.

Complicating this issue, hyperglycemia is known to worsen
the outcome of ischemic neurologic injury. Numerous stud-
ies, both in humans and in animal models of stroke and trau-
matic brain injury, demonstrate that hyperglycemia increases
the extent of ischemic damage and the rapidity and degree of
edema formation.26-29 Although the precise mechanism
whereby hyperglycemia enhances ischemic injury is not
known, accumulation of lactate and the accompanying intra-
cellular acidosis is thought to play a central role.29 In children
with DKA, hyperglycemia may therefore facilitate ischemic
injury and endothelial dysfunction leading to edema forma-
tion, even under conditions of relatively mild cerebral
hypoperfusion.

The increase in the NAA/Cr ratio after recovery from DKA
implies some degree of neuronal recovery in these patients
without overt evidence of clinical cerebral edema. One limita-
tion of this study, however, is lack of data from normal age-
matched controls. We, therefore, cannot determine whether
the neuronal recovery observed is complete or whether there
may be some residual abnormalities. Long-term impairment
of cognitive function is known to occur in patients with type 1
DM and poor glycemic control.30-32 It would be reasonable to

surmise that repeated episodes of ischemia during DKA, even
in patients without overt cerebral edema, may result in neuro-
nal damage and loss, contributing to subsequent cognitive
decline.

In summary, MR spectroscopy may be useful in the evalu-
ation of the brain during DKA in children. The NAA/Cr ratio
is significantly decreased in the basal ganglia, and this ratio
increases after recovery. Similar trends were observed in the
periaqueductal gray matter and the occipital gray matter.
These observations imply a loss of neuronal viability and/or
function during DKA, with improvement after recovery. This
loss of neuronal integrity during DKA may possibly result
from ischemia due to hypoperfusion, and hyperglycemia may
augment this effect.
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