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Objectives Cerebral edema during diabetic ketoacidosis (DKA) has been attributed to osmotic cellular swelling during

treatment. We evaluated cerebral water distribution and cerebral perfusion during DKA treatment in children.

Study design We imaged 14 children during DKA treatment and after recovery, using both diffusion and perfusion

weighted magnetic resonance imaging (MRI). We assessed the apparent diffusion coefficients (ADCs) and measures reflecting

cerebral perfusion.

Results The ADC was significantly elevated during DKA treatment (indicating increased water diffusion) in all regions

except the occipital gray matter. Mean reductions in the ADC from initial to postrecovery MRI were: basal ganglia 4.7 ± 2.5 3

10�5 mm2/s (P = .002), thalamus 3.7 ± 2.8 3 10�5 mm2/s, (P = .002), periaqueductal gray matter 4.3 ± 5.1 3 10�5 mm2/s

(P = .03), and frontal white matter 2.0 ± 3.13 10�5 mm2/s (P = .03). In contrast, the ADC in the occipital gray matter increased

significantly from the initial to postrecovery MRI (mean increase 3.9 ± 3.93 10�5 mm2/s, P = .004). Perfusion MRI during DKA

treatment revealed significantly shorter mean transit times (MTTs) and higher peak tracer concentrations, possibly indicating

increased cerebral blood flow (CBF).

Conclusions Elevated ADC values during DKA treatment suggests a vasogenic process as the predominant mechanism of

edema formation rather than osmotic cellular swelling. (J Pediatr 2004;145:164-71)

Cerebral edema is the most frequent and serious complication of diabetic
ketoacidosis (DKA) in children. Clinically apparent cerebral edema occurs in
approximately 1% of childhood DKA and is associated with high mortality and

neurological morbidity.1,2 The pathogenesis of the cerebral edema, however, is not
understood; investigators have attributed it to cellular swelling as a result of rapid osmolar
changes occurring during intravenous infusions.3-5 Several studies, however, have shown
no relationship to the volume or sodium content of the infusion nor any association with
the rate of change in serum glucose concentration.2,6-8 This suggests that other factors may
be important in the pathophysiology of DKA-related cerebral edema.

Several investigators have suggested that asymptomatic, or subclinical, cerebral
edema occurs commonly, if not invariably, in pediatric DKA9,10 and may be present before
the initiation of DKA therapy.9 These findings, however, have been challenged by another
study and thus remain controversial.11

Diffusion and perfusion magnetic resonance imaging (MRI) are advanced techniques
with high sensitivity for edema and capillary blood flow, respectively. Diffusion MRI,
quantified as the apparent diffusion coefficient (ADC), measures the degree of mobility of
water protons in tissues.12 The precise mechanisms by whichADC changes occur in various
disease states is not completely understood. It is generally accepted, however, that conditions
that expand the extracellular space (eg, vasogenic edema) are characterized by increased
ADC, whereas conditions that result in cellular swelling (eg, hypoxic/ischemic injury or
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osmotic swelling) result in a decrease in ADC.13,14 Perfusion
MRI complements diffusion imaging. The dynamic monitor-
ing of the first pass of an intravenously administered contrast
agent can be used to assess relative cerebral blood flow (CBF)
and cerebral blood volume (CBV).15-18

The purpose of this study was to investigate the
pathophysiology of DKA-related cerebral edema through the
use of diffusion and perfusion MRI. If cerebral edema during
treatment were caused by osmotic shifts resulting in cellular
swelling, we would anticipate that the ADC during DKA
treatment would be decreased,14,19 and cerebral perfusion
would be diminished or unchanged.

PATIENTS AND METHODS

Patient Population

Patients were eligible for participation if they were
younger than 18 years, diagnosed with type I diabetes mellitus,
and had DKA (defined as serum glucose >300 mg/dL, venous
pH <7.25 and/or serumbicarbonate <15mEq/L, and a positive
test for urine ketones or serum ketones >3 mmol/L).

Treatment Protocol

The study was approved by the institutional review
boards of the participating institutions. After obtaining
written informed consent from parents or guardians, we
treated enrolled patients according to a standardized DKA
protocol. All patients received an initial infusion of 10 to 20
mL per kg of 0.9% saline, depending on the assessed degree of
hypovolemia. Patients with persistently poor perfusion or
hemodynamic instability after the initial fluid 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 deficit of 70 mL/kg over 48 hours. Insulin was
administered via continuous intravenous infusion at an initial
rate of 0.1 U/kg/hour. Patients did not receive an initial
intravenous bolus of insulin, nor were any patients treated with
bicarbonate. Potassium replacement was initiated with 20
mEq potassium chloride and 20 mEq potassium phosphate
per liter of intravenous fluids and was adjusted to maintain
normal serum potassium concentrations. Glucose was added
to the intravenous fluids when the serum glucose concentra-
tion was < 300 mg/dL. Neurological status was assessed using
an age-appropriate Glasgow Coma Scale (GCS)20 hourly for
all patients, and every 30 minutes for patients with headache or
altered mental status. For patients referred from outside
hospitals, the treatment protocol was changed to that
described earlier on arrival to the pediatric intensive care unit.

Imaging Procedures

Patients enrolled in the study underwent MRI including
fluid attenuated inversion recovery, and diffusion and
perfusion imaging at two time points: (1) during treatment
for DKA (2-10 hours after the initiation of therapy), and (2)
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after recovery fromDKA (72 hours or more after the initiation
of treatment). Images were obtained using a 1.5 Tesla Horizon
EchoSpeed LX 8.3.5 imaging system (General Electric
Medical Systems, Milwaukee, Wis) and a standard quadrature
head coil. A three-plane localizer was performed acquiring T1
images in 5 slice locations for each orthogonal direction
(repetition time [TR] 40 ms/echo time [TE] 1.5 ms, 7-mm
thick sections), followed by a T2 fluid attenuated inversion
recovery sequence (TR 10,000 ms/TE 147 ms/inversion
recovery 2200 ms, 4.2-mm thick sections).

DIFFUSION MRI. Diffusion imaging was performed using
a modified single-shot spin-echo echo planar imaging (EPI)
sequence. Axial images were acquired at 19 slice locations with
TR 8000 ms/TE 90.4 ms, and 5-mm thick sections. The b-
value in each of the 26 diffusion gradient combinations used in
the sequence was 900 s/mm2. Using a custom program
(TensorCalc, Maj Hedehus, Stanford University, 2000), raw
diffusion images were converted to diagnostically relevant b =
0 trace, ADC (mean diffusivity), isotropic diffusion weighted
imaging, fractional anisotropy, Coherence Index Anisotropy21

and Lattice Index Anisotropy22 image types.
We determined the ADC in five regions of interest:

basal ganglia, thalamus, periaqueductal gray matter, frontal
white matter, and occipital gray matter. For all regions except
the periaqueductal gray matter, we measured the ADC on
both the right and left sides of the brain to determine the mean
ADC. A single measurement was recorded for periaqueductal
gray matter.

PERFUSION MRI. A first-pass, gadolinium-enhanced tech-
nique was employed using single-shot gradient echo EPI (TR
3000/TE 40 ms, slice thickness 4.2 mm, slice gap 0.8mm).
Axial images were acquired at the same 19 slice locations as for
the diffusion sequence.We acquired a time-series of 26 images
at each slice location with a temporal resolution set at TR 3
seconds. An automatic intravenous injector (Spectris,
MedRad, Inc, Bedford, Mass) was used to administer
Gadolium-DTPA ([Gd] 0.2mL/kg; Omniscan, Amersham
Health, Princeton, NJ) over 6 seconds and saline flush over 30
seconds. The dynamic EPI sequence commenced 9 seconds
before the injection of contrast to insure measurement of
a baseline signal level. Slice locationswere acquired in a superior
to inferior direction to minimize the risk that arterial blood
entering each slice had been previously excited and hence
partially saturated during acquisition of inferior slices.

The time-series of EPI images was analyzed using
published methods.15,18 These methods provided estimates of
regional CBV, regional mean transit time (MTT), and
regional time to peak (TTP). The logarithm of the signal
intensity values were taken to convert the MR image inten-
sity to new values C(t) linearly proportional to the Gd
concentration according to: CðtÞ ¼ ðk=TEÞlogðS0ðtÞ=SðtÞÞ
where CðtÞ ¼ Gd concentration at time t, S0ðtÞ = baseline
MRI image intensity estimated for time t, SðtÞ = actual MRI
image intensity measured at time t. TE is the effective echo
time of the EPI sequence, and k is the scale factor related to the
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Table. Clinical and biochemical features of children with diabetic ketoacidosis at presentation and at
the time of MRI

Patient
No.

Time
of
MRI
(h)

Age
(y) Sex

Known
DM

Initial
glucose,
mmol/L
(mg/dL)

Glucose at
time of
MRI

mmol/L
(mg/dL)

Initial
sodium

(mmol/L)

Sodium at
time of
MRI

(mmol/L)

Initial
TCO2

(mmol/L)

1 2 3.5 F N 42.1 (758) 32.2 (580) 127 123 9
2 4 9.7 M N 34.2 (617) 19.1 (344) 135 133 9
3 4 11.9 F N 52.5 (946) 23.7 (428) 123 135 14
4 3 15.6 M Y 19.4 (350) 15.1 (272) 128 130 9
5 4 13.3 M Y 32.9 (593) 15.9 (287) 136 137 4
6 4 12.7 M N 41.4 (747) 32.0 (577) 130 134 7
7 5 15.4 F Y 33.2 (598) 14.3 (257) 132 136 12
8 5 15.5 M N 23.8 (429) 9.8 (177) 132 136 7
9 5 8.3 M N 36.0 (648) 20.1 (362) 138 135 5
10 5 13.9 F Y 66.2 (1193) 21.5 (388) 134 150 5
11 9 14.7 F Y 39.0 (703) 15.5 (279) 134 137 13
12 10 11.5 M N 34.7 (625) 15.6 (281) 138 141 6
13 7 12.8 F N 45.5 (820) 13.1 (236) 130 140 10
14 9 12.1 F Y 35.1 (632) 17.6 (317) 133 133 5

Mean — 12.2 — — 38.3 (689) 19.0 (341) 132 136 8
Range 2-10 3.5-15.6 — — 19.4-66.2

(350-1193)
9.8-32.2
(177-580)

123-138 123-150 4-14
local Gd relaxivity. The S0ðtÞ baseline MRI values were found
by linear interpolation across the points of the contrast passage.
To represent the precontrast baseline value, the mean value
obtained from the four images before injection, and three to
four images after the injection but before arrival of contrast
media into the tissue, were used. To represent the postcontrast
baseline value, the mean of six to eight images after bolus
passage were used. Linear interpolation across the time points
of contrast passage provided a model for an estimate of the
increasing amount of recirculating blood during the contrast
passage. The postcontrast baseline was included in the deter-
mination of the signal baseline because it represents the
changed baseline level of signal from contrast recirculation.

Estimates of MTT and TTP were determined by curve
fitting CðtÞ to a gamma variant function23 extending from the
last image in the pre-contrast baseline group to the first image
in the postcontrast baseline group. MTT was defined by the
normalized first moment of the concentration curve
MTT ¼

R
tCðtÞdt=

R
CðtÞdt: Using the gamma variant

function, the integrals were solved analytically, and the
MTT was written in closed form based on the parameters of
the gamma variant function.

The TTP was defined as the time interval between the
injection of contrast and the point in time when the maximal
drop in MRI image intensity occurred. The TTP was derived
by adding the time associated with the acquisition of all images
considered to be part of the pre-contrast baseline, plus the time
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from the last pre-contrast image to the time of the peak of the
gamma-variant function fit.

The regional CBV was defined as the ratio of the
integrals of the contrast curves at the tissue and a feeding
artery, as given by24 CBV ¼ ðkH=qÞð

R
CðtÞdt=

R
AIFðtÞdtÞ

where AIFðtÞ is the arterial input function representing the
Gd concentration curve at time t in the feeding artery, and
CðtÞ is the Gd concentration in the tissue at time t. Also, kH is
defined as kH ¼ ð1�HLV =1�HSV Þ;whereHLV andHSV are
the assumed hematocrit in the large vessel (HLV = 0.45) and in
the capillaries (HSV = 0.25) of tissue volume used in CðtÞ
measurement, and q is defined as the tissue density (assumed
1.04 g/mL).

The gamma variant function used in this study has the
usual form given by: GðtÞ ¼ K ðt � t0Þae�bðt�t0Þ for t0 #
t < ‘; G(t)=0 for t# t0. The parameters K, a and b are
determined by fitting this function to the concentration
estimates derived from the experimental data, and MTT,
TTP, and Peak values are determined from these estimated
parameters as follows:

MTT ¼ t0 þ ðaþ 1Þ=b
TTP ¼ t0 þ a=b

Peak ¼ K ða=bÞae�ðaþ1Þ

Functool (Research software source code, GE Medical
Systems, Waukesha, Wis, 1999) was used for the calculation
The Journal of Pediatrics � August 2004



TCO2 at
time of
MRI

(mmol/
L)

Initial
serum
urea

nitrogen,
mmol/L
(mg/dL)

Serum
urea

nitrogen at
time of
MRI

mmol/L
(mg/dL)

Initial
creatinine,
lmol/L
(mg/dL)

Creatinine
at time of

MRI,
lmol/L
(mg/dL)

Initial pH
(venous)

pH at time
of MRI
(venous)

Initial
PCO2

(mm Hg)

PCO2

at time
of MRI

(mm Hg)

7 8.6 (24) 7.1 (20) 76 (1.0) 69 (0.9) 7.17 7.16 25 19
11 8.2 (23) 6.8 (19) 114 (1.5) 76 (1.0) 7.12 7.19 10 25
10 4.6 (13) 2.9 (8) 84 (1.1) 61 (0.8) — 7.28 — 24
8 5.4 (15) 5.0 (14) 99 (1.3) 91 (1.2) — 7.16 — 22
6 8.6 (24) 7.1 (20) 99 (1.3) 91 (1.2) 7.21 7.14 24 25
5 6.4 (18) 6.1 (17) 114 (1.5) 91 (1.2) 6.99 7.01 23 19
10 6.1 (17) 3.6 (10) 91 (1.2) 69 (0.9) 7.18 7.25 36 11
9 6.8 (19) 5.7 (16) 130 (1.7) 107 (1.4) 6.98 7.12 29 25
10 5.4 (15) 4.6 (13) 76 (1.0) 61 (0.8) 7.18 7.17 12 29
11 7.8 (22) 6.4 (18) 183 (2.4) 122 (1.6) 7.07 7.29 10 27
11 9.3 (26) 7.8 (22) 114 (1.5) 91 (1.2) 7.15 7.19 32 31
17 7.1 (20) 4.6 (13) 69 (0.9) 61 (0.8) 7.10 7.30 7 31
13 7.8 (22) 4.6 (13) 107 (1.4) 61 (0.8) 7.13 7.22 14 39
7 16.4 (46) 13.9 (39) 160 (2.1) 99 (1.3) 7.10 7.13 19 22

10 7.7 (22) 6.2 (17) 108 (1.4) 82 (1.1) 7.11 7.19 20 25
5-17 4.6-16.4

(13-46)
2.9-13.9
(8-39)

69-183
(0.9-2.4)

61-122
(0.8-1.6)

6.98-7.21 7.01-7.30 7-36 11-39
of S0(t), S(t), C(t), the least squares fit of the concentration
estimates to the gamma variant function, and determination of
peak tracer concentration, MTT, TPP, and CBV, according
to the equations here. Calculation of CBF based on the
calculation of a Residue Function for each voxel,16,17 was not
performed because software for the analysis was not available.

We avoided pharmacological sedation during the
imaging procedures whenever possible. When necessary,
sodium pentobarbital (2 mg/kg or less) or midazolam (0.1
mg/kg or less) were used.

Statistical Analysis

We compared ADC values and hemodynamic measures
during DKA treatment to those measured after recovery using
the Wilcoxon signed rank test.

RESULTS
We enrolled 14 children with DKA into the study

(Table). At enrollment, 6 children complained of headache,
and 1 child had substantially altered mental status with a GCS
score of 6. This child’s mental status improved after 5 hours of
treatment for DKA and returned to normal after 12 hours.
Five additional children had deteriorations in mental status
(decline in GCS score below 15) during treatment. Four of
these declines were mild (minimum GCS score of 14). The
fifth child had a decline in GCS score to 11 at hour 7 but
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returned to normal by hour 10. None of these children were
treated for cerebral edema because their MR inversion
recovery imaging sequences did not demonstrate overt
evidence of cerebral swelling (ie, reduced ventricular size,
inapparent basilar cisterns, or intensity abnormalities). All
patients recovered fully and without neurologic deficit. All
patients maintained normal age-adjusted blood pressures
throughout the study. Three children received pharmacolog-
ical sedation for their initial imaging studies, and 1 child
received sedation for the follow-up imaging study.

In four of the five cerebral anatomical regions evaluated,
ADC values were significantly elevated duringDKA treatment
in comparison with values measured after recovery. These
findings suggest a predominance of extracellular over in-
tracellular fluid accumulation, most consistent with vasogenic
edema (Fig 1). In contrast, significantly lower ADC values
were observed in the occipital gray matter during DKA
treatment compared with values measured after recovery,
indicating that water distribution in this area of the brain
during DKA treatment differs from the other anatomical
regions.

On perfusion MRI, we found that the MTT was
significantly shorter duringDKA treatment than after recovery
in all regions of interest (Fig 2). The TTP tracer concentration
tended to be shorter during DKA treatment as well, but these
differences did not achieve statistical significance (P values
.07-.14). The peak tracer concentration was significantly
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Fig 1. ADC values (lm2/s) measured during treatment for DKA and after recovery from the DKA episode. ADC values at one or both
time points were not obtained for 2 patients enrolled in the study because of technical difficulties or patient movement during imaging.
greater during DKA treatment in all anatomical regions except
the occipital gray matter. CBV did not change significantly
between the two examinations in any of the regions.

DISCUSSION
This study provides new information regarding cerebral

edema during DKA. First, our diffusion MRI data provide
further evidence that subtle, asymptomatic cerebral edema
may occur commonly in children during DKA treatment9,10

because we consistently observed changes in ADC on
diffusion MRI, although most patients had no symptoms or
signs of cerebral edema. More important, however, our
findings demonstrate that the ADC is increased, rather than
decreased, during DKA treatment in most regions of the
brain, likely indicating expansion of the extracellular space
relative to the intracellular space.12 These findings are most
consistent with a vasogenic mechanism of edema formation
rather than osmotic cell swelling, which is associated with
expansion of the intracellular space.14,19 In studies of cerebral
edema caused by osmotic cell swelling, a decrease in ADC has
been observed.14,19
168 Glaser et al
Our perfusion MRI data consistently demonstrate
decreased MTT and increased peak tracer concentration on
the initial scans. These changes are consistent with increased
cerebral perfusion during DKA treatment,25,26 however, we
cannot exclude the possibility that the observed changes may,
at least in part, reflect differences in the patients’ hemody-
namic states between the two scans rather than changes in
cerebral perfusion. Few studies have evaluated the impact of
systemic volume depletion or expansion on perfusion imaging.
Existing studies suggest that severe volume depletion may
increase MTT and volume expansion with increased blood
pressure may decrease TTP.27,28 These studies lend support to
the hypothesis that the observed findings were a result of
changes in cerebral perfusion; however, the impact of less
severe volume depletion, similar to that which occurs in DKA,
on perfusion imaging has not been investigated.

A number of possible mechanisms might contribute to
vasogenic cerebral edema in DKA. Some investigators have
proposed that ketone bodies may act directly on the brain
microvascular endothelium to cause vasogenic edema.29,30

Beta-hydroxybutyrate and acetoacetate may stimulate
production of vasoactive peptides by cultured brain endothelial
The Journal of Pediatrics � August 2004



Fig 2. Perfusion MRI measures in children with DKA during treatment and after recovery from the DKA episode. A, TTP tracer
concentration (s);B, Maximum tracer concentration;C, MTT (s);D, CBV (mL/g of tissue). *CBVwas not measured in the periaqueductal gray
matter because of inaccuracies of this measure in regions with high cerebrospinal fluid content. Perfusion MRI measurements at one or both
time points were not obtained for 5 patients enrolled in the study because of either technical difficulties or patient movement during imaging (3
patients) or because of lack of consent for administration of intravenous contrast (2 patients).
cells, and these peptides may increase vascular permeability.30

In addition, acetoacetate may increase the expression of
intercellular adhesion molecule-1, promoting cerebrovascular
leakage.29,31

A study of risk factors for cerebral edema in childhood
DKA conducted by our group showed that patients with
greater dehydration and those with more profound hy-
pocapnia are at increased risk of symptomatic cerebral edema.2

These findings suggest that cerebral hypoperfusion before
DKA treatment, and subsequent reperfusion, might play a role
in the pathogenesis of cerebral edema. Reperfusion of ischemic
cerebral tissue causes vasodilation32 and may impose vasogenic
edema on existing cytotoxic edema to result in further cerebral
injury,33,34 particularly in the setting of hyperglycemia.35-37 In
children with DKA, cerebral edema may possibly be triggered
by similar mechanisms when intravenous rehydration re-
establishes normal perfusion in previously hypoperfused brain
tissue.

Typically, ischemic brain injury is characterized in the
acute to subacute phases by low ADC values (ie, restricted
diffusion), likely a result of both astrocytic swelling and
diminished intracellular microcirculation.38,39 The elevated
Mechanism of Cerebral Edema in Children with Diabetic Ketoacidosis
ADCs observed in this study, however, do not contradict
a possible role for cerebral hypoperfusion in the pathogenesis
of DKA-related cerebral edema. In fact, studies have
demonstrated that the ADC may return to normal within 1
hour after reperfusion of ischemic tissue.38 Ethical concerns
prohibited us from delaying treatment in order to image
patients before initiating therapy. It is therefore possible that
MRI before rehydration would have demonstrated low ADC
values.

Changes in PaCO2 may also effect CBF during DKA
treatment. Modulation of PaCO2 has a linear effect on CBF,
and hyperventilation is often utilized therapeutically to
decrease CBV by inducing constriction of cerebral vessels.
During DKA, children are often profoundly hypocapnic, and
extreme hypocapnia may lead to cerebral hypoperfusion.40,41

When PaCO2 rises after a period of hypocapnia, however,
cerebral hyperemia may occur, increasing CBF beyond
baseline levels.42,43 Because a similar rise in PaCO2 occurs
during DKA treatment, CBF may increase via similar
mechanisms.

In the current study, we found decreased ADCs in the
occipital gray matter during DKA treatment, in contrast to the
169



increased values observed in other regions. The reason for this
variation may be related to the relatively less sympathetic
innervation of the vertebrobasilar circulation, as compared
with the carotid circulation and its diminished capacity for
autoregulation of CBF.44 These differences may predispose
the occipital cortex to ischemic injury or to delayed recovery
from ischemia. Cerebral edema caused by severe hypertension
(posterior reversible encephalopathy syndrome) tends to
involve the cerebral territories of the posterior circulation;
this has been attributed similarly to failure of cerebral
autoregulation in this region.45

There are some limitations to the current study. First,
because patients were not imaged before therapy for DKA, we
cannot determine which of the observed changes occur as
a result of DKA and which are treatment-related. Second, the
patients in the current study had subclinical, rather than overt,
symptomatic cerebral edema. We cannot be certain, therefore,
that patients with overt cerebral edema would manifest similar
characteristics onMRI. In addition, patients were imaged over
a relatively broad time period, and this may have increased
variability in the MR values measured. Symptomatic cerebral
edema during DKA treatment, however, occurs most
frequently 2 to 10 hours after initiation of therapy,2 and this
was the interval during which imaging took place.
Nevertheless, had the timing of the imaging studies been
more uniform relative to treatment initiation, we may have
been better able to detect differences in the measured values.

In summary, our study indicates that during DKA
treatment the ADC is increased, likely indicating expansion of
the extracellular space in relation to the intracellular space.
Cerebral perfusion may be increased as well. These ob-
servations contrast with those that would be expected if
cerebral edema during DKA treatment were caused by osmotic
cell swelling and suggest a vasogenic mechanism of edema
formation.

We gratefully acknowledge the technical assistance of Greg Davis and
John Ryan in conducting the MR protocol. We are also grateful to
Michael Moseley, PhD, Martha O’Donnell, PhD, Steve Anderson,
PhD, Richard Latchaw, MD, Laura Bachrach, MD, and Darrell
Wilson, MD, for their assistance and advice throughout the course of
the study.
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