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ABSTRACT

Background Cerebral edema is an uncommon but
devastating complication of diabetic ketoacidosis in
children. Risk factors for this complication have not
been clearly defined.

Methods In this multicenter study, we identified 61
children who had been hospitalized for diabetic ke-
toacidosis within a 15-year period and in whom cer-
ebral edema had developed. Two additional groups
of children with diabetic ketoacidosis but without cer-
ebral edema were also identified: 181 randomly se-
lected children and 174 children matched to those in
the cerebral-edema group with respect to age at pres-
entation, onset of diabetes (established vs. newly di-
agnosed disease), initial serum glucose concentration,
and initial venous pH. Using logistic regression, we
compared the three groups with respect to demo-
graphic characteristics and biochemical variables at
presentation and compared the matched groups with
respect to therapeutic interventions and changes in
biochemical values during treatment.

Results A comparison of the children in the cere-
bral-edema group with those in the random control
group showed that cerebral edema was significantly
associated with lower initial partial pressures of arte-
rial carbon dioxide (relative risk of cerebral edema for
each decrease of 7.8 mm Hg [representing 1 SD], 3.4;
95 percent confidence interval, 1.9 to 6.3; P<0.001)
and higher initial serum urea nitrogen concentrations
(relative risk of cerebral edema for each increase of
9 mg per deciliter [3.2 mmol per liter] [representing
1 SDJ, 1.7; 95 percent confidence interval, 1.2 to 2.5;
P=0.003). A comparison of the children with cerebral
edema with those in the matched control group also
showed that cerebral edema was associated with low-
er partial pressures of arterial carbon dioxide and
higher serum urea nitrogen concentrations. Of the
therapeutic variables, only treatment with bicarbon-
ate was associated with cerebral edema, after adjust-
ment for other covariates (relative risk, 4.2; 95 per-
cent confidence interval, 1.5 to 12.1; P=0.008).

Conclusions Children with diabetic ketoacidosis
who have low partial pressures of arterial carbon di-
oxide and high serum urea nitrogen concentrations
at presentation and who are treated with bicarbon-
ate are at increased risk for cerebral edema. (N Engl
J Med 2001;344:264-9.)
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TABETIC ketoacidosis occurs in 25 to 40
percent of children with newly diagnosed
type 1 diabetes mellitus':2 and may later re-
cur in association with illness or noncom-
pliance with treatment. Clinically apparent cerebral
edema occurs in approximately 1 percent of episodes
of diabetic ketoacidosis in children and is associated
with a mortality rate of 40 to 90 percent.3¢ Cerebral
edema is responsible for 50 to 60 percent of diabe-
tes-related deaths in children.”8
The pathophysiologic mechanism underlying the
cerebral edema associated with diabetic ketoacidosis
is controversial. Clinical studies to date, most of which
have been small, have provided little information about
predictive factors. In this case—control study of chil-
dren with diabetic ketoacidosis, we evaluated the as-
sociations between cerebral edema and the following
factors: demographic characteristics and initial bio-
chemical characteristics, therapeutic interventions, and
changes in biochemical values during treatment.

METHODS

Study Subjects
Cerebral-Edema Group

We identified all the children (persons <18 years of age) in whom
cerebral edema related to diabetic ketoacidosis developed be-
tween 1982 and 1997 at any of 10 pediatric centers. To identity
these children, we reviewed the records of all the children who
had been admitted because of diabetic ketoacidosis and whose
records indicated that they had had cerebral edema, cerebral infarc-
tion, coma, seizures, or death, or that they had undergone comput-
ed tomographic scanning, magnetic resonance imaging, intubation,
or treatment with mannitol. The records of all children who died
(with or without type 1 diabetes) at these 10 centers during the
study period were also reviewed to ensure that no cases of cere-
bral edema related to diabetic ketoacidosis had been missed.

To be included in the study, children identified as having cere-
bral edema were required to meet all the following criteria: the

From the Department of Pediatrics (N.G., N.K.) and the Division of
Emergency Medicine, Department of Internal Medicine (N.K.), University
of California, Davis, School of Medicine, Davis; the Division of Emergency
Medicine, Royal Children’s Hospital, Melbourne, Australia (P.B.); the Di-
vision of Emergency Medicine, Children’s Hospital and Health Center, San
Diego, Calif. (I.M.); the Department of Pediatrics, Brown University
School of Medicine, Providence, R.I. (D.N.); the Division of Emergency
Medicine, Children’s Memorial Hospital, Chicago (J.T.); the Division of
Emergency Medicine, Children’s Hospital of Philadelphia, Philadelphia
(J.L.); the Department of Pediatrics, University of Southern California
School of Medicine, Los Angeles (EK.); the Department of Pediatrics,
Washington University School of Medicine, St. Louis (K.Q.); the Depart-
ment of Pediatrics, University of Colorado Health Sciences Center, Denver
(M.R.); and the Department of Pediatrics, Harvard Medical School, Bos-
ton (R.M.). Address reprint requests to Dr. Glaser at the Division of Pedi-
atric Endocrinology, University of California, Davis, Medical Center, 2516
Stockton Blvd., Sacramento, CA 95817, or at nsglaser@ucdavis.edu.

© WWwW. nejm .org

Downloaded from www.nejm.org on November 8, 2009 . For personal use only. No other uses without permission.
Copyright © 2001 Massachusetts Medical Society. All rights reserved.



RISK FACTORS FOR CEREBRAL EDEMA IN CHILDREN WITH DIABETIC KETOACIDOSIS

presence of diabetic ketoacidosis (defined as a serum glucose con-
centration >300 mg per deciliter [16.7 mmol per liter], a venous
pH <7.25 or a serum bicarbonate concentration <15 mmol per
liter, and the presence of ketones [acetoacetate] in the urine); alter-
ation in mental status (obtundation or disorientation); and either
radiographically or pathologically confirmed cerebral edema or spe-
cific treatment for cerebral edema (hyperosmolar therapy or con-
trolled hyperventilation) that was followed by clinical improvement.

Because cerebral infarction may occur as a consequence of cer-
ebral edema or impending herniation, !¢ radiographic studies of
children with cerebral infarction were also reviewed by a neuropa-
thologist. Six patients whose radiographs revealed patterns of infarc-
tion consistent with the consequences of cerebral edema were in-
cluded in the cerebral-edema group.®

Control Groups

For each child with cerebral edema, we identified six other chil-
dren who were designated as controls, three in each of two con-
trol groups. One control group (the “random controls”) consisted
of children with diabetic ketoacidosis (as defined above) who were
randomly selected with use of a computer-generated list of num-
bers from among all the children admitted for diabetic ketoaci-
dosis at each center during the study period. The second control
group (the matched controls) consisted of children with diabetic
ketoacidosis (as defined above) who were matched with the chil-
dren with cerebral edema according to age (within two years), on-
set of diabetes (established vs. newly diagnosed disease), venous
pH at presentation (within 0.1), and serum glucose concentration
at presentation (within 200 mg per deciliter [11.1 mmol per liter]).
If pH values were not available, children were matched according
to serum bicarbonate concentration (within 3 mmol per liter). If
more than three matched controls could be identified for a child
with cerebral edema, the controls whose dates of admission most
closely approximated that of the child with cerebral edema were
chosen.

Data Collection

The following data from the record of each child were recorded
by one investigator at each center: demographic characteristics,
initial biochemical values, treatment regimen, and changes in lab-
oratory values during treatment. We calculated other variables ac-
cording to the following formulas!!4: corrected serum sodium
concentration = measured serum sodium concentration + ([ (serum
glucose concentration —100)+100] X 1.6), with the serum glu-
cose concentration expressed in milligrams per deciliter; osmo-
lality = (2 X serum sodium concentration) + (serum glucose concen-
tration + 18) + (serum urea nitrogen concentration + 2.8), with the
serum sodium concentration expressed in millimoles per liter and
the serum glucose and serum urea nitrogen concentrations in mil-
ligrams per deciliter; arterial pH = venous pH + 0.05; and the partial
pressure of arterial carbon dioxide = the partial pressure of venous
carbon dioxide — 6. Information from nursing records about treat-
ments given during each hour was used to calculate the rates of
administration of fluid, sodium, and insulin. In the cerebral-edema
group, these rates and changes in biochemical variables during treat-
ment were calculated for the interval between the initiation of ther-
apy (defined as the first intravenous administration of fluids or in-
sulin) and the onset of symptomatic cerebral edema; in the control
groups, these values were calculated for the same interval.

To assess interrater agreement in the recording of data, 10 per-
cent of the records were randomly selected and reexamined by a
single investigator. Interrater agreement with respect to eight var-
iables (the initial serum glucose and sodium concentrations, the ini-
tial venous pH value, the use or nonuse of a bolus dose of insulin,
the rates of insulin and fluid administration during the first hour of
treatment, the use or nonuse of bicarbonate therapy, and the dose
of bicarbonate, if used) was evaluated with use of the weighted kap-
pa statistic. The consistency of the recording of data among in-
vestigators was excellent, with a median kappa statistic of 0.9 (range,
0.6 to 1.0).

The study was approved by the institutional review board of
cach participating institution.

Statistical Analysis

We compared data from the cerebral-edema group with data
from both of the control groups by one-way analysis of variance
for continuous variables and the chi-square test for categorical vari-
ables. The Kruskal-Wallis test was used when variances were un-
equal among the groups. The Scheffé!s and Bonferroni!¢ proce-
dures were used to adjust for multiple comparisons in the analyses
of variance and chi-square tests, respectively.

We compared the cerebral-edema group with the random con-
trol group by means of a logistic-regression analysis that included
the demographic variables and initial biochemical variables. We com-
pared the cerebral-edema group with the matched control group
by means of a conditional logistic-regression analysis that included
the demographic variables and initial biochemical variables as well
as the therapeutic variables and changes in biochemical variables
during therapy. Because the odds ratio approximates the relative
risk of diseases with a low incidence, we computed the odds ratio
to estimate the relative risk. If two or more variables were collinear,
only the variable that was measured most frequently was included
in the multivariate analysis. For continuous data, missing values (12
percent of the continuous data points) were imputed.l”

Using bootstrap methods, we performed 1000 iterations of the
multivariate analyses to assess their stability.!$1* We considered the
association of a variable with cerebral edema to be validated if a
significant association with cerebral edema was found in more than
50 percent of the 1000 repeated analyses.!® All the statistical com-
putations were two-tailed and were performed with Stata statisti-
cal software20 (version 6.0, Stata, College Station, Tex.).

RESULTS
Incidence of Cerebral Edema

Clinically apparent cerebral edema occurred in 61
of 6977 hospitalizations for diabetic ketoacidosis dur-
ing the study period (0.9 percent; 95 percent confi-
dence interval, 0.7 to 1.1 percent). The diagnosis of
cerebral edema was based on deterioration in mental
status accompanied by radiographic evidence in 32
of the 61 children (52 percent), by changes in men-
tal status that improved after therapy for suspected
cerebral edema in 27 children (44 percent), and by
postmortem findings in 2 children (3 percent). Neu-
rologic deterioration occurred a median of 7 hours
(range, 0 to 25) after the initiation of therapy for di-
abetic ketoacidosis (Fig. 1), but in three of the chil-
dren (5 percent), all of whom had radiographically
apparent cerebral edema, it occurred before the ini-
tiation of therapy.

Of the 61 children with cerebral edema, 35 (57
percent) recovered without sequelae, 13 (21 percent)
survived with permanent neurologic dysfunction, and
13 (21 percent) died. During the study period, only
two other children died as a result of diabetic keto-
acidosis, both owing to cardiac arrest associated with
hypokalemia and hypocalcemia.

Demographic and Initial Biochemical Variables

The 61 children in whom cerebral edema occurred
were younger, more likely to be white, and more
likely to have newly diagnosed diabetes than the 181
children in the randomly selected control group (Ta-
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Figure 1. Time between the Initiation of Therapy and Neurologic Deterioration in Children with Diabetic Ketoacidosis

and Cerebral Edema.

ble 1). The children with cerebral edema also had
more severe acidosis and hypocapnia and higher se-
rum glucose, urea nitrogen, and creatinine concen-
trations at the time of presentation than the randomly
selected controls.

The 61 patients in the cerebral-edema group and
the 174 children in the matched control group were
well matched: there were no significant differences
between these groups with respect to age, the propor-
tion with newly diagnosed diabetes, serum glucose
concentrations, and arterial pH values at the time of
presentation (Table 1). However, the children with cer-
ebral edema had significantly higher serum urea ni-
trogen concentrations and significantly lower partial
pressures of arterial carbon dioxide than the matched
controls. Eighty-five percent of the children in the
cerebral-edema group had initial partial pressures of
arterial carbon dioxide of less than 18 mm Hg, as
compared with 54 percent of the random control
group and 69 percent of the matched control group.

Comparison of the Children with Cerebral Edema
and the Random Controls

In the multiple logistic-regression analysis, the only
variables that were associated with cerebral edema,
after adjustment for other covariates, were the serum
urea nitrogen concentration and partial pressure of
arterial carbon dioxide at the time of presentation
(Table 2).

Because both arterial pH values and serum bicar-
bonate concentrations are measures of the degree of
acidosis and thus are collinear, we included only the
latter in the main multivariate analysis. Likewise, we
excluded the initial serum osmolality values from the

266 - N Engl ] Med, Vol. 344, No. 4 - January 25, 2001

multivariate analysis because of collinearity. When se-
rum osmolality was substituted for the serum sodium,
glucose, and urea nitrogen concentration in a sub-
analysis, it was not a significant predictor of the risk
of cerebral edema. However, the initial partial pres-
sure of arterial carbon dioxide continued to be a sig-
nificant predictor of the risk of cerebral edema (data
not shown).

Comparison of the Children with Cerebral Edema
and the Matched Controls

In the conditional logistic-regression analysis, both
a higher serum urea nitrogen concentration and a low-
er partial pressure of arterial carbon dioxide were in-
dependently associated with cerebral edema (Table 3).
A smaller increase in the serum sodium concentra-
tion during therapy and treatment with bicarbonate
were also significantly associated with cerebral edema.

We evaluated the timing of bicarbonate adminis-
tration in relation to the onset of symptoms of cere-
bral edema in order to investigate the possibility of bias
in bicarbonate administration. We sought to ensure
that physicians were not administering bicarbonate in
response to deteriorating mental status, thus creating
a misleading association between this intervention and
cerebral edema. Of the 23 children in the cerebral-
edema group who were treated with bicarbonate, only
3 (13 percent) received the first dose within two hours
before the onset of neurologic deterioration. By com-
parison, of the 43 children in the matched control
group who were treated with bicarbonate, 4 (9 per-
cent) received their first dose during this interval (P=
0.69). Thus, no bias in the use of bicarbonate was
detected.
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TABLE 1. CHARACTERISTICS OF THE CHILDREN AT THE TIME OF PRESENTATION.*

CHILDREN WITH MATCHED Ranbom
CeReBRAL EDEMA CONTROLS CoNTROLS P
VARIABLE (N=61) (N=174) (N=181) VALUET
Age (yr) 8.9+4.2 9.0+4.2 11.3+5.0 <0.001
Male sex (%) 57 54 41 0.02
White race (%) 73 67 53 0.009
Newly diagnosed diabetes (%) 66 64 39 <0.001
Serum bicarbonate (mmol/liter) 59+2.7 6.5+2.9 7.9*3.6 <0.001
Serum urea nitrogen (mg/dl) 27+14 21*11 20£9 0.002
Serum creatinine (mg/dl) 1.5*1.1 1.3x1.2 1.1£0.7 0.04
Serum glucose (mg/dl) 758+330 700+286 614+244 0.002
Arterial pHt 7.06+0.10 7.09%£0.10 7.12+0.11 <0.001
Partial pressure of arterial carbon dioxide 11.3*6.5 15.1+84 17.9+7.8 <0.001

(mm Hg)§

*Plus—minus values are means *=SD. To convert the values for serum urea nitrogen to millimoles
per liter, multiply by 0.36; to convert the values for serum creatinine to micromoles per liter, multiply
by 88.4; and to convert the values for serum glucose to millimoles per liter, multiply by 0.056.

1P values are for the comparison among all three groups. There were no significant differences
among the three groups in the following variables at presentation: serum sodium concentration, cor-
rected serum sodium concentration, initial serum potassium concentration, and serum osmolality
(data not shown). After adjustment for multiple comparisons by the Scheffé or Bonferroni procedure,
there were no significant differences between the cerebral-edema group and the matched control
group in any of the variables except the serum urea nitrogen concentration and the partial pressure
of arterial carbon dioxide; the cerebral-edema group and the random control group remained signif-
icantly different with respect to all the variables.

fArterial pH values were calculated according to the following formula!3: arterial pH=venous pH+
0.05.

§The partial pressures of arterial carbon dioxide were calculated according to the following
formulal4: partial pressure of arterial carbon dioxide = partial pressure of venous carbon dioxide — 6,

with all values in millimeters of mercury.

Validation of Multivariate Analyses

With bootstrap analysis, the results of the multi-
variate regression analyses were validated. All the vari-
ables that were found to be associated with cerebral
edema in the original analyses were significantly as-
sociated with cerebral edema in more than 75 percent
of the 1000 iterations of the multivariate analyses.

DISCUSSION

In this study, the children with diabetic ketoaci-
dosis who had higher serum urea nitrogen concen-
trations and more severe hypocapnia at presentation
than other children with diabetic ketoacidosis were at
increased risk for cerebral edema. Smaller increases in
the serum sodium concentration during therapy also
indicated a greater likelihood of cerebral edema. Of
the therapeutic factors analyzed, only treatment with
bicarbonate was associated with cerebral edema. Nei-
ther the initial serum glucose concentration nor the
rate of change in the serum glucose concentration
during therapy was associated with the development
of cerebral edema, after adjustment for other covar-
iates; the same was true of the rates of fluid, sodium,
and insulin administration.

In the current study, symptomatic cerebral edema
occurred in approximately 1 percent of the episodes

TABLE 2. MULTIVARIATE ANALYSIS OF RISK FACTORS
FOR CEREBRAL EDEMA IN THE CHILDREN WITH CEREBRAL EDEMA
AS COMPARED WITH THE RANDOM CONTROL GROUP.*

RELATIVE Risk P
VARIABLET (95% CI) VALUE
Male sex 0.9 (0.4-1.8) 0.68
New onset of diabetes 1.3 (0.5-3.1) 0.57
Age (per 1-yr increase) 0.9 (0.9-1.0) 0.20
Initial serum sodium concentration 0.8 (0.6-1.1) 0.19
(per increase of 5.8 mmol/liter)
Initial serum glucose concentration 1.0 (0.7-1.5) 0.98
(per increase of 244 mg/dl)
Initial serum urea nitrogen concentration 1.7 (1.2-2.5) 0.003
(per increase of 9 mg/dl)
Initial serum bicarbonate concentration 1.3 (0.7-2.4) 0.41

(per increase of 3.6 mmol/liter)

Initial partial pressure of arterial carbon
dioxide (per decrease of 7.8 mm Hg)

34(19-63)  <0.001

*In this analysis, the cerebral-edema group was compared with the ran-
dom control group by means of logistic regression. CI denotes confidence
interval. To convert the value for serum glucose to millimoles per liter,
multiply by 0.056, and to convert the value for serum urea nitrogen to mil-
limoles per liter, multiply by 0.36.

tThe increase or decrease used in the analysis of each continuous vari-
able (except age) represents a change of 1 SD in the variable in the ran-
domly selected control children with diabetic ketoacidosis.
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TABLE 3. MULTIVARIATE ANALYSIS OF RisK FACTORS
FOR CEREBRAL EDEMA IN THE CHILDREN WITH CEREBRAL EDEMA
AS COMPARED WITH THE MATCHED CONTROL GROUP.*

RELATIVE Risk P
VARIABLET (95% ClI) VALUE
Male sex 0.6 (0.3-1.4) 0.27

Age (per 1-yr increase) 0.9 (0.6-1.3) 0.53

0.7 (0.5-1.02) 0.06

Initial serum sodium concentration
(per increase of 5.8 mmol/liter)

Initial serum glucose concentration 1.4 (0.5-3.9) 0.58

(per increase of 244 mg/dl)
Initial serum urea nitrogen concentration
(per increase of 9 mg/dl)

1.8 (1.2-2.7) 0.008

Initial serum bicarbonate concentration
(per increase of 3.6 mmol/liter)

1.2 (0.5-2.6) 0.73

Initial partial pressure of arterial carbon dioxide
(per decrease of 7.8 mm Hg)

2.7 (14-5.1) 0.002

Rate of increase in serum sodium concen-
tration during therapy (per increase of
5.8 mmol/liter/hr)

Rate of decrease in serum glucose concen-
tration during therapy (per decrease of
190 mg/dl/hr)

Rate of increase in serum bicarbonate con-
centration during therapy (per increase
of 3 mmol/liter/hr)

Administration of insulin bolus

0.6 (0.4-0.9) 0.01

0.8 (05-1.4) 041

0.8 (05-1.1) 0.15

0.8 (0.3-2.2)  0.62
42(15-121) 0.008
1.1(0.4-3.0) 091

Treatment with bicarbonate

Rate of infusion of intravenous fluid (per
increase of 5 ml/kg of body weight,/hr)

Rate of infusion of sodium (per increase of
0.6 mmol/kg/hr)

Rate of infusion of insulin (per increase of
0.04 unit/kg/hr)

1.2(0.6-27) 059

1.2(0.8-1.8)  0.30

*In this analysis, the cerebral-edema group was compared with the
matched control group by means of conditional logistic regression. CI de-
notes confidence interval. To convert the values for serum glucose to mil-
limoles per liter, multiply by 0.056, and to convert the value for serum urea
nitrogen to millimoles per liter, multiply by 0.36.

tThe increase or decrease used in the analysis of each continuous vari-
able (except age) represents a change of 1 SD in the variable in the ran-
domly selected control children with diabetic ketoacidosis.

of diabetic ketoacidosis. Asymptomatic cerebral swell-
ing, however, is thought to occur more frequently.+2!
Whether these conditions represent a spectrum of dis-
ease presentation or whether they are manifestations
of different pathophysiologic processes is unknown.
Equally controversial is whether specific therapies con-
tribute to the development of cerebral edema. In the
current study as well as several previous investiga-
tions,22.23 symptomatic cerebral edema developed in
a few children with diabetic ketoacidosis before the
initiation of therapy. This observation suggests that
although variations in treatment may exacerbate an
ongoing pathologic process, cerebral edema is not nec-
essarily caused by therapeutic interventions.
Previous investigations of cerebral edema in chil-
dren with diabetic ketoacidosis cited younger age, a
new diagnosis of diabetes, and the rate of fluid admin-
istration as factors associated with cerebral edema.>¢
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In these studies, however, children with cerebral ede-
ma were not compared with controls, and there was
no adjustment for possible confounding factors. In
the current study, the differences associated with these
three variables were not significant after adjustment
for other covariates. The results of our study agree
with those of a recent study in which the initial partial
pressure of arterial carbon dioxide was found to be an
important predictor of the risk of cerebral edema.

We found that smaller increases in the serum sodi-
um concentration during therapy were associated with
cerebral edema, in agreement with previous stud-
ies.35:25.26 The rates of fluid or sodium administra-
tion, however, were not associated with the risk of ce-
rebral edema, after adjustment for other covariates.
In children with cerebral edema, failure of the serum
sodium concentration to rise during therapy may not
be the result of excess administration of free water.
Physiologic responses to cerebral injury, such as cer-
ebral salt wasting, may alter sodium homeostasis in
these children.2728

It has been hypothesized that cerebral edema in
children with diabetic ketoacidosis may be caused by
the accumulation of osmolytes in brain cells exposed
to hyperosmolar conditions. A rapid decrease in extra-
cellular osmolality during treatment would then result
in osmotically mediated swelling of the brain.25.29-31
The current data do not fully support this theory,
since none of the relevant variables — the serum glu-
cose concentration at presentation, the change in se-
rum glucose concentration during therapy, or the rate
of fluid or sodium administration — were associated
with the risk of cerebral edema.

Although osmotic factors and other mechanisms
may play a part in the development of cerebral edema,
our data lend support to the hypothesis that cerebral
edema in children with diabetic ketoacidosis is related
to brain ischemia.2+32 Both hypocapnia, which caus-
es cerebral vasoconstriction, and extreme dehydra-
tion would be expected to decrease perfusion of the
brain. In addition, bicarbonate therapy causes central
nervous system hypoxia in laboratory animals with
diabetic ketoacidosis.3® Hyperglycemia superimposed
on an ischemic insult increases the extent of neuro-
logic damage, blood—-brain barrier dysfunction, and
edema formation.3+35 This interaction might help to
explain the occurrence of neurologic damage in as-
sociation with minor degrees of cerebral hypoperfu-
sion. Blood—brain barrier dysfunction and vasogenic
edema may occur several hours after an ischemic in-
sult as a result of the release of vasoactive substances
and mediators of inflammation.3435 The occurrence
of cerebral edema several hours after the initiation of
therapy thus correlates well with the hypothesis that
the basis of this complication is ischemia. Finally, the
more frequent occurrence of cerebral edema in chil-
dren than in adults may be explained in part by the
fact that children’s brains have higher oxygen require-
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ments than adults’ brains and are thus more suscep-
tible to ischemia.l0:36

Although large in comparison with previous stud-
ies, our study was nonetheless limited in its ability to
detect associations of smaller magnitude; in addition,
within the 95 percent confidence intervals for the
risks associated with several variables were values that
indicated associations that were potentially relevant
clinically. We therefore cannot definitively conclude
that variables that were not associated with cerebral
edema in this study are in fact unimportant in its
pathogenesis. In addition, several children in the cer-
ebral-edema group who met the clinical criteria for
cerebral edema did not have radiographic or postmor-
tem documentation of its presence. We cannot be
certain that the observed neurologic decompensation
in the latter children was due to cerebral edema; how-
ever, other causes of their neurologic abnormalities
could not be identified, and the results of initial ra-
diographic studies in children with cerebral edema
may be normal, despite profound neurologic depres-
sion.®10 Because data were not available for every vari-
able of potential interest, we also cannot exclude the
possibility that confounding factors that were not an-
alyzed may have influenced the detected associations,
particularly those related to the use of bicarbonate
treatment.

We conclude that children with diabetic ketoaci-
dosis who present with high initial serum urea nitro-
gen concentrations and low partial pressures of arte-
rial carbon dioxide are at increased risk for cerebral
edema. In addition, the lack of an increase in the se-
rum sodium concentration during therapy is associ-
ated with an increased probability of cerebral edema.
Children with these biochemical features should be
monitored extensively for signs of neurologic deteri-
oration, and hyperosmolar therapy should be avail-
able for immediate use in case early signs of cerebral
edema occur. Finally, treatment with bicarbonate is
associated with an increased risk of cerebral edema
and should be avoided in most circumstances.
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