1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Pedliatr. Author manuscript; available in PMC 2018 January 01.

-, HHS Public Access
«

Published in final edited form as:
J Pedjatr. 2017 January ; 180: 170-176. doi:10.1016/j.jpeds.2016.09.003.

Regional Brain Water Content and Distribution During Diabetic
Ketoacidosis

Nicole S Glaser, MD!, Sandra L Wootton-Gorges, MD?, Isaac Kim, MD?, Daniel J Tancredi,
PhD1, James P Marcin, MD, MPH?!, Andrew Muir, MD#, and Nathan Kuppermann, MD,
MPHL3

1Department of Pediatrics, University of California Davis, School of Medicine, Sacramento, CA

2Department of Radiology, University of California Davis, School of Medicine, Sacramento, CA

SDepartment of Emergency Medicine, University of California Davis, School of Medicine,
Sacramento, CA

4Department of Pediatrics, Emory University, Atlanta, GA

Abstract

Objective—To characterize regional differences in brain water distribution and content during
diabetic ketoacidosis (DKA) in children and determine whether these differences correlate with
regional vascular supply

Study design—We compared changes in brain water distribution and water content in different
brain regions during DKA by analyzing magnetic resonance diffusion weighted imaging data
collected during DKA and after recovery in 45 children (<18 years). We measured the apparent
diffusion coefficient of water (ADC) in the frontal and occipital cortex, basal ganglia, thalamus,
hippocampus and medulla. Brain water content was also measured in a subset of patients.

Results—ADC values were elevated (suggesting vasogenic cerebral edema) in the frontal cortex,
basal ganglia, thalamus and hippocampus during DKA. In contrast, ADC values in the medulla
and the occipital cortex were not increased during DKA, and ADC changes in the medulla tended
to be negatively correlated with other regions. Regions supplied by the anterior / middle cerebral
artery circulation had greater elevations in both ADC and brain water content during DKA
compared with regions supplied by the posterior cerebral artery circulation.

Conclusions—ADC changes during DKA in the brainstem contrast with those of other brain
regions, and changes in both ADC and brain water content during DKA vary according to regional
vascular supply. These data suggest that brainstem blood flow might possibly be reduced during
DKA concurrent with hyperemia in other brain regions.
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Methods

Clinically-apparent cerebral injury occurs in 0.7-0.9% of DKA episodes in children.(1, 2)
Signs and symptoms of this include a decline in mental status, often with other signs of
neurological dysfunction.(3) Notably, case reports of children with DKA-related brain
injuries describe sudden onset of signs of brainstem dysfunction, such as respiratory
depression, bradycardia and hypotension.(4-6) This may suggest the occurrence of cerebral
herniation. Imaging findings consistent with herniation, however, are infrequent and imaging
studies may be normal in spite of these ominous clinical signs.(3, 5) For example, among 25
children with severe DKA-related cerebral injury (resulting in death or permanent
disability), 96% were unresponsive when DKA-related cerebral injury was diagnosed or
suspected, 40% had abnormal respirations or suffered respiratory arrests, 56% had absent or
abnormal pupillary reflexes, 64% had bradycardia without hypertension, and 12% had
hypotension that could not be attributed to causes other than cerebral injury. Only three of
these patients had imaging findings suggesting herniation or impending herniation.3 An
alternative explanation for the presence of clinical signs of brainstem dysfunction in these
children must therefore be considered.

Sub-clinical cerebral edema occurs commonly in children with diabetic ketoacidosis. The
cerebral ventricles are narrowed during DKA treatment(7, 8) and subtle cerebral dysfunction
may be apparent.(7) Magnetic resonance imaging (MRI) studies demonstrate findings
consistent with vasogenic cerebral edema, even in apparently asymptomatic children.(9-13)
One previous study, however, showed that findings in the occipital cortex differ from those
of other regions, suggesting that the brain’s response to DKA may not be uniform and that
regional differences in the brain should be investigated further. (9)

We hypothesized that clinical signs of brainstem dysfunction during severe DKA-related
brain injury might result from alterations in brainstem perfusion. To investigate this
hypothesis, we analyzed MRI data from children with DKA to compare regional alterations
in brain water distribution (Apparent Diffusion Coefficients [ADC]) and brain water content.
During vasogenic cerebral edema and hyperemia, ADC values are typically elevated and
brain water content is increased. In contrast, reductions in cerebral blood flow are associated
with decreased ADC values. In the current study, we determined whether regional changes
in ADC values and brain water content vary according to differences in regional vascular
supply and whether ADC changes in the brainstem suggest either hyperemia (elevated ADC)
or hypoperfusion (decreased ADC).

We evaluated data from children with DKA (without overt signs of brainstem dysfunction)
who underwent MRI as part of previous research protocols. The ADC data analyzed in this
study were collected during two prospective studies (n=27 and n=18).(11, 14) For the
purposes of the current study, additional data were collected from the stored MR images
obtained in one previous study, including measurements of ADC values in brain regions not
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previously investigated and measurements of brain water content. Identical protocols were
used to collect ADC data in both studies.

Database 1 (n=27)1 included: (1) ADC measurements from children with uncomplicated
DKA, 2-12 hours after beginning therapy and comparison ADC measurements after
recovery, >72 hours after beginning therapy; (2) images obtained in frontal and occipital
cortex, basal ganglia and thalamus; (3) three clinical centers conducted imaging studies
(78% at UC Davis Medical Center); and (4) no stored MRIs available for additional
measurements

Database 2 (n=18)1* included: (1) ADC measurements from children with uncomplicated
DKA 3-6 hours and/or 9-12 hours after beginning therapy with comparison measurements
after recovery, >72 hours after beginning therapy; (2) images obtained in frontal and
occipital cortex, hippocampus, basal ganglia and thalamus; (3) all images obtained at a
single center (UC Davis Medical Center); (4) brain water measurements recorded in an
exploratory subset of patients (n=10); and (5) additional ADC data collected from stored
images of the medulla (n=16)

Both prospective studies enrolled patients who were younger than 18 years old, diagnosed
with type 1 diabetes mellitus, and had DKA (serum glucose concentration > 300 mg/dl,
venous pH < 7.25 or serum bicarbonate < 15 mEg/l, and a positive test for urine ketones or
serum ketones > 3 mmol/L).

DKA treatment protocols

Patients enrolled in the prospective MRI studies were treated with DKA protocols in
compliance with guidelines from the International Society for Pediatric and Adolescent
Diabetes.(15) The only variation from these guidelines was that each patient received an
initial intravenous fluid bolus of either 10 or 20 mL per kg of 0.9% saline, rather than
administering fluid boluses at the discretion of the provider. Intravenous fluid infusions then
replaced an estimated deficit of 70-100 cc per kg over 48 hours using 0.45-0.9% saline.
Insulin was administered intravenously (0.1 units per kg per hour) after completion of
intravenous fluid bolus(es). Intravenous fluid treatment was continued until acidosis
resolved (serum bicarbonate > 18 mmol/L). Neurological status was assessed hourly using
Glasgow Coma Scale (GCS) scores(16) for all patients, and every 30 minutes or more
frequently for patients with altered mental status (GCS scores below 14).

Diffusion Weighted Imaging (DWI)

MR DWI data were collected 3 to 12 hours after beginning DKA treatment. Patients in the
database underwent DWI at either one or two time points during the 3-12 hour window.
DWI measures the ease of diffusion of water molecules in cerebral tissues, quantified as the
ADC. Areas with cell swelling (cytotoxic edema) or tissue dehydration (reduced
extracellular water content) are characterized by low ADC. Areas with increased
extracellular water content (vasogenic edema) are characterized by elevated ADC.
Comparison studies were obtained after recovery from DKA (>72 hours after beginning
treatment). Methods for DWI were described previously.(11, 14) ADC values were
measured in the basal ganglia, thalamus, hippocampus, medulla, frontal cortex (gray and
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white matter) and occipital cortex (gray and white matter). ADC measurements were
collected by one of two radiologists who were blinded to the patients’ clinical data and to
the study hypothesis. The means of ADC measurements on the right and left sides of the
brain were used to determine regional values.

Brain Water Content Measurement

In a sub-set of patients (n=10), brain water content was assessed using the following
protocol. Brain water was measured on a 3.0T MRI system (Excite HDx, Ver.12x, GE
Healthcare, Waukesha, WI) with a 8-channel RF head coil (In-vivo, Inc. Gainesville, FL)
using 3D fast spoiled gradient echo (FSPGR) scans (8.76 ms TR, 2.80 ms TE, 24.0 cm FOV,
256x256 matrix, 2.0 mm thickness, 32 slices) with five different flip angles (3, 6, 9, 12, 15,
29°), followed by non-linear curve fitting for generation of proton density (M0) and T1
maps, and finally by calculation of regional brain water by division of MO map values by the
reference average signal values in four 100% water reference vials attached to the RF coil.
An FSPGR scan with 6° flip angle using the body coil for signal reception was also
obtained, and post-processing algorithms were developed to estimate the RF coil sensitivity
and the B1 field (flip angle) spatial distributions to refine the curve fitting for MO and T1
maps. Brain water content was recorded in seven regions (basal ganglia, thalamus,
hippocampus, occipital gray and white matter and frontal gray and white matter) by one of
two radiologists who were blinded to the patients’ clinical data as well as to the study
hypothesis. In both the frontal and occipital cortices, gray and white matter values were
averaged to calculate brain water content. The brain water content protocol did not allow for
measurements in the brainstem or any region caudal to the pontomidbrain junction.

Statistical analyses

We performed statistical analyses using version 9.4 of SAS. MRI measures were log-
transformed for analysis. Imaging data were occasionally missing as a result of patient
motion, distortion due to dental hardware, inability to tolerate MRI, or safety concerns
related to prolonged time away from the critical care unit. No patients were missing MRI
data in database 1 (n=27). In database 2 (n=18), four patients were missing ADC data from
the first time point during DKA treatment in all measured regions, and one patient was
missing ADC data in all regions from the second time point during DKA treatment. One
patient was missing ADC data from the hippocampus only at the second time point during
DKA treatment and two patients were missing ADC data from the basal ganglia and frontal
cortex at all three time points. In the subset of patients who underwent brain water
assessment (n=10), two patients were missing brain water measurements at the first time
point during DKA treatment and one additional patient was missing data at all three time
points in the hippocampus only. To address intermittently missing imaging data, we used
multiple imputation. The imputation model was based on multivariate analyses of
correlations among the longitudinal measurements in each region and, at most, one other
highly correlated region. Overall, 140 of 636 analyzed ADC measurements (22%) and 18 of
210 analyzed brain water measures (9%) were imputed in each of 100 multiple imputation
datasets. Following imputation, early and late treatment measures were averaged and the
recovery measurement was subtracted to determine the treatment to recovery difference.
Because measures were log-transformed, the resulting difference is equivalent to a log-
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transformed ratio of treatment to recovery values on the untransformed scale. Pooled point
and 95% Confidence Interval (Cl) estimates of mean values, between-region differences in
means, and Fisher Z-transformed correlation coefficients were generated using standard
multiple imputation analysis procedures. Point and interval estimates involving means were
back-transformed. Hence, mean treatment to recovery differences are expressed as geometric
mean ratios (GMR) and between-region differences in treatment to recovery differences are
expressed as relative geometric mean ratios (RGMR). Finally, we conducted sensitivity
analysis to address the possibility that patients missing some imaging data may have had
more abnormal values in comparison with patients who were able to tolerate all imaging
procedures. To do that, we replaced imputed values with values that were 10% higher and
assessed whether conclusions were substantively affected.

MRI data from 45 children with DKA were analyzed (Table I). All children recovered fully,
without any evident neurological deficits. Five (11%) of these children had declines in
mental status during DKA treatment (GCS score <14), but none had visible evidence of
cerebral edema or cerebral injury on imaging. Follow-up MRI scans were done before
hospital discharge (72 to 99 hours after DKA) in 55% of patients, and in 40% after hospital
discharge, 5 days to 3 months after the DKA episode. Data on timing of the follow-up MRI
were not available for two patients.

Patterns of ADC change differed among brain regions. In most regions (frontal cortex, basal
ganglia, thalamus and hippocampus), ADC values were significantly elevated during DKA
treatment, compared with values measured after recovery (Figure 1) suggesting increased
water volume in the extracellular space (vasogenic edema). In contrast, this pattern was not
observed in the medulla or occipital cortex. These findings suggest that extracellular fluid
volumes in these areas are not increased and may be reduced in some patients during DKA
treatment. Statistical comparisons of regional ADC changes confirmed that changes in the
medulla and occipital cortex differed significantly from those in most other regions (Figure
1). In addition, ADC changes in brain regions supplied by the anterior / middle cerebral
artery circulation (mean of frontal cortex and basal ganglia) were significantly greater than
those in regions supplied by the posterior cerebral artery circulation (mean of occipital
cortex and thalamus; RGMR = 1.04, 95% CI: 1.01, 1.06).

When we examined the correlations of ADC changes among different regions (Table I1), we
found positive correlations among areas supplied by the anterior / middle cerebral artery
circulation (frontal cortex and basal ganglia) and among areas supplied by the posterior
cerebral artery circulation (thalamus and occipital cortex), suggesting that ADC changes are
not independent but instead may stem from differences in the vascular supply. Notably,
evaluations of ADC changes in the medulla suggested a tendency toward inverse correlations
with ADC changes in other regions. Although the number of ADC measurements in the
medulla was small, limiting the power to detect significant correlations, the negative
correlation between ADC changes in the medulla and those of the thalamus (r = -0.48, 95%
Cl: -0.78, 0.01) was nearly significant (p=0.053).
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Regional differences in brain water content during DKA treatment

In an exploratory subset (n=10, Table I, Figure 2), we measured brain water content during
DKA treatment and after recovery. Brain regions supplied by the anterior / middle cerebral
artery circulation (frontal cortex and basal ganglia) had significantly greater elevations in
water content during DKA compared with those supplied by the posterior cerebral artery
circulation (occipital cortex and thalamus; RGMR = 1.04, 95% ClI: 1.005, 1.07). Point
estimates for mean brain water content in most regions exhibiting elevated ADC values
during DKA treatment (frontal cortex, basal ganglia, hippocampus), were higher than
recovery values but these differences were not statistically significant in this small
exploratory subset.

Sensitivity analyses for the missing data imputation model provided substantively similar
conclusions for both ADC and brain water content comparisons. In addition, comparisons of
patients who had post-recovery MRI scans done prior to hospital discharge (72-99 hours
after DKA) with those who had scans done after discharge (5 days-3 months) did not show
any significant differences in mean ADC changes in any region (data not shown).

Discussion

Signs of brainstem dysfunction occur frequently in children with severe DKA-related
cerebral injuries, although, imaging findings of herniation are uncommon. These data raise
the possibility that oxygen delivery to the brainstem may be altered ny mechanisms other
than herniation. In this study, we demonstrate that changes in brain water distribution during
DKA treatment vary among different regions. Whereas ADC values in most brain regions
are increased by approximately 5% during DKA, suggesting vasogenic cerebral edema,
these trends are not evident in the occipital cortex and medulla. ADC changes among
regions within the same arterial territories are positively correlated and both ADC changes
and brain water content measurements in regions supplied by the anterior / middle cerebral
artery circulation are significantly greater than those in areas supplied by the posterior
cerebral artery circulation. Comparisons of regional ADC changes suggest the possibility
that ADC changes in the medulla may be negatively correlated with those of cortical
regions.

Our observations suggest that regional ADC changes may not be independent and that
alterations in cerebral blood flow (CBF) in some vascular territories may influence blood
flow changes in others. Although these findings are based on a relatively small dataset and
are therefore preliminary, the data raise the possibility that the medulla may suffer reduced
CBF while other regions experience elevated CBF and vasogenic edema during DKA
treatment. In this scenario, signs of brainstem dysfunction in children with severe DKA-
related cerebral injuries might reflect diversion of blood flow away from the brainstem.

Previous studies have mainly demonstrated increased CBF and increased ADC values during
DKA, consistent with vasogenic cerebral edema.(9, 12) Children with DKA frequently have
decreased size of the lateral cerebral ventricles suggesting edema in adjacent regions.(7, 8,
17) Similarly, studies using near infrared spectroscopy suggest cerebral hyperemia in the
frontal cortex during DKA treatment.(12, 13)
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Elevated regional oxygen saturation values in these studies suggest blood flow in excess of
metabolic demand. Studies using transcranial Doppler ultrasound in children with DKA
similarly show elevated CBF velocity and impairment of cerebral autoregulation.(13, 18)

There are few data regarding regional differences in the brain’s response to DKA. One
previous study showed that ADC values were variable and often decreased in the occipital
cortex during DKA treatment, contrasting with trends in other brain regions.(9) Perfusion
weighted imaging studies showed increased cerebral perfusion in most regions, but measures
reflecting perfusion in the occipital cortex were not significantly elevated. Another study
showed that changes in white matter volume and water diffusivity (reflecting vasogenic
edema) during DKA were more prominent in the frontal cortex compared with other brain
regions.(10)

Under normal circumstances, CBF is tightly regulated to ensure consistent oxygen delivery
to the brain and is highly responsive to changes in pCOs». In the setting of prolonged
hypocapnia, however, a return to normal pCO, levels causes hyperemia, likely as a result of
reduced extracellular fluid buffer capacity.(19, 20) Responsiveness of CBF to changes in
pCO, differs among regions with different vascular supplies, and there is disparate blood
flow regulation in the brainstem versus the cerebral cortex, and the anterior versus the
posterior cerebral circulation.(21, 22) The capacity for autoregulation of CBF also may
differ among brain regions.(21, 22) Studies of global cerebral vasodilation demonstrate that
vascular beds with greater vasodilatory reserve may “steal” blood flow from regions with
lesser reserve, causing ischemia.(23, 24)

We and others have hypothesized that abnormal vasodilation during DKA treatment may
result from cerebral hypoperfusion during untreated DKA followed by reperfusion, or from
the effects of rising pCO, levels after prolonged hypocapnia, or a combination of the two.
(12, 25, 26) It is possible that brainstem hypoperfusion may occur during DKA treatment
when blood flow is diverted to regions with greater hyperemic responses. Support for this
hypothesis also comes from a recent study using trans-cranial Doppler to evaluate CBF in
children with severe DKA.(27) That study found impaired cerebral autoregulation in nearly
all of these children and significantly reduced basilar artery flow velocity in children with
clinical or radiographic findings consistent with cerebral edema.

The current study has several limitations. The sample size for ADC measurements in the
medulla was small, limiting our statistical power to detect differences. Although correlation
coefficient estimates describing the relationship between the ADC changes in the medulla
and those of the rest of the brain were uniformly negative, these were not statistically
significant in most areas and of borderline significance in the thalamus. The findings of the
present study therefore are not definitive, but suggest hypotheses to be further investigated.
In addition, some patients did not have complete datasets because they were unable to
tolerate all of the imaging studies or were felt to be too unstable to leave the critical care unit
at one of the study time points. Missing values were imputed, however, and sensitivity
analyses demonstrated consistent results, confirming that the study conclusions were not
influenced by data imputation. In addition, brain water content studies were obtained in a
small subset because many patients were unable to remain immobile for sufficient periods to
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accomplish MRI studies or were too seriously ill to remain outside of the critical care unit
for these additional studies. Although we had limited statistical power to detect brain water
content differences, some differences were nonetheless identified. Technical limitations of
the protocol also prevented brain water content measurements in the medulla. Finally, the
timing of follow-up imaging varied among patients. Approximately 50% of patients had
follow-up images obtained within three to four days of DKA. It is possible that this time
period was insufficient to allow complete resolution of alterations caused by DKA, thereby
diminishing the apparent magnitude of changes and limiting our ability to detect significant
differences.
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Figure 1.
Differences in ADC values during DKA compared with post-recovery (percent changes).

The line in the middle of each box indicates the median (50% percentile), the top and bottom
indicate the 75t / 25! percentiles, and the diamond indicates the mean. The whiskers extend
toward the maximum and minimum values to a maximum length of 1.5 interquartile ranges.
Individual values beyond the whiskers are possible outliers. For imputed values, the depicted
value is based on the geometric mean treatment to recovery ratio across the 100 multiple
imputation datasets (n=45 for occipital cortex and thalamus, n=43 for frontal cortex and
basal ganglia, n=18 for hippocampus, n=16 for medulla).

Region-specific geometric mean (95% CI) treatment to recovery ratios (GMR) and between-
region relative geometric mean ratios (RGMR)

RGMR (95% CI), Relative to RGMR (95% CI), Relative to

GMR (95% CI)

Occipital Cortex

Medulla

Frontal cortex

1.05 (1.03, 1.07)

1.05 (1.01, 1.09)

1.08 (1.02, 1.15)

Basal ganglia

1.07 (1.04, 1.09)

1.07 (1.03, 1.11)

1.09 (1.01, 1.17)

Hippocampus

1.04 (1.01, 1.07)

0.99 (0.95, 1.03)

1.06 (1.001, 1.13)

Thalamus

1.05 (1.02, 1.07)

1.05 (1.01, 1.08)

1.06 (0.98, 1.14)

Occipital cortex

1.00 (0.97, 1.03)

Reference

1.07 (1.01, 1.15)

Medulla

0.98 (0.93, 1.03)

0.93 (0.87, 0.99)

Reference

Pooled estimates from 100 multiple imputation datasets. Boldface indicates estimate is
statistically significantly different from 1 (p<0.05).
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Percent change in brain water content

Figure 2.

40

30

20

-10

-20

frontal cortex
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basal ganglia hippocampus thalamus occipital cortex

Differences in brain water content measurements during DKA compared with post-recovery
(n=10), expressed as percent changes. The line in the middle of each box indicates the
median (50% percentile), the top and bottom indicate the 751 / 25t percentiles, the diamond
indicates the mean. The whiskers extend toward the maximum and minimum values to a
maximum length of 1.5 interquartile ranges. Individual values beyond the whiskers are
possible outliers. For imputed values, the depicted value is based on the geometric mean
treatment to recovery ratio across the 100 multiple imputation datasets.

Region-specific geometric mean (95% CI) treatment to recovery ratios (GMR) and between-
region ratio of geometric mean ratios

GMR (95% ClI)

RGMR (95% CI), Relative to Occipital Cortex

Frontal cortex

1.03 (0.999, 1.07)

1.05 (0.99, 1.12)

Basal ganglia

1.05 (0.99, 1.11)

1.06 (0.99, 1.14)

Hippocampus

1.09 (0.90, 1.32)

1.11 (0.92, 1.34)

Thalamus

1.04 (0.98, 1.10)

1.06 (0.98, 1.14)

Occipital cortex

0.98 (0.92, 1.05)

Reference

Pooled estimates from 100 multiple imputation datasets.
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Clinical Data at Presentation in Children with DKA Evaluated with MRI, mean (SD)

Table 1

age (years)

serum glucose (mg/dL)
serum sodium (mEg/L)
serum potassium (mEq/L)
serum bicarbonate (mEg/L)
serum urea nitrogen (mg/dL)
pH (mmHg)

pCO, (MmHg)

all patients (n= 45)

subset evaluated for brain water content (n=10)

125 (3.2)
612 (231)
132 (5)
4.8(0.9)
8.8(3.2)
22 (8)
7.11 (0.10)
24.(9)

13.0 (3.0)
609 (291)
134 (7)
48(0.8)
10.4 (2.9)
22 (9)
7.13 (0.11)
26 (7)
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