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Abstract

Objective—Diabetic ketoacidosis (DKA) may result in both dehydration and cerebral edema but
these processes may have opposing effects on blood pressure. We examined the relationship
between dehydration and blood pressure in pediatric DKA.

Design—Retrospective review
Setting—Seattle Children's Hospital, Seattle, WA
Participants—Hospitalized children less than 18 years.

Intervention(s) or Main Exposures—DKA (venous pH < 7.3, glucose > 300 mg/dL, HCO3 <
15 meq/I and urinary ketosis).

Outcome Measures—Dehydration was calculated as percent body weight lost at admission
compared to discharge. Hypertension (systolic and/or diastolic blood pressure percentile >
95%ile) was defined based on 2004 National Heart, Lung, and Blood Institute nomograms and
hypotension was defined as systolic blood pressure < 70 + 2 [age]

Results—Thirty-three patients (median 10.9 years; range 10 months - 17 years) were included.
Fifty-eight percent of patients (19/33) had hypertension on admission prior to treatment and 82%
had hypertension during the first 6 hours of admission. None had admission hypotension.
Hypertension forty-eight hours after treatment and weeks after discharge was common (28% and
19%, respectively). Based on weight gained by discharge, 27% of patients had mild, 61% had
moderate, and 12% presented with severe dehydration.

Please direct all correspondence to: Monica S. Vavilala, MD Department of Anesthesiology Harborview Medical Center 325 Ninth
Avenue Box 359724 Seattle, WA 98104 Vavilala@u.washington.edu Fax: 206-744-8090 Phone: 206-744-3210.
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Conclusion—Despite dehydration, most children admitted with severe DKA had hypertension.
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INTRODUCTION

Dehydration from fluid loss secondary to glycosuria is a central feature of diabetic
ketoacidosis (DKA) (1-3). Dehydration can theoretically lead to hypovolemia and systemic
hypotension. However, there is a paucity of information on blood pressure in DKA.

Many patients (15-67%) evaluated for new onset type 1 diabetes mellitus present with the
constellation of dehydration, hyperglycemia and acidosis consistent with DKA (1-3).
Dehydration, coupled with systemic hypotension may result in decreased cerebral perfusion
and cerebral ischemia (4). Thus, in DKA, both dehydration and cerebral edema may coexist.
Blood pressure may be elevated due to cerebral edema and increased intracranial pressure
(ICP). In severe cases, Cushing's triad (hypertension, bradycardia, and irregular respirations)
may be present (5). In DKA, therefore, blood pressure may not provide an accurate estimate
of dehydration. However, neither the incidence of hypotension nor changes in blood
pressure have been well characterized during DKA. The purpose of this study was to
characterize blood pressure during DKA treatment and to examine the relationship between
severity of dehydration and blood pressure. We hypothesized that as children with DKA
commonly present with dehydration, blood pressure would be lower on admission compared
to recovery, and that hypotension would be related to severity of dehydration.

METHODS

Study participants

After obtaining Institutional Review Board approval, we retrospectively examined data from
the records of children who were admitted to either the pediatric intensive care unit (PICU)
or hospital ward at Seattle Children's Hospital between September 2005 and November 2008
with a diagnosis of DKA. These patients had been previously consented and enrolled in an
ongoing study investigating changes in cerebral hemodynamics in DKA. Eligibility criteria
included: age <18 years, venous pH < 7.3, glucose > 300 mg/dL, HCO3 < 15 meg/l and
urinary ketosis. There were no specific blood pressure protocols in the PICU or pediatric
ward at the time of this project.

Data abstracted

Admission demographic data, physiological data, discharge information and follow up clinic
weights and blood pressure, as well as select laboratory tests (venous blood gas, electrolytes,
glucose, blood urea nitrogen (BUN) and creatinine) were abstracted. Laboratory values and
blood pressures were divided into specific time periods after initial insulin administration
(start of treatment): 0 - 5.9 hours, 6 - 11.9 hours, 12 - 17.9 hours, 18 — 23.9 hours, 24 - 48
hours, and discharge. Fluid administration and urine output was similarly recorded during
each time period. Blood pressures and weights from two outpatient endocrine office visits
after hospital discharge were also collected. All children had heights measured in the supine
position on admission by the admitting nurse and these data are entered in the medical
records of all patients per standard procedure. All patients had blood pressures taken using
an automated oscillometric device in the supine position with appropriately sized arm cuffs.
Four patients had an arterial cannula placed during their PICU stay. When there was a
discrepancy in arterial line and blood pressure cuff documentation, we used the lower of the
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two readings in our analysis in an effort to conservatively estimate hypertension. Transfers
from outside hospitals were included and data from first hospital site recorded.

Definitions and statistical analysis

RESULTS

National Heart, Lung, and Blood Institute charts (NHLBI, 2004) were referenced to define
hypertension by age, height, and gender and include values between the 50t to 99th
percentiles. The blood pressure tables for children and adolescents are based on recently
revised child height percentiles and also include the BP data from the 1999-2000 National
Health and Nutrition Examination Survey (6). NHLBI defines hypertension when either
systolic or diastolic blood pressures equal or exceed the 95t percentile for age, height and
gender. Hypotension, while not defined in these charts, is traditionally defined as systolic
blood pressure (SBP) less than 70mmHg + (2 x age in years) (7). Using a systolic parameter
to define hypertension allowed us to compare the incidence of hypotension and hypertension
using the same blood pressure variable. However, recognizing that diastolic blood pressure
(DBP) is important to mean arterial pressure (MAP) and cerebral perfusion pressure, the
incidence of diastolic hypertension was also recorded and the proportion of diastolic
hypertension among patients with systolic hypertension on admission was calculated.

For descriptive purposes, cerebral edema was defined by clinical evaluation and/or
radiographic studies as either: 1) alteration in mental status and vital signs that led treating
physicians to administer hyperosmolar therapy (mannitol/ hypertonic saline), or 2)
radiographically confirmed cerebral edema by head computed tomography (CT).

Severity of dehydration was divided into three categories based on American Academy of
Pediatrics guidelines as minimal (less than 3% fluid deficit), mild to moderate (3% to 9%
fluid deficit), and severe (greater than 9% fluid deficit) (8). Percent loss of body weight
(PLBW) was used to determine severity of dehydration and compare admission (pre-
treatment) weight to discharge weight as follows (9-11):

DischargePLBW= [ (discharge weight — initial weight) /discharge weight]x100

Serum sodium values were adjusted for hyperglycemia using the following formula (12):
corrected serum sodium concentration = measured serum sodium concentration + 0.016 x
(serum glucose concentration — 100). Serum osmolality was calculated using the following
equation (13): (2 x serum sodium) + (serum glucose / 18) + (serum urea nitrogen / 2.8).

Data were entered into an Excel spreadsheet (Microsoft Office 2007). Descriptive statistics
were used to examine admission clinical characteristics, including blood pressure. Paired
Student's T test was used to examine differences in weight between admission, discharge
and outpatient visit. Analysis of variance was used to examine changes in continuous
variables such as the differences in SBP through the different time periods (0-6, 6-12, 12-24,
etc) from admission. Fisher's Exact test or 2 test was used for categorical variables such as
the relationship between admission hypertension and cerebral edema on head CT and the
relationship between previous diagnosis of diabetes and hypertension. Data are presented as
range, median and standard error of the mean (SEM) as appropriate. P < 0.05 was
considered significant.

Clinical characteristics

The records of the first consecutive 33 children enrolled (median 10.9 years; range 10
months - 17 years) in the ongoing study were reviewed. Seventeen (51%) were female, and
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nineteen (58%) had new onset diabetes. All children had more than one symptom prior to
admission, which included emesis (40%), diarrhea (20%), fatigue (20%), weight loss (17%),
polyuria (83%), polydipsia (74%), and fever (9%). Glasgow coma scale (GCS) score was
recorded for the 24 patients admitted to the PICU (median GCS 10 £ 3). None of the 33
subjects complained of headache or were crying on admission per nursing records.
Seventeen (51%) children were transferred to Seattle Children's Hospital after receiving
fluid and/or insulin at an outside facility. Most patients (73%) required admission to the
PICU with severe DKA (Table 1). All children were treated initially with intravenous fluids
(at least one 10-20 cc/kg isotonic normal saline fluid bolus followed by a maintenance
infusion of crystalloid). Of patients started on insulin at outside hospitals, two were given
insulin boluses prior to transfer, and eleven were started on an insulin infusion. After
admission to our facility, all patients were continued on standard intravenous insulin
infusions (0.1units/kg/hr). Nine (27%) patients were treated with mannitol due to clinically
suspected or CT confirmed cerebral edema either at the referring facility or after arrival to
the study institution. One patient had edema noted on head CT, but did not receive mannitol.
None of the children had bradycardia during hospitalization. Admission clinical data are
summarized in Table 1, and reveal a study population with severe DKA: median pH 7.07,
glucose 587 mg/dL and serum HCO3 6.1 mEq/L.

Severity of dehydration and fluid balance

All patients received fluid boluses on presentation to a medical facility (range 10-66 mi/kg;
median 27 ml/kg), and the American Diabetes Association guidelines were used to dictate
maintenance hydration (3). Average fluid administered (intake) was greater than urine
output during the first 6 hours after presentation. Beyond 6 hours, the difference between
intake and output decreased and stabilized. Despite osmotic diuresis, urine output during the
first 6 hours did not exceed 2 ml/kg/hr and urine output remained relatively stable during the
first 24 hours after treatment. PLBW ranged from 0.4 to 13%. The estimated severity of
dehydration based on change in weight between admission and discharge revealed that 9
patients (27%) had minimal dehydration, 20 patients (61%) had moderate dehydration and 4
(12%) had severe dehydration.

Median serum creatinine level for our study population was 1.1 + 0.9 mg/dL on admission
and decreased to 0.55 £+ 0.05mg/dL by 48 hours. Two patients had high creatinine values of
1.6 and 3.0 mg/dL, which normalized to discharge levels of 0.5 and 0.9 mg/dL, respectively.
BUN levels were elevated on admission (range 9.0 — 77 mg/dL; median 17.0 = 2.7 mg/dL),
but normalized with hydration by 48 hours.

Blood pressure changes during DKA treatment and after discharge

All 33 patients had both admission (pre-treatment) systolic and diastolic blood pressures
recorded, either at the referring facility or at our institution. Nineteen (58%) patients had
admission systolic hypertension (SBP > 95t %) and fourteen of those also had diastolic
hypertension (DBP > 95! %). Diastolic hypertension occurred only in the presence of
systolic hypertension. Sixteen (85%) of 19 patients with systolic hypertension had severe
hypertension with SBP > 99" 94 for age/height/gender. None of the 33 patients had
hypotension on admission. Mean arterial pressure values from admission through discharge
are given in Table 2 for each subject.

During the first 6 hour period after initiation of insulin therapy, 82% exhibited hypertension
on at least one blood pressure reading, and 52% had a median SBP during that time period >
95%ile for age, height and gender. Over time, and after discharge, the number of patients

with hypertension decreased. Individual systolic and median blood pressures over the first 6
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hours for all subjects are detailed in Table 2, and median SBP percentiles for the entire
cohort over all time periods are shown in Figure 1.

First outpatient endocrine clinic visits occurred 1 to 8 (median 4 + 2) weeks after discharge,
and second visits were 6 to 24 (median 14 + 3) weeks after discharge. One patient had their
first visit at 12 weeks and second visit at 50 weeks due to noncompliance and repeated
admissions. Twenty-seven percent (n=9) of the 33 patients were hypertensive at the first
clinic visit, and 21% were hypertensive at the second clinic visit. Seven of the 9 children
with admission hypertension had hypertension at clinic 1. Since the development of
hypertension is a known complication in patients with diabetes, we examined the association
between history of diabetes and hypertension on admission. There was no significant
relationship found between pretreatment hypertension in children with DKA by onset of
diagnosis (p=0.15).

DISCUSSION

The main findings of this study are: 1) none of the DKA patients had admission (pre-
treatment) hypotension despite mostly moderate to severe dehydration, and 2) the majority
of patients had pre-treatment hypertension which persisted through hospital stay and
discharge (even in newly diagnosed diabetics) despite normalization of renal function. We
also observed a positive fluid balance in most patients early in their course of treatment,
despite the osmotic diuresis that typically occurs during hyperglycemia. These data suggest
that admission SBP may not be a useful indicator of the severity of dehydration in pediatric
DKA but rather may be useful in distinguishing patients with dehydration secondary to other
causes of hypovolemia. Hypertension despite dehydration in diabetic patients likely reflects
systemic pathophysiological processes that may be unique to DKA.

We characterized blood pressure and aimed to determine the incidence of pre-treatment
hypotension in pediatric DKA based on the premise that DKA is a hypovolemic state, and
hypovolemia may be associated with hypotension. Previous review of clinical factors
associated with cerebral edema in DKA revealed that hypocarbia and high serum BUN
levels are risk factors for the development of cerebral edema, suggesting a role for
dehydration, hypovolemia and cerebral hypoperfusion (4). We sought to detect the presence
of hypotension, which has not been previously characterized in DKA patients. Despite
dehydration, none of the 33 patients in our study with DKA presented with hypotension and,
in contrast, most patients had significant hypertension. Although the median SBP percentile
decreased during hospitalization, many patients remained hypertensive through
hospitalization and after discharge. Fluid balance after six hours was nearly matched, so
overhydration most likely did not occur and did not contribute to hypertension.

We assumed that the degree of hypotension would be associated with the severity of
dehydration. We compared admission weight against recovery weight to calculate PLBW
and quantify the extent of dehydration. Our data are consistent with previous studies of
patients with dehydration due to DKA and to other medical illnesses (8-11,14). While we
investigated patients with minimal to severe dehydration, we found no instances of
hypotension in our population.

Factors such as pain or anxiety may cause hypertension (15). According to nursing records
and physician notes for our study population, most patients did not complain of pain and
were often somnolent. Cerebral edema may result in increased ICP and subsequent increase
in systemic blood pressure to maintain cerebral perfusion (5). Only five children had
cerebral edema documented on head CT and none had bradycardia. However, given the
small number of children with available head CTs and the fact that clinical examination may
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have been more sensitive in detecting cerebral edema than head CT, we cannot draw any
definitive conclusions regarding the relationship between hypertension and radiographic
cerebral edema.

There are many other factors that we did not study that may contribute to the hypertension
observed in our population. Stress response can cause hypertension as even small increases
in cerebral edema and ICP may lead to increased catecholamine levels (16,17). Other
counter regulatory hormones such as glucagon, cortisol and growth hormone, and
proinflammatory cytokines have all been shown to be elevated in DKA which is likely to
have an effect on blood pressure acutely (18,19). As these hormones have also been shown
to return to normal levels after the acute event, it may be difficult to attribute long term
hypertension to their effects, though this deserves further study. Normalization of cytokine
levels after treatment may be due to the anti-inflammatory effect of insulin (19).
Hyperosmolality leads to release of antidiuretic hormone (ADH) which increases blood
pressure via V2 receptors. Over-activity of the renin-angiotensin system, as well as arginine
vasopressin (known to be highly activated in DKA) is also a possible cause of the observed
hypertension (17,20-21).

The presence of hypertension and lack of hypotension in our patients does not support
hypovolemia and ischemic injury as the main mechanisms for cerebral edema in DKA.
Previously published data in a small series of DKA patients, who underwent transcranial
Doppler ultrasonography and cerebral autoregulation testing, show normal to increased
cerebral blood flow velocities and impaired cerebral autoregulation early in the course of
illness (22). The work by Glaser and colleagues in children with DKA showing elevated
apparent diffusion coefficients and shorter mean transit times on MRI study during illness
compared to recovery support a predominantly vasogenic mechanism in the development of
cerebral edema (23). However, we cannot definitively exclude an ischemic insult prior to
hospital arrival. Thus, if cerebral ischemia is involved in the causal pathway leading to
cerebral edema, then hypertension may be a physiological response to maintaining cerebral
perfusion and would be desirable and protective. Conversely, if cerebral hyperemia is the
main pathophysiological process, then treating hypertension may be warranted as a therapy
to limit vasogenic cerebral edema. Given the paucity of data on the pathophysiology of
DKA, data from our small study provides new information regarding one hemodynamic
parameter that appears to be affected in DKA, thereby filling one gap of knowledge in this
area. Our data suggest that greater awareness and perhaps more frequent measurement of
hypertension is justified throughout hospital admission and during outpatient follow-up
visits to further characterize the effect of DKA on blood pressure.

The main limitations of this study are the relatively small sample size, lack of a control
group, lack of central venous pressure monitoring (not usual practice at our institution), and
lack of continuous arterial blood pressure monitoring in all patients. CT scans were not
obtained unless clinically indicated and hence not available for every patient. We used a
more severe definition of DKA than the current 2007 criteria for DKA (blood glucose of
200mg/dL). Our study criteria were defined in 2005, prior to the more recent criteria and in
accordance with our institutional definition of severe DKA. Finally, weights were not
obtained from the same scale at each location, emergency department, hospital ward and
clinic, potentially introducing a measurement bias. Pre-illness weights were not available.
While there was only one blood pressure reading performed during each outpatient clinic
visit, and taking into account the risk of “white coat hypertension”, the true incidence of
persistent hypertension in these patients after hospitalization may be overestimated in our
sample population. Recent data suggests, however, that single documented episodes of
hypertension may, in fact, predispose patients to true hypertension (24). Finally, it is
possible that the children who present to our institution are different from those who are

Pediatr Diabetes. Author manuscript; available in PMC 2011 September 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Deeter et al.

Page 7

treated at other centers and that our findings may not be generalizable to all children with
DKA.

In summary, significant hypertension was common in children with severe DKA despite
dehydration. Although the etiology of hypertension could not be identified, these data reflect
the complex hemodynamic effects of DKA and suggest the need for further studies to
decipher the role of hypertension in DKA.
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Abbreviations

ADH antidiuretic hormone

CT computed tomography

DKA diabetic ketoacidosis

GCS Glasgow Coma Score

ICP increased intracranial pressure

IRB Institutional Review Board

SEM median and standard error of the mean

SBP systolic blood pressure

PICU pediatric intensive care unit

NHLBI National Heart, Lung, and Blood Institute

PLBW Percent loss of body weight
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FIGURE 1.
Change in median systolic blood pressure percentile in children with DKA. ED represents
emergency department.
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TABLE 1

Admission demographics and clinical characteristics of children admitted with DKA. Data as median (x SEM)
and range
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Clinical Characteristics

Total # patients enrolled

33

Age (yrs) 10.9 yrs (10 mo — 17.5 yrs)
Female gender (%) 17 (51%)

Weight (kg) 41+4(72-97.7)

Height (cm) 148 + 6 (72 - 182)

BMI percentile (%) 29+12

BMI > 85! percentile 0

New DM diagnosis (%) 19 (58%)

PICU admission Glasgow coma scale score | 10 + 3 (3 - 15)

Cerebral edema (CT or clinical assessment) | 9 (27%)

Admission serum laboratory values

Glucose (mg/dL)

587 + 48 (346 — 1670)

BUN (mg/dL)

17427 (9-77)

Creatinine (mg/dL)

1.1+0.1(0.4-3.0)

Na (corrected; mEq/L)

142 +1.5 (131 - 164)

Serum osmolality (calculated; mOsm)

311+ 5 (282 - 398)

pH

7.07 £0.02 (6.82—7.29)

PCO, (mmHzo)

20+ 1.5 (6.8 - 37)

Bicarbonate (mEq/L)

6.1+0.6(1-14)
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