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ABSTRACT
Importance
Diabetic ketoacidosis (DKA) is the most serious acute complication of Type 1 diabetes.  Detailed clinical data harbored by electronic health record (EHR) databases can be used to assess the impact of DKA performance improvement initiatives and generate novel disease insights.

Objectives
To examine trends in DKA outcomes surrounding performance improvement initiatives and identify clinical characteristics associated with treated cerebral edema.  

Design, Setting and Methods

The EHR database at our tertiary children’s hospital was interrogated using a business intelligence platform to identify patients admitted with DKA between April 2009 and May 2016.  Multivariable regression using robust standard errors to cluster patients with multiple encounters was used to examine temporal trends in the incidence of hypoglycemia, treated cerebral edema, central line placement, development of severe hyperchloremia, head computed tomography utilization, and hospital length of stay.  Trends in outcomes surrounding several performance improvement initiatives were examined.  
Results

Central line placement, head computed tomography utilization and the incidence of severe hyperchloremia decreased significantly throughout the study period.  Performance improvement initiatives were significantly associated with decreasing hospital length of stay and reduced variability in length of stay among patients with severe DKA.  Systolic blood pressure at presentation and during hospitalization was significantly associated with treatment for cerebral edema after adjusting for other biochemical indicators of disease severity.

Discussion
In this large, retrospective cohort of children with DKA derived from an EHR database, system-level changes in management were significantly associated with improved outcomes.  This study demonstrates the potential of EHR data to meet simultaneous quality improvement and research goals of health systems seeking to improve population and public health.  Further study is necessary to clarify the relationship between blood pressure and cerebral edema in this population.
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1.0  Introduction

Diabetic ketoacidosis (DKA) is the most serious acute complication of Type 1 diabetes and is associated with an estimated annual treatment cost of $90 million in the United States among children and adolescents.1  Evidence-based, consensus guidelines for DKA outline management strategies to optimize outcomes and reduce the incidence of mortality and cerebral edema.2  Institutional adoption of standardized approaches to DKA treatment based on these guidelines have helped to reduce management variability while leading to improvements in the incidence of hypokalemia, intensive care unit length of stay, bicarbonate use, antibiotic use, heparin prescriptions and cerebral edema.3,4  

The electronic health record (EHR) and computerized order entry have been used to facilitate uniformity in the management of DKA through ordersets and decision-support.3  Spurred by Meaningful Use incentives, the emergence of electronic health data collection and storage has generated large repositories of structured data elements harbored by many institutions that can be readily searched and continue to accumulate.5  The Institute of Medicine has recognized the potential of leveraging such data sources to support research endeavors and performance improvement initiatives as part of the strategic development of learning health care systems.6–9  

We sought to examine temporal trends in the management of DKA at our institution between 2009 and 2016 by interrogating an EHR-derived data warehouse.  We hypothesized that system-level changes in care, including mandating pediatric intensive care unit (PICU) admission for active DKA and implementation of an evidence-based guideline and orderset, would be associated with improved outcomes during this period.  Additionally, we hypothesized that this retrospective EHR-derived data could be used to identify novel patient characteristics associated with treated cerebral edema.  

2.0  methods
This is a single-center, retrospective cohort study of patients with DKA identified through structured data from the EHR.  Approval was granted by the University of Pittsburgh Medical Center quality improvement (QI) project review board, an oversight body responsible for ensuring QI projects meet appropriate ethical standards, and by the University of Pittsburgh Institutional Review Board.   The study center is a 296-bed quaternary children’s hospital that is the main referral center for pediatric subspecialty care and acute childhood diseases in a region of approximately 5 million people.  Patients with DKA are cared for by attending pediatric intensivists, endocrinologists, nurse practitioners/physician assistants and all levels of trainees, including pediatric residents and both endocrinology and critical care fellows.  Our institution also has an active regional patient transport program with prehospital care of all transferred patients guided by a pediatric critical care fellow, either by phone or in-person.  

The primary goal of this study was to examine the impact on temporal trends in DKA outcomes surrounding two systematic changes in our institution’s management of DKA.  In April 2012, our institution mandated that all patients with DKA requiring an insulin infusion be admitted to the pediatric intensive care unit (PICU) until sufficient resolution allowed for transition to a maintenance insulin regimen.  In December 2012, an evidence-based DKA guideline outlining management of intravenous fluid and dextrose titration was made available to all clinicians at our institution (Figure 1).  Outcomes of interest included the incidence of cerebral edema, hypoglycemia, hyperchloremia, head computed tomography (CT) utilization, and central venous line (CVL) placements.  Secondary goals of this study included identifying biochemical parameters and patient characteristics associated with cerebral edema.
Criteria for PICU Admission

· Depressed level of consciousness
· Blood glucose > 1000 mg/dL
· Serum bicarbonate <14 mMol/L
· Any child requiring close monitoring per discretion of endocrinology or critical care 
PICU Fluid and Insulin Management
· Following initial resuscitation, initiate intravenous fluids (IVF) at two-fold maintenance rate, with adjustment per physician discretion.

· Avoid placing standing orders for urine replacement.

· Add dextrose to IVF when serum glucose <300 mg/dL.  Use a “two-bag system” to titrate dextrose concentrations between D5% and D10% as needed to maintain decline in blood glucose of less than 100 mg/dL/hour.

· Consider changing from 0.9% saline to 0.45% saline when dextrose is added to IVF.  The “two-bag system” can also be used to titrate to intermediate Na concentrations (such as 0.67% aqueous saline).  

· Add 20 mEq/L of potassium chloride to IVF when the serum potassium is less than 5 mEq/L and 20 mEq/L of potassium phosphate when the serum potassium is less than 4 mEq/L (total 40 mEq/L of potassium).  If ionized calcium is <1.0 mEq/L, consider using potassium chloride or potassium acetate instead of potassium phosphate.

· Insulin infusions should be ordered at 0.1 units/kg/hour.  Consider decreasing this dose to 0.05 – 0.08 units/kg/hour in children less than 5 years of age.

Transitioning to Maintenance Insulin (Subcutaneous or Insulin Pump)

· A patient is ready to initiate or resume a maintenance insulin regimen when the anion gap has closed and the serum bicarbonate is greater than or equal to 16 mEq/L.  
· Administer both long and short-acting insulin at the same time immediately prior to the patient eating.  Turn the insulin infusion off 30 minutes after maintenance insulin has been administered.
· Non-dextrose containing IVF should be continued at a maintenance rate following transition.
Figure 1. Guideline for DKA management at Children’s Hospital of Pittsburgh
2.1 Data Collection
SAP BusinessObjects (SAP, Walldorf, Germany), a business intelligence platform, was used to interrogate a cloned EHR database containing information from all patient encounters at our institution during the study period.  Data were extracted in .xml format and organized for subsequent analysis using Microsoft Excel (Microsoft Corp., Redmond, WA USA).  All patients >1 month of age admitted from April 2009, when the current study center campus opened, to May 2016 with a final International Classification of Diseases Ninth (ICD-9) or Tenth (ICD-10) version diagnosis code consistent with DKA (ICD-9 codes 250.1x, 250.2x, 250.3x or ICD-10 E10.10 and E13.10) were included.  Validation of this search strategy was performed by reviewing unstructured assessments in admission history documentation of 10% of the identified patients.  
Demographic and clinical data included age, gender, pH and pCO2 from arterial, venous and capillary blood gases, serum glucose, blood urea nitrogen (BUN), beta-hydroxybutyrate (BOHB), sodium (Na), chloride (Cl), and Glasgow coma scale score (GCS).  Missing data (less than 1% of retrieved data) was populated through investigator chart review.  When applicable, arterial and capillary pH was adjusted to a venous scale by subtracting 0.05 and pCO2 was converted by adding 6 mmHg.   A correction factor of 1.6 mEq/L was added to Na for every 100 mg/dL increment of blood glucose above 100 mg/dL.  Head CT, mechanical ventilation, bolus mannitol and 3% aqueous saline utilization were assessed by searching for completed orders.  CVL placements were identified by searching nursing documentation for completed CVL insertion site assessments.  Patients with new-onset type 1 diabetes receive at least three days of insulin management teaching following resolution of DKA, with the duration of education influenced by patient and family comfort and knowledge acquisition.  To examine length of stay (LOS) in a population not subject to this teaching regimen, patients with established diabetes were distinguished from presentations of new-onset diabetes by searching all previous inpatient and outpatient encounters for ICD-9 or 10 codes consistent with a diagnosis of diabetes (supplementary materials in Appendix A).  This strategy isolated patients with known diabetes but did not separate the cohort into known and unknown diabetes status, since the remaining patients may have received diabetes care outside of our system and would not appear in our EHR database.

2.2 Data Analysis
Details of patient care provided at outside hospitals or during transport are not recorded as structured elements in our EHR and were not included in this analysis.   Patients with active DKA at the time of presentation to our institution, defined as meeting ICD criteria and a minimum pH less than 7.3, were included.  Minimum pH was used instead of initial pH to account for the downtrend in pH observed following initial resuscitation in some patients.  LOS was calculated as the difference of admission time and discharge time, excluding time in the emergency department.  Hypoglycemia was defined as a glucose less than 70 mg/dL and severe hyperchloremia as a Cl greater than 120 mMol/L.  

Linear and logistic regression analyses were examined the effects of performance improvement initiatives on outcomes.  We considered performance improvement initiatives to be in full effect in January 2013.  We also performed a sensitivity analysis varying the time the intervention was declared in effect.  This included testing the intervention in April 2012 when the requirement for PICU admission was established, as well as testing the intervention at the midpoint between the PICU admission requirement and hospital guideline implementation in August 2012.  An additional, conservative strategy tested the impact of excluding the cohort between April and December 2012.  Regression models incorporated robust standard errors clustered by patient to account for intragroup correlation among patients with multiple encounters during the study period.  The impact of time was considered both surrounding implementation of the performance improvement initiatives using a dichotomous intervention variable, as well as across the entire study period using a continuous week variable.  A likelihood ratio test determined whether there was a significant interaction between the intervention and week of the study period.  Interaction terms with significant likelihood ratio tests (P<0.2) were included in the final models.  A subgroup analysis examined outcomes in patients with severe DKA, defined as patients with a presenting pH less than 7.1.  

Systolic blood pressure (SBP) z scores were calculated based on age at time of admission and height z scores calculated using recorded height during the admission.  Patient height during admission was occasionally carried forward from a previous clinic visit or prior admission.  This risked biasing height z scores lower and therefore inflating SBP z scores.  To address this potential for bias, height z scores greater than 3 or less than -3 were eliminated.  The distribution of height z scores was then re-centered to zero by adding the median of the calculated distribution to each z score.  A multivariable model for treated cerebral edema was constructed with backward stepwise logistic regression, incorporating clinical parameters that demonstrated significant association with treatment.  Alpha was set to 0.05 and all P values are two-tailed.  Height and SBP z scores were calculated with R (www.r-project.org and R Studio Inc., Boston, MA, USA) using an open source function based on published Center for Disease Control and Prevention and National Institutes of Health standards for childhood height and blood pressure percentiles.10–12 All other analyses were performed using Stata 14.0 (StatCorp, College Station, TX, USA).  

3.0  Results
Searching ICD-9 and 10 codes for DKA retrieved 1379 patients from our EHR, admitted between April 2009 and May 2016.  Excluding patients that did not have a documented pH less than 7.3 during their stay yielded 1225 patients, of which 742 were identified as patients with known diabetes and 588 had BOHB sampled during admission.  GCS was not available for one patient in the post-intervention period.  Patients in the post-intervention period were older, presented with a higher paCO2 and a lower BUN and had lower initial, minimum and maximum corrected Na values during hospitalization (Table 1).

The proportion of encounters with treated cerebral edema was 2.4% for the entire cohort, with 2.5% of pre-intervention encounters and 2.4% of post-intervention encounters receiving treatment, respectively (Table 5).  Regression analysis did not demonstrate any change in the incidence of patient encounters treated for cerebral edema or developing hypoglycemia surrounding system-level changes in management (Table 2).  The incidence of encounters undergoing central venous line placements, developing severe hyperchloremia, and undergoing head CT significantly decreased over the study period (Table 2).  This association was also apparent when patient encounters between April and December 2012 were excluded from analysis (Table 6).  The intervention was associated with a change in the slope of mean LOS for patients presenting with a pH less than 7.1, with a significant upward slope in the pre-intervention period changing to a significant downward slope in the post-intervention period (Table 3).  Figure 1 displays mean LOS for patients with known diabetes with a presenting pH less than 7.1.
Sufficient data was available for 926 patients to calculate z scores of SBP.  Backward stepwise regression followed by clustering for patients with multiple encounters identified presenting pH, paCO2, BUN, and systolic blood pressure z score to be associated with treatment for cerebral edema during hospitalization (Table 4).   Maximum SBP z score during hospitalization was significantly associated with treatment for cerebral edema after adjustment for presenting pH, paCO2, corrected Na, BUN and presenting SBP z score (Odds Ratio 1.85 [95% confidence interval 1.37 – 2.52]; P < 0.001).  Models with comparable associations were identified using unadjusted SBP z scores (data not shown).  Presenting BOHB was not associated with treatment for cerebral edema after adjustment for significant covariates.  
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Figure 2. Segmented regression of length of stay among patients with known, severe DKA
Table 1. Cohort characteristics stratified by intervention period and cerebral edema treatment
	
	Pre-Intervention
	Post-Intervention
	Cerebral Edema Treatment
	No Cerebral Edema Treatment

	Chracteristics
	n = 565
	n = 660
	
	n = 30
	n = 1195
	

	
	Mean [95% CI]
	Mean [95% CI]
	P
	Mean [95% CI]
	Mean [95% CI]
	P

	Age (years)*
	11.8 [11.2-12.3]
	12.6 [12.1-13.0]
	<0.01
	12.3 [10.7-13.8]
	12.2 [11.8-12.6]
	0.93

	pH*
	7.16 [7.15-7.17]
	7.16 [7.15-7.17]
	0.37
	7 [7-7]
	7.16 [7.16-7.17]
	<0.001

	BUN (mg/dL)*
	20 [19-21]
	18 [18-19]
	<0.01
	31 [23-38]
	19 [18-20]
	<0.01

	PvCO2 (mmHg)*
	25 [24-25]
	26 [25-26]
	0.07
	21 [18-24]
	25 [25-26]
	0.01

	Corrected Na (mEq/L)*
	140 [140-141]
	137 [137-137]
	<0.001
	144 [141-148]
	139 [138-139]
	<0.01

	Min corrected Na (mEq/L)
	137 [136-137]
	136 [135-136]
	<0.001
	139 [136-141]
	136 [136-136]
	0.02

	Max corrected Na (mEq/L)
	144 [143-144]
	143 [142-143]
	<0.01
	152 [149-155]
	143 [143-143]
	<0.001

	Glucose (mg/dL)*
	469 [449-490]
	453 [436-471]
	0.24
	712 [588-836]
	454 [442-467]
	<0.001

	
	n = 435
	n = 491
	
	n = 924
	n = 902
	

	Max SBP z score
	2.46 [2.34-2.58]
	2.57 [2.42-2.71]
	0.24
	3.75 [3.19-4.31]
	2.48 [2.38-2.58]
	<0.001

	SBP z score*
	1.23 [1.11-1.37]
	1.2 [1.06-1.33]
	0.67
	0.58 [-0.02-1.17]
	1.23 [1.13-1.33]
	0.03

	
	n = 565
	n = 659
	
	n = 30
	n = 1194
	

	GCS score*
	14.7 [14.56-14.83]
	14.7 [14.6-14.8]
	0.76
	12.17 [10.8-13.5]
	14.7 [14.7-14.8]
	<0.001

	
	
	
	n = 587
	
	n = 15
	n = 572
	

	Beta-hydroxybutyrate (mg/dL)*
	--
	
	7.9 [7.7-8.1]
	--
	9.8 [8.3-11.4]
	7.8 [7.6-8.1]
	0.01


Table 2. Multivariable outcome models for all patients with active DKA (n = 1,224)

	
	Hypoglycemia

(glucose <70 mg/dL)
	Severe hyperchloremia (Cl >120 mEq/L)
	CVL placement
	Head CT obtained
	Cerebral edema treatment
	Hospital length of stay

(log hours)

	
	OR
	OR
	OR
	OR
	OR
	β

	Characteristic
	[95% CI]
	[95% CI]
	[95% CI]
	[95% CI]
	[95% CI]
	[95% CI]

	
	P
	P
	P
	P
	P
	P

	
	0.9
	2.0
	1.1
	3.2
	1.2
	-0.026

	Intervention
	[0.4 - 1.8]
	[1.0 - 4.1]
	[0.3 - 3.5]
	[1.2 - 8.3]
	[0.3 - 4.6]
	[-0.077 - 0.026]

	
	0.73
	0.046
	0.88
	0.02
	0.75
	0.33

	
	1.0
	0.996
	1.0
	0.994
	1.0
	0

	Week
	[1.0 - 1.0]
	[0.993 - 0.9997]
	[1.0 - 1.0]
	[0.989 - 0.999]
	[1.0 - 1.0]
	[0.000 - 0.000]

	
	0.51
	0.03
	0.12
	0.01
	1.0
	0.18

	
	1.0
	0.9
	1.0
	1.0
	1.0
	-0.016

	Age (years)
	[0.9 - 1.0]
	[0.9 - 0.9]
	[1.0 - 1.0]
	[0.9 - 1.0]
	[0.9 - 1.1]
	[-0.019 - -0.013]

	
	0.61
	<0.001
	0.58
	0.41
	0.94
	<0.001

	
	1.4
	1.4
	2.3
	1.2
	0.8
	-0.014

	Female sex
	[0.9 - 2.1]
	[0.9 - 2.0]
	[1.3 - 3.8]
	[0.6 - 2.4]
	[0.4 - 1.6]
	[-0.042 - 0.014]

	
	0.13
	0.10
	<0.01
	0.64
	0.51
	0.34

	pH*
	7.4
	0.0005
	0.001
	0.01
	0.001
	-0.538

	
	[1.1 - 50.7]
	[0.000 - 0.002]
	[0.000 - 0.015]
	[0.001 - 0.176]
	[0.000 - 0.044]
	[-0.663 - -0.413]

	
	0.04
	<0.001
	<0.001
	<0.01
	<0.01
	<0.001

	
	1.0
	0.9
	1.0
	1.0
	0.9
	-0.004

	PvCO2 (mmHg)*
	[0.9 - 1.0]
	[0.9 - 0.9]
	[1.0 - 1.0]
	[0.9 - 1.0]
	[0.9 - 1.0]
	[-0.006 - -0.002]

	
	0.03
	<0.001
	0.75
	0.26
	0.03
	<0.001

	Corrected Na (mEq/L)*
	1.0
	1.2
	1.1
	1.0
	1.0
	0.004

	
	[0.9 - 1.0]
	[1.2 - 1.3]
	[1.0 - 1.1]
	[1.0 - 1.1]
	[1.0 - 1.1]
	[0.001 - 0.007]

	
	0.48
	<0.001
	<0.01
	0.67
	0.52
	<0.01

	
	0.8
	0.9
	0.7
	0.8
	0.9
	-0.01

	GCS score*
	[0.7 - 0.9]
	[0.8 - 1.1]
	[0.6 - 0.8]
	[0.7 - 1.0]
	[0.8 - 1.0]
	[-0.022 - 0.002]

	
	<0.01
	0.38
	<0.001
	0.01
	0.02
	0.10

	Glucose (mg/dL)*
	1.0
	1.001
	1.0
	1.0
	1.0
	0.0002

	
	[1.0 - 1.0]
	[1.000 - 1.002]
	[1.0 - 1.0]
	[1.0 - 1.0]
	[1.0 - 1.0]
	[0.0001 - 0.0002]

	
	0.93
	0.014
	0.08
	0.80
	0.07
	<0.001

	
	1.0
	1.0
	1.0
	1.0
	1.0
	-0.002

	BUN (mg/dL)*
	[1.0 - 1.0]
	[1.0 - 1.0]
	[1.0 - 1.0]
	[1.0 - 1.1]
	[1.0 - 1.1]
	[-0.004 - -0.001]

	

	0.14
	0.74
	0.08
	0.08
	0.01
	0.01


Table 3. Multivariable models for patients with severe DKA (n = 340)
	
	Hypoglycemia (glucose <70 mg/dL)
	Severe hyperchloremia (Cl >120 mEq/L)
	CVL placement
	Head CT obtained
	Cerebral edema treatment
	Hospital length of stay

(log hours)

	
	OR
	OR
	OR
	OR
	OR
	β

	Characteristic
	[95% CI]
	[95% CI]
	[95% CI]
	[95% CI]
	[95% CI]
	[95% CI]

	
	P
	P
	P
	P
	P
	P

	
	3.5
	1.3
	0.7
	1.7
	1.6
	0.2

	Intervention
	[0.1 - 119.5]
	[0.4 - 3.6]
	[0.1 - 2.9]
	[0.4 - 8.0]
	[0.3 - 7.6]
	[0.0 - 0.4]

	
	0.490
	0.66
	0.58
	0.48
	0.54
	<0.01

	
	1.0
	1.0
	1.0
	1.0
	1.0
	0.001

	Week
	[1.0 - 1.0]
	[1.0 - 1.0]
	[1.0 - 1.0]
	[1.0 - 1.0]
	[1.0 - 1.0]
	[0.000 - 0.001]

	
	0.09
	0.72
	0.32
	0.68
	0.38
	<0.01

	
	
	
	
	
	-0.001

	InterventionXweek

Interaction
	--
	--
	--
	--
	--
	[-0.002 - -0.001]

	
	
	
	
	
	
	<0.001

	
	1.0
	0.9
	0.9
	0.9
	1.0
	-0.020

	Age (years)
	[0.9 - 1.2]
	[0.9 - 1.0]
	[0.9 - 1.0]
	[0.8 - 1.0]
	[0.9 - 1.1]
	[-0.025 - -0.015]

	
	0.55
	0.67
	0.12
	0.01
	0.89
	<0.001

	
	1.2
	1.1
	3.2
	3.0
	1.2
	-0.003

	Female sex
	[0.6 - 2.8]
	[0.6 - 2.0]
	[1.3 - 7.5]
	[0.8 - 10.4]
	[0.5 - 3.1]
	[-0.049 - 0.043]

	
	0.61
	0.67
	<0.01
	0.09
	0.74
	0.90

	
	0.6
	0.0004
	0.0002
	0.003
	0.001
	-0.816

	pH*
	[0.0 - 50.5]
	[0.0 - 0.02]
	[0.00 - 0.04]
	[0.0 - 0.4]
	[0.0 - 0.2]
	[-1.100 - -0.532]

	
	0.81
	<0.001
	<0.01
	0.02
	0.01
	<0.001

	PvCO2 (mmHg)*
	1.0
	0.9
	1.0
	0.9
	0.9
	-0.005

	
	[0.9 - 1.0]
	[0.9 - 1.0]
	[0.9 - 1.0]
	[0.9 - 1.0]
	[0.9 - 1.0]
	[-0.008 - -0.001]

	
	0.16
	<0.001
	0.32
	0.21
	0.04
	<0.01

	Corrected Na (mEq/L)*
	1.0
	1.2
	1.1
	1.1
	1.0
	0.003

	
	[0.9 - 1.1]
	[1.1 - 1.3]
	[1.0 - 1.1]
	[1.0 - 1.2]
	[1.0 - 1.1]
	[-0.001 - 0.007]

	
	0.74
	<0.001
	0.03
	0.21
	0.49
	0.19

	GCS score*
	0.8
	0.9
	0.7
	0.8
	0.9
	-0.008

	
	[0.7 - 1.0]
	[0.7 - 1.1]
	[0.6 - 0.9]
	[0.7 - 1.0]
	[0.8 - 1.0]
	[-0.020 - 0.004]

	
	0.01
	0.24
	<0.01
	0.01
	0.03
	0.20

	Glucose (mg/dL)*
	1.0
	1.0
	1.0
	1.0
	1
	0

	
	[1.0 - 1.0]
	[1.0 - 1.0]
	[1.0 - 1.0]
	[1.0 - 1.0]
	[1.0 - 1.0]
	[0.000 - 0.000]

	
	0.09
	0.32
	0.02
	0.43
	0.23
	0.82

	BUN (mg/dL)*
	1.0
	1.0
	1.1
	1.0
	1.0
	0.001

	
	[0.9 - 1.0]
	[0.9 - 1.0]
	[1.0 - 1.1]
	[0.9 - 1.1]
	[1.0 - 1.1]
	[-0.002 - -0.001]

	
	0.39
	0.20
	<0.01
	0.90
	0.14
	<0.001


Table 4. Multivariable model of characteristics associated with cerebral edema

	
	OR [95% CI]
	P

	
	n = 926
	

	pH
	0.0001 [0.000-0.004]
	<0.001

	PvCO2 (mmHg)
	0.92 [0.86-0.99]
	0.02

	Corrected Na (mEq/L)
	1.08 [0.99-1.17]
	0.07

	BUN (mg/dL)
	1.05 [1.02-1.09]
	<0.01

	SBP z score
	0.77 [0.60-0.98]
	0.04


4.0  discussion
Using data collected directly from an EHR database, we demonstrate improvements in pediatric DKA outcomes over time at a quaternary children’s hospital.  To the best of our knowledge, the present study also represents the largest reported cohort to date examining biochemical risk factors for cerebral edema in children with DKA and is the first study to identify SBP as significantly associated with cerebral edema treatment.  Two system level changes, (1) mandated PICU admission for all DKA patients requiring an insulin infusion and (2) implementation of an evidence-based DKA guideline with an accompanying orderset, were associated with improvements in LOS for patients presenting with a pH less than 7.1.  Post-intervention confidence intervals narrowed suggesting a decrease in practice variability, though this may also reflect the larger number of patients in the post-intervention cohort compared to pre-intervention.  

Guideline implementation for DKA management has been shown to reduce LOS at other institutions.3,13,14  Pre-intervention, mean LOS for patients in the present cohort was comparable to the reported national mean LOS for DKA at 38 children’s hospitals (2.2 +/- 1.6 days versus 2.8 +/- 0.8 days).15  Our study intervention consisted of changes in DKA treatment predominantly influencing components of medical management such as fluid titration and response times to laboratory results, with resultant improvements in LOS for patients presenting with a pH less than 7.1.  Socioeconomic characteristics such as poverty and type of insurance are also determinants of LOS in DKA.16 Focusing on known diabetic LOS in the present study excluded the contribution of inpatient teaching time for new diagnoses, which is typically 2-3 days at our institution, but did not exclude other social and educational factors influencing LOS in the cohort.  Educational resources for patients with known diabetes with DKA did not change substantially throughout the study period, reducing the likelihood of unaddressed confounding in the time series analysis.  

Female sex was independently associated with CVL placement after controlling for other biochemical parameters representative of disease severity, potentially reflecting differences in amount and distribution of adipose tissue imposing challenges for vascular access in females.20 It is unclear whether the downtrend in CVL utilization across the entire timespan indicates a change in practice specific to DKA or is reflective of overall trends at our institution.  DKA is a prothrombotic state characterized by hemoconcentration, increased platelet count, decreased partial thromboplastin time, low protein C and high factor VIII, and is therefore associated with an elevated risk of CVL associated thrombosis.17 Increasing clinician mindfulness of this aspect of management may be responsible for improvements over time.  Similarly, the known association between hyperchloremia and length of stay may be responsible for improved attention to fluid transition resulting in the evident ongoing reductions in the incidence of hyperchloremia in the post-intervention period.18 Declining utilization of head CT in patients with DKA indicates increasing recognition that this diagnostic study does not frequently influence management.19
Presenting pH, BUN and paCO2 were independently associated with treatment for cerebral edema in this cohort, findings that are compatible with previous reports. In a sentinel study, Glaser et al. noted the association between paCO2, BUN and cerebral edema in 61 children.26  Fiordalsi et al. reported an association with disease severity as evidenced by presenting pH, serum bicarbonate, paCO2 and BUN and cerebral edema in 635 children using prospectively collected data.27  A separate study by Glaser et al. reported the relationship between presenting paCO2 and cerebral ventricle size as a surrogate for subclinical edema in 41 children.28  Mahoney et al. reported an association with pH, paCO2 and brain herniation among 153 children with DKA.29  This EHR-data collected in this study can be used to hone performance improvement initiatives by providing objective thresholds based on historic probabilities for risk stratification to guide resource intensity. 

Hypertension has been previously described as a feature of DKA and frequently occurs despite intravascular volume depletion secondary to the osmotic diuresis that precedes presentation.  In a study of 33 diabetic children in DKA, 82% were hypertensive during the first 6 hours of admission and more than 50% remained hypertensive at their second outpatient follow-up.30    Our cohort’s mean presenting z score corresponds to approximately the 88th percentile of SBP for age.  The physiologic mechanism of hypertension in DKA is not understood, though may be related to excess catecholamines, increased circulating cortisol, pain and anxiety, or release of antidiuretic hormone secondary to hyperosmolality.31–33  Whether hypertension contributes to vasogenic cerebral edema in patients with DKA or serves as a protective response to preserve cerebral perfusion is not known.30  In the present study, lower presenting SBP z score was associated with treatment for cerebral edema, as was a greater maximum SBP z.  Profound dehydration in patients with severe DKA may mitigate a compensatory hypertensive response.  Further clarification regarding individual temporal increases in blood pressure surrounding neurologic decompensation would help clarify the utility of rising SBP as a harbinger of worsening cerebral edema in this population.
This study demonstrates the utility of EHR-housed data to meet the needs of both performance improvement initiatives, as well as clinical investigations.  Efforts to standardize common inpatient care processes through the implementation of evidence-based guidelines have helped to reduce management variability in a number of childhood diseases and clinical scenarios, such as bronchiolitis, asthma and the ordering of blood cultures.34–36  Business intelligence platforms have been successfully used to guide strategic enterprise initiatives in health care.37    Intersecting performance improvement initiatives with queryable EHR databases offers a facile method of tracking guideline adherence and refining clinical pathways without the need for time-intensive chart review.  The association between SBP and treatment for cerebral edema in the present study demonstrates the potential for leveraging EHR data for novel disease insights.  

This study is limited by its retrospective design.  Apparent severity of the cohort may have been reduced by exclusion of pre-hospital data in analysis.  Likewise, patients who received treatment for cerebral edema prior to arrival but not following admission were not counted as cerebral edema cases.  Defining cerebral edema as receiving treatment with either mannitol or 3% aqueous saline may have introduced selection bias by excluding patients with clinically relevant cerebral edema who did not receive treatment.  The prevalence of cerebral edema in the current study, 2.4%, is higher than studies that have relied on billing codes to identify cerebral edema, but is comparable to studies that have relied on clinical documentation.3,38  It is possible that the observed association between cerebral edema and pH, BUN and paCO2 were driven by decisions to treat based on the known relationships between these parameters and cerebral edema rather than by the patient’s clinical appearance.  Further, as the data was collected from a training institution, orders for mannitol or 3% aqueous saline may have been placed by trainees less familiar with appropriate DKA management.  However, we expect that the usual hierarchy of clinical supervision led to the delivery of appropriate care in the vast majority of the cases.  

5.0  conclusion
Analyzing structured EHR data we have demonstrated that system-level changes in the management of DKA were associated with improved outcomes at our institution.  Additionally, we replicated associations between presenting biochemical parameters and cerebral edema in the largest cohort to date and we identified hypertension as a clinical parameter that may forewarn of neurologic decompensation.   Further study is warranted to better understand the relationship between blood pressure and cerebral edema in children with DKA.

APPENDIX A: DIAGNOSIS CODES
icd-9 and 10 codes used to identify previous episodes of diabetes-related care:

ICD-9: ANY CODE 250.00 – 250.93

ICD-10: E10.xx and E13.xx 
APPENDIX B: SUPPLEMENTAL TABLES
	
	Pre-April 1, 2012
	Post-April 1, 2012
	P
	Pre-August 15, 2012
	Post-August 15, 2012
	P
	Pre-December 31, 2012
	Post-December 31, 2012
	P
	Pre-April 1, 2012
	Post-December 31, 2012
	(April 1 - December 31)*
	P

	n
	421
	804
	
	490
	735
	
	565
	660
	
	421
	660
	144
	

	Cerebral edema
	3.1%
	2.1%
	0.29
	2.9%
	2.2%
	0.45
	2.5%
	2.4%
	0.95
	3.1%
	2.4%
	0.69%
	0.28

	Head CT
	5.0%
	2.7%
	0.04
	4.3%
	3.0%
	0.23
	3.7%
	3.3%
	0.72
	5.0%
	3.3%
	0.00%
	0.02

	CVL
	9.3%
	5.1%
	<0.01
	8.8%
	5.0%
	<0.01
	8.7%
	4.7%
	<0.01
	9.3%
	4.7%
	6.9%
	0.01

	Severe hyperchloremia (Cl >120 mEq/L)
	32%
	23%
	<0.01
	30%
	23%
	<0.01
	29%
	22%
	<0.01
	32%
	22%
	23%
	<0.01

	Hypoglycemia (blood glucose <70 mg/dL)
	10%
	11%
	0.70
	10%
	11%
	0.52
	10%
	11%
	0.79
	10%
	11%
	11%
	0.92

	LOS (hours)
	66.30
	65.81
	0.83
	66.75
	65.45
	0.57
	68.02
	64.22
	0.09
	66.30
	64.22
	--
	0.36

	Log LOS (log hours)
	1.755
	1.751
	0.79
	1.758
	1.748
	0.52
	1.762
	1.744
	0.20
	1.755
	1.744
	1.783
	0.47


Table 5. Sensitivity analysis varying designated time of intervention
	
	Hypoglycemia (glucose <70 mg/dL)
	Severe hyperchloremia (Cl >120 mEq/L)
	CVL placement
	Head CT obtained
	Cerebral edema treatment
	Hospital length of stay (log hours)

	
	OR
	OR
	OR
	OR
	OR
	Coefficient

	Characteristic
	[95% CI]
	[95% CI]
	[95% CI]
	[95% CI]
	[95% CI]
	[95% CI]

	
	P
	P
	P
	P
	P
	P

	
	1.0
	2.5
	1.8
	1.2
	0.4
	-0.003

	Intervention
	[0.4 - 2.8]
	[1.0 - 6.3]
	[0.5 - 6.9]
	[0.3 - 4.6]
	[0.1 - 2.5]
	[-0.1 - 0.1]

	
	0.95
	0.06
	0.37
	0.77
	0.31
	0.92

	
	1.0
	0.996
	1.0
	1.0
	1.0
	0.000

	Week
	[1.0 - 1.0]
	[0.992 - 0.9998]
	[1.0 - 1.0]
	[1.0 - 1.0]
	[1.0 - 1.0]
	[0.0 - 0.0]

	
	0.81
	0.04
	0.03
	0.40
	0.27
	0.58

	
	1.0
	0.9
	1.0
	1.0
	1.0
	-0.017

	Age (years)
	[0.9 - 1.0]
	[0.9 - 0.9]
	[0.9 - 1.0]
	[0.9 - 1.0]
	[0.9 - 1.1]
	[-0.020 - -0.014]

	
	0.68
	<0.001
	0.45
	0.38
	0.87
	<0.001

	
	1.5
	1.5
	2;4
	1.2
	0.8
	-0.010

	Female sex
	[1.0 - 2.4]
	[1.0 - 2.2]
	[1.3 - 4.2]
	[0.6 - 2.4]
	[0.4 - 1.6]
	[-0.040 - 0.021]

	
	0.05
	0.06
	<0.01
	0.61
	0.46
	0.54

	
	7.7
	0.0004
	0.0004
	0.01
	0.001
	-0.518

	pH*
	[1.0 - 59.8]
	[0.0000 - 0.002]
	[0.000 - 0.006]
	[0.001 - 0.165]
	[0.00 - 0.06]
	[-0.650 - -0.386]

	
	0.05
	<0.001
	<0.001
	<0.01
	<0.01
	<0.001

	
	1.0
	0.9
	1.0
	1.0
	0.9
	-0.003

	PvCO2 (mmHg)*
	[0.9 - 1.0]
	[0.9 - 0.9]
	[1.0 - 1.1]
	[0.9 - 1.0]
	[0.9 - 1.0]
	[-0.005 - -0.001]

	
	0.06
	<0.001
	0.82
	0.20
	0.01
	<0.01

	
	1.0
	1.3
	1.1
	1.0
	1.0
	0.004

	Corrected Na (mEq/L)*
	[0.9 - 1.0]
	[1.2 - 1.3]
	[1.0 - 1.1]
	[1.0 - 1.1]
	[1.0 - 1.1]
	[0.001 - 0.006]

	
	0.53
	<0.001
	<0.01
	0.69
	0.65
	<0.01

	
	0.8
	0.9
	0.7
	0.8
	0.9
	-0.013

	GCS score*
	[0.7 - 1.9]
	[0.7 - 1.1]
	[0.6 - 0.9]
	[0.7 - 1.0]
	[0.8 - 1.0]
	[-0.026 - -0.001]

	
	<0.001
	0.24
	<0.01
	0.04
	0.05
	0.03

	
	1.0
	1.0
	1.0
	1.0
	1.0
	0.0002

	Glucose (mg/dL)*
	[1.0 - 1.0]
	[1.0 - 1.0]
	[1.0 - 1.0]
	[1.0 - 1.0]
	[1.0 - 1.0]
	[0.0001 - 0.0002]

	
	0.68
	0.05
	0.15
	0.77
	0.09
	<0.001

	
	1.0
	1.0
	1.0
	1.0
	1.0
	-0.003

	BUN (mg/dL)*
	[1.0 - 1.0]
	[1.0 - 1.0]
	[1.0 - 1.0]
	[1.0 - 1.1]
	[1.0 - 1.1]
	[-0.005 - -0.001]

	
	0.20
	1.00
	0.06
	0.06
	<0.01
	<0.01


Table 6. Multivariable models excluding patients from April 1 to December 31, 2012 (n=1,081)
bibliography

1.
Maahs, D. M. et al. Rates of Diabetic Ketoacidosis: International Comparison With 49,859 Pediatric Patients With Type 1 Diabetes From England, Wales, the U.S., Austria, and Germany. Diabetes Care 38, 1876–1882 (2015).

2.
Wolfsdorf, J. I. et al. ISPAD Clinical Practice Consensus Guidelines 2014. Diabetic ketoacidosis and hyperglycemic hyperosmolar state. Pediatr. Diabetes 15 Suppl 20, 154–179 (2014).

3.
Koves, I. H. et al. Improving care for pediatric diabetic ketoacidosis. Pediatrics 134, e848-856 (2014).

4.
Waller, S. L., Delaney, S. & Strachan, M. W. J. Does an integrated care pathway enhance the management of diabetic ketoacidosis? Diabet. Med. J. Br. Diabet. Assoc. 24, 359–363 (2007).

5.
Centers for Medicare & Medicaid Services (CMS), HHS. Medicare and Medicaid programs; electronic health record incentive program. Final rule. Fed. Regist. 75, 44313–44588 (2010).

6.
Knake, L. A. et al. Quality of EHR data extractions for studies of preterm birth in a tertiary care center: guidelines for obtaining reliable data. BMC Pediatr. 16, 59 (2016).

7.
Wasserman, R. C. Electronic medical records (EMRs), epidemiology, and epistemology: reflections on EMRs and future pediatric clinical research. Acad. Pediatr. 11, 280–287 (2011).

8.
Ferrão, J. C., Oliveira, M. D., Janela, F. & Martins, H. M. G. Preprocessing structured clinical data for predictive modeling and decision support. A roadmap to tackle the challenges. Appl. Clin. Inform. 7, 1135–1153 (2016).

9.
The learning healthcare system: workshop summary. (National Academies Press, 2007).

10.
Children height and blood pressure z-scores | R-bloggers. Available at: https://www.r-bloggers.com/children-height-and-blood-pressure-z-scores/. (Accessed: 14th April 2017)

11.
The Fourth Report on the Diagnosis, Evaluation, and Treatment of High Blood Pressure in Children and Adolescents - hbp_ped.pdf. Available at: https://www.nhlbi.nih.gov/files/docs/resources/heart/hbp_ped.pdf. (Accessed: 14th April 2017)

12.
Growth Charts - Percentile Data Files with LMS Values. Available at: https://www.cdc.gov/growthcharts/percentile_data_files.htm. (Accessed: 14th April 2017)

13.
Martin, C., McKinney, Z. J., Hoody, D. & Fish, L. Diabetic ketoacidosis critical care pathway implementation: incorporation into emr significantly decreases length of stay. Endocr. Pract. Off. J. Am. Coll. Endocrinol. Am. Assoc. Clin. Endocrinol. 22, 673–678 (2016).

14.
Al Nemri, A. et al. Substantial reduction in hospital stay of children and adolescents with diabetic ketoacidosis after implementation of Clinical Practice Guidelines in a university hospital in Saudi Arabia. J. Eval. Clin. Pract. (2016). doi:10.1111/jep.12661

15.
Tieder, J. S. et al. Variation in resource use and readmission for diabetic ketoacidosis in children’s hospitals. Pediatrics 132, 229–236 (2013).

16.
Keenan, H. T., Foster, C. M. & Bratton, S. L. Social factors associated with prolonged hospitalization among diabetic children. Pediatrics 109, 40–44 (2002).

17.
Bilici, M., Tavil, B., Dogru, O., Davutoglu, M. & Bosnak, M. Diabetic ketoasidosis is associated with prothrombotic tendency in children. Pediatr. Hematol. Oncol. 28, 418–424 (2011).

18.
Basnet, S., Venepalli, P. K., Andoh, J., Verhulst, S. & Koirala, J. Effect of normal saline and half normal saline on serum electrolytes during recovery phase of diabetic ketoacidosis. J. Intensive Care Med. 29, 38–42 (2014).

19.
Soto-Rivera, C. L., Asaro, L. A., Agus, M. S. D. & DeCourcey, D. D. Suspected Cerebral Edema in Diabetic Ketoacidosis: Is There Still a Role for Head CT in Treatment Decisions? Pediatr. Crit. Care Med. J. Soc. Crit. Care Med. World Fed. Pediatr. Intensive Crit. Care Soc. 18, 207–212 (2017).

20.
Fuente-Martín, E., Argente-Arizón, P., Ros, P., Argente, J. & Chowen, J. A. Sex differences in adipose tissue. Adipocyte 2, 128–134 (2013).

21.
Malik, F. S. et al. Patient Characteristics Associated with Differences in Admission Frequency for Diabetic Ketoacidosis in United States Children’s Hospitals. J. Pediatr. 171, 104–110 (2016).

22.
Ackard, D. M. et al. Disordered eating and body dissatisfaction in adolescents with type 1 diabetes and a population-based comparison sample: comparative prevalence and clinical implications. Pediatr. Diabetes 9, 312–319 (2008).

23.
Meltzer, L. J. et al. Disordered Eating, Body Mass, and Glycemic Control in Adolescents With Type 1 Diabetes. Diabetes Care 24, 678–682 (2001).

24.
Huxley, R. R., Peters, S. A. E., Mishra, G. D. & Woodward, M. Risk of all-cause mortality and vascular events in women versus men with type 1 diabetes: a systematic review and meta-analysis. Lancet Diabetes Endocrinol. 3, 198–206 (2015).

25.
Kim, H., Elmi, A., Henderson, C. L., Cogen, F. R. & Kaplowitz, P. B. Characteristics of children with type 1 diabetes and persistent suboptimal glycemic control. J. Clin. Res. Pediatr. Endocrinol. 4, 82–88 (2012).

26.
Glaser, N. et al. Risk factors for cerebral edema in children with diabetic ketoacidosis. The Pediatric Emergency Medicine Collaborative Research Committee of the American Academy of Pediatrics. N. Engl. J. Med. 344, 264–269 (2001).

27.
Fiordalisi, I. et al. An 18-yr prospective study of pediatric diabetic ketoacidosis: an approach to minimizing the risk of brain herniation during treatment. Pediatr. Diabetes 8, 142–149 (2007).

28.
Glaser, N. S. et al. Frequency of sub-clinical cerebral edema in children with diabetic ketoacidosis. Pediatr. Diabetes 7, 75–80 (2006).

29.
Mahoney, C. P., Vlcek, B. W. & DelAguila, M. Risk factors for developing brain herniation during diabetic ketoacidosis. Pediatr. Neurol. 21, 721–727 (1999).

30.
Deeter, K. H. et al. Hypertension Despite Dehydration During Severe Pediatric Diabetic Ketoacidosis. Pediatr. Diabetes 12, 295–301 (2011).

31.
Umpierrez, G. E. et al. Differences in metabolic and hormonal milieu in diabetic- and alcohol-induced ketoacidosis. J. Crit. Care 15, 52–59 (2000).

32.
Durr, J. A. et al. Osmoregulation of vasopressin in diabetic ketoacidosis. Am. J. Physiol. 259, E723-728 (1990).

33.
Stentz, F. B., Umpierrez, G. E., Cuervo, R. & Kitabchi, A. E. Proinflammatory cytokines, markers of cardiovascular risks, oxidative stress, and lipid peroxidation in patients with hyperglycemic crises. Diabetes 53, 2079–2086 (2004).

34.
Akenroye, A. T., Baskin, M. N., Samnaliev, M. & Stack, A. M. Impact of a bronchiolitis guideline on ED resource use and cost: a segmented time-series analysis. Pediatrics 133, e227-234 (2014).

35.
Gray, M. P., Keeney, G. E., Grahl, M. J., Gorelick, M. H. & Spahr, C. D. Improving Guideline-Based Care of Acute Asthma in a Pediatric Emergency Department. Pediatrics 138, (2016).

36.
Woods-Hill, C. Z. et al. Association of a Clinical Practice Guideline With Blood Culture Use in Critically Ill Children. JAMA Pediatr. (2016). doi:10.1001/jamapediatrics.2016.3153

37.
Wadsworth, T. et al. Using business intelligence to improve performance. Healthc. Financ. Manag. J. Healthc. Financ. Manag. Assoc. 63, 68–72 (2009).

38.
Decourcey, D. D., Steil, G. M., Wypij, D. & Agus, M. S. D. Increasing use of hypertonic saline over mannitol in the treatment of symptomatic cerebral edema in pediatric diabetic ketoacidosis: an 11-year retrospective analysis of mortality*. Pediatr. Crit. Care Med. J. Soc. Crit. Care Med. World Fed. Pediatr. Intensive Crit. Care Soc. 14, 694–700 (2013).

USE OF STRUCTURED ELECTRONIC HEALTH RECORD DATA TO EVALUATE TEMPORAL TRENDS AND RISK FACTORS IN THE MANAGEMENT OF CHILDHOOD DIABETIC KETOACIDOSIS


























by


Christopher Michael Horvat


BS, University of North Carolina at Chapel Hill, 2006


MD, University of North Carolina at Chapel Hill, 2010


























Submitted to the Graduate Faculty of


the Department of Health Policy and Management 


in the Graduate School of Public Health in partial fulfillment 


of the requirements for the degree of


Master of Health Administration





























University of Pittsburgh


2017








UNIVERSITY OF PITTSBURGH


Graduate School of Public Health

















This essay is submitted





by


Christopher Michael Horvat








April 20, 2017


and approved by








Essay Advisor: Nicholas Castle, PhD, Professor of Health Policy and Management


Graduate School of Public Health, University of Pittsburgh





Essay Reader: Robert Clark, MD, Professor of Critical Care Medicine, School of Medicine


University of Pittsburgh








Copyright © by Christopher Horvat


2017





USE OF STRUCTURED ELECTRONIC HEALTH RECORD DATA TO EVALUATE TEMPORAL TRENDS AND RISK FACTORS IN THE MANAGEMENT OF CHILDHOOD DIABETIC KETOACIDOSIS





 Christopher Horvat, MHA


University of Pittsburgh, 2017�










ii

