A new scoring system for stratifying risk for cerebral edema in children suffering diabetic ketoacidosis
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Abstract
Background: Predicting adverse neurovascular complications due to diabetic ketoacidosis (DKA) particularly in children leads to more appropriately management of disease as well as achievement of acceptable patients' survival. Cerebral edema is a life-threatening adverse event following DKA responsible for high mortality rate. Recently, authors have focused introducing new risk assessment tools for predicting occurrence of brain edema to early prevention of nervous defects and losing consciousness following DKA. The present study aimed to present a new scoring system for predicting brain edema as a serious consequence of DKA among children.      
Methods: A retrospective chart review was conducted on 112 children with the definitive diagnosis of DKA who were admitted to Ali-e-Asghar Hospital, Tehran, between 2014 and 2017. The multivariable logistic regression modeling and analysis of the ROC curve were used to determine and stratify parameters predicting high risk groups for cerebral edema. 
Results: In multivariable logistic regression model, using infant formula (OR = 4.153, p = 0.020), tachypnea on admission (OR = 3.342, p = 0.027), and raised serum creatinine (OR = 1.658, p = 0.026) could effectively predict the likelihood of brain edema following DKA in children. The children with three parameters were scored as 3, two of three parameters scored as 2, one of three parameters scored as 1, and none parameters scored as 0 considering as very high risk (with 8-fold risk for brain edema), high risk (with 5 to 6-fold risk for brain edema), moderate risk (with 2 to 4- fold risk for brain edema) and low risk for brain edema following DKA. 
Conclusion: We presents a new scoring system for early identifying children prone to cerebral edema following DKA. This scoring system considers triad of history of using formula, tachypnea on admission and raised serum creatinine and thus can stratify DKA patients to low, moderate, high and very high risk for cerebral edema.
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Introduction
Diabetic ketoacidosis (DKA) which characterized by a triad of hyperglycemia, high anion gap metabolic acidosis, and ketonemia is globally identified as a serious life-threatening complications of uncontrolled of type 1 diabetes (T1D) within childhood with a prevalence of 25% to 30% in children with newly diagnosed diabetes (1). Along with its high primary occurrence, its recurrent is also reportable in a majority of patients that in most referral centers, 80% of recurrent DKA occurred in 20% of the patients, and 60% of DKA occurred in 5% of the patients (2) that mainly related to omission or insufficiency of insulin delivery due to inadequate diabetes self-care. The main adverse sequels of DKA refer to its high related mortality, cerebrovascular morbidity as well as high socioeconomic burden (3,4). In this regard, several researches have been planned to identify major risk factors for DKA with the aim of effectively preventing its adverse events. In this regard, some underlying factors were identified to predict the likelihood of DKA among children. In some studies, infants under the two years of age were more prone to DKA (5,6). Other risk profiles related to childhood DKA include a preceding infection before DKA, low serum C-peptide level, the knowledge of parents toward diabetes control, DKA manifestations and care, low parental education level, and even racial difference (7-10). Some risk assessment scores have been introduced for predicting occurrence and exacerbation of DKA and its related mortality among adults such as the Mortality Prediction Model (DKA MPM) Score, and APACHE II score. However, a few studies focused the scoring systems predicting DKA among children. One of the main scoring systems for prediction of mortality in affected children is the Pediatric risk of mortality (PRISM) score including 17 commonly measured physiologic variables including vital sign variables, arterial blood gas parameters, Glasgow Coma Score, the level of serum glucose, coagulation indices, and also calcium and potassium levels. However this scoring system is not also specified to DKA especially for predicting its related events such as brain edema in children (11). Therefore, the need for designing a specific scoring system is quite felt to predict the risk of occurring brain edema among children. The present study aimed to present new scoring systems for predicting brain edema as a serious consequence of DKA among children.         

Matrials and Methods
A retrospective chart review was conducted on 112 children with the definitive diagnosis of DKA (based on the presence of pH < 7.3, bicarbonate < 15 and the presence of urinary ketones) aged less than 15 years who were admitted to Ali-e-Asghar Hospital, Tehran, between 2014 and 2017. Each medical record was analyzed for demographic data (age and sex), medical history, family history of DKA, clinical manifestations and laboratory parameters, history of infant formula. The exclusion criteria were incomplete records in terms of attributes evaluated in the study. Due to the retrospective nature of the study, the need for informed consent was waived. The study was undertaken after approval of the Ethics Committee of Iran University of Medical Sciences and was conducted in compliance with the Helsinki declaration.
Univariate logistic regression analysis was used to differentiate potential variables that have an effect on the occurrence of relapse. To control confounders and find the variables related to mortality and brain edema that fit the final predictive model; a multiple logistic regression analysis was performed. Forward stepwise likelihood ratio method was taken in the selection of final variables in the model. P values less than 0.05 were considered significant. The SPSS statistical software, version 16 (Inc. Chicago, IL) was used to carry out data analyses. Our method for the development of a new risk-score for the prediction of mortality and brain edema due to DKA was very similar to the method previously used by Ho et al (12) and Hosseini et al (13). Due to the wide range of regression coefficients for each variable in the regression model, ROC curve analysis was used to change quantitative variables to binary variables (according to cut-off points). Maximum sensitivity and specificity with strong clinical relevance and Youden’s index were the selection criteria of cut-off points. Initially, we determined the absolute values of regression coefficients. 

Results
The mean age of children studied was 9.20 ± 3.15 years and 46.4% were male. Regarding clinical manifestations, 43.8% suffered from malaise, 28.6% had nausea and vomiting, 13.4% had weight loss, 8.0% experienced loss of consciousness, 2.7% had abdominal pain, 1.8% suffered dyspnea and 1.8% had hemoptysis. The mean body weigh was 26.34 ± 3.80kg. The time for hospitalization was also 1.29 ± 0.79 days. Totally, 66.1% were the new known case for diabetes. Family history of diabetes was expressed in 34.8%. Overall, in-hospital death occurred in three children with an overall mortality rate of 2.7%. In total, 20 cases (17.9%) suffered from brain edema. In an analysis and univariately comparing baseline variables across the two groups with and without brain edema, the following variables were associated with the likelihood of brain edema: using baby formula (p = 0.001), low GCS on admission (p = 0.005), tachypnea on admission (p = 0.009), increased inflammatory factors (p < 0.001), tachycardia on admission (p < 0.001), occurring metabolic acidosis on admission (p = 0.003), leukocytosis (p = 0.003), low serum hemoglobin level (p = 0.020), thrombocytosis (p = 0.007), increased levels of ESR (p = 0.007) and CRP (p = 0.003), increased serum level of creatinine (p = 0.003), increased TSH level (p = 0.015), hypocalcaemia (p < 0.001) and hypophosphatemia (p = 0.005), lowering level of vitamin D (p = 0.002), increased level of hemoglobin A1c (p = 0.006), and decreased urinary specific gravity (p = 0.001). In multivariable logistic regression model (Table 1), of all parameters univariately associated with the risk for brain edema evaluated in the current study, only using baby formula (OR = 4.153, p = 0.020), tachypnea on admission (OR = 3.342, p = 0.027), and raised serum creatinine (OR = 1.658, p = 0.026) could effectively predict the likelihood of brain edema following DKA in children. In other word, the presence of each of variable could increase the likelihood of brain edema by about 4, 3 and 2 times respectively. By considering interactions between the obtained three parameters, the likelihood ratio by considering three interacted variables was 8, and by considering two of three variables, the ratio ranged 5 to 6. In the present study, Hosmer-Lemeshow statistic as a measure of the goodness of fit of the final model was used. The value of that was 6.61 (P=0.76). Therefore we concluded that the fitted model is satisfactory. To determine the cutoff value for serum creatinine for predicting brain edema, using the ROC curve analysis led to cutoff point of 0.65mg/dl for serum creatinine with the sensitivity of 80.0% and a specificity of 65.2% (Figure 1). In similar analysis, the best cutoff value of respiratory rate on admission to predict brain edema was >31.5/min yielding a sensitivity of 70.0% and a specificity of 65.2% (Figure 1). Thus, the main determinants for occurring brain edema following DKA included the use of baby formula, tachypnea on admission and raised creatinine (>0.65mg/dl). According to the method explained in the previous section, the children with all three pointed parameters were scored as 3, two of three parameters scored as 2, one of three parameters scored as 1, and none parameters scored as 0 considering as very high risk (with 8-fold risk for brain edema), high risk (with 5 to 6-fold risk for brain edema), moderate risk (with 2 to 4- fold risk for brain edema) and low risk for brain edema following DKA. 

Discussion
 Predicting adverse neurovascular complications due to DKA particularly in children leads to more appropriately management of disease as well as achievement of acceptable patients' survival. Brain edema is a life-threatening adverse event following DKA responsible for high mortality rate in case of disease mismanagement. Recently, authors have focused introducing new risk assessment tools for predicting occurrence of brain edema to early prevention of nervous defects and losing consciousness following DKA. According to our survey, although several clinical and laboratory parameters have been identified to predict risk for brain edema, in multivariable modeling and with the presence of confounders and considering interactions between the variables, only three parameters of using baby formula, history of tachypnea on admission and raised serum creatinine could effectively predict the risk for brain edema. Using multivariable modeling, we obtained new scoring system for stratifying the patients suffering DKA with regard to the risk for brain edema and thus we could divided the patients as very high risk, high risk, moderate risk and low risk for occurring brain edema following DKA based on the three pointed parameters. According to this fact three parameters could be easily assessed on admission, stratifying children with respect to the odds for brain edema is facilitated. 
Regarding feeding with formula and in fact not breastfeeding, it has been well demonstrated that for infants, not being breastfed is associated with an increased incidence of type I diabetes mellitus and its related complications (14,15). Epidemiologic studies suggested that children who are formula fed in infancy are more likely to become diabetic. In fact, the studies have reported an association between exposure to cow’s milk antigen and development of type 1 diabetes (16,17). However little evidence is now available on the effect of formula on neurovascular system. However, according to our observation, prolonged use of formula can notably increase the likelihood of brain edema probably due to its indirect effects on central nervous system metabolic disturbances as well as the change in osmolar gradient. Regarding association between tachypnea and risk for brain edema, the close link between intracranial pressure and abnormal neurogenic respiratory pattern is expected (18). In a study by    et al (19), of the 12 cases reviewed suffering cerebral edema, two warning signs of neurological compromise or increased intracranial pressure were dropping the heart rate and the a sudden and persistent tachypnea. Tachypnea is due to hyperventilation to compensate metabolic acidosis and metabolic acidosis is own has a close relationship with cerebral edema. It has been shown that hypersonic respiratory acidosis causes cerebral vasodilation via perivascular extracellular pH changes that can precipitate global cerebral edema even in the absence of acute brain injury (20). In addition, several evidences are available with regard to association between the risk for brain edema and renal failure evidenced by raising serum creatinine level. Diffuse interstitial brain edema has been shown in patients with renal failure due to impaired brain perfusion bed leading cognitive impairment in such patients (21). A summing on pointed evidences, the potential predicting role of using formula, raised creatinine and initial tachypnea can be considered as a triad for predicting DKA children prone to cerebral edema. In this regard, early identifying high risk children with DKA for brain edema can be considered for all children admitted to emergency wards or hospitalized and thus early prevention of occurring edema in such patients should be planned. 

Conclusion
Our study could present a new scoring system for early identifying children prone to cerebral edema following DKA. This scoring system considers triad of history of using formula, tachypnea on admission and raised serum creatinine and thus could stratify DKA patients to low, moderate, high and very high risk for cerebral edema. By considering this new stratification scoring system, early identification of high risk group and early management of such patients with the goal of preventing cerebral edema and thus its life-threatening sequel is possible.     
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Table 1: Multivariable logistic regression model to determine parameters predicting cerebral edema due to DKA in children 
	Item 
	Beta
	Standard Error
	Wald
	P value
	OR

	Formula use
	-7.804
	3.350
	5.429
	0.020
	4.153

	GCS
	-1.875
	1.063
	3.109
	0.078
	0.153

	Tachypnea 
	-5.926
	2.685
	4.872
	0.027
	3.342

	HCO3
	1.547
	1.037
	2.227
	0.136
	4.699

	PCO2
	-0.394
	0.263
	2.252
	0.133
	0.674

	WBC
	-0.084
	0.076
	1.225
	0.268
	0.920

	HB
	0.656
	0.887
	0.547
	0.460
	1.927

	PH
	0.858
	9.307
	0.008
	0.927
	2.358

	ESR
	0.192
	0.137
	1.972
	0.160
	1.212

	CRP
	-0.073
	0.065
	1.289
	0.256
	0.929

	CR
	-6.520
	2.920
	4.984
	0.026
	1.658

	Age 
	-0.316
	0.267
	1.397
	0.237
	0.729

	Constant
	31.416
	78.564
	0.160
	0.689
	4.4013
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Figure 1: The ROC curve analysis to assess the role of raised creatinine and tachypnea to predict cerebral edema 
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