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Abstract

Purpose: Critically ill pediatric allogeneic hematopoietic cell transplant (HCT) patients may 

benefit from early and aggressive interventions aimed at reversing the progression of multiorgan 

dysfunction. Therefore, we evaluated 25 early risk-factors for PICU mortality in order to improve 

mortality prognostication.

Methods: We merged the Virtual Pediatric Systems (VPS, LLC) and Center For International 

Blood and Marrow Transplant Research (CIBMTR) databases and analyzed 936 critically ill 

patients ≤21 years of age who had undergone allogeneic HCT and subsequently required PICU 

admission between January 1, 2009 and December 31, 2014.

Results: Of 1,532 PICU admissions, the overall PICU mortality rate was 17.4% (95% CI 15.6%

−19.4%) but was significantly higher for patients requiring mechanical ventilation (44.0%), renal 

replacement therapy (56.1%), or extracorporeal life support (77.8%). Mortality estimates increased 

significantly the longer that patients remained in the PICU. Of 25 HCT- and PICU-specific 

characteristics available at/near the time of PICU admission, moderate/severe pre-HCT renal 

injury, pre-HCT recipient cytomegalovirus (CMV) seropositivity, <100 day interval between HCT 

and PICU admission, HCT for underlying Acute Myeloid Leukemia (AML), and greater 

admission organ dysfunction as approximated by the PRISM-3 score were each independently 

associated with PICU mortality. A multivariable model using these components identified that 

patients in the top quartile of risk had three times greater mortality than other patients (35.1% vs. 

11.5%, p<0.001, classification accuracy 75.2%, 95% CI 73.0–77.4%).
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Conclusions: These data improve our working knowledge of the factors influencing the 

progression of critical illness in pediatric allogeneic HCT patients. Future investigation aimed at 

mitigating the effect of these risk-factors is warranted.

Keywords

Intensive Care Units; Pediatric; Hematopoietic Stem Cell Transplantation; Organ Dysfunction 
Scores; Prognosis; Survival Analysis

INTRODUCTION

Each year, hematopoietic cell transplantation (HCT) offers the potential for disease-free 

survival to over 2,500 children with malignant and non-malignant disorders worldwide [1]. 

Unfortunately, complications from HCT frequently lead to critical illness and necessitate 

pediatric intensive care unit (PICU) admission in 17–35% of children [2–4]. However, recent 

advances in the areas of donor selection, graft manipulation, preparative conditioning, 

infection prophylaxis, and intensive care have significantly improved outcomes, allowing for 

increasing complexity of patients eligible for HCT and increasing medical complexity of 

post-HCT care [5–7].

A primary focus of both transplant and intensive care physicians remains the prompt and 

accurate identification of high-risk patients in order to halt the progression of critical illness 

before irreversible organ failure ensues [8]. Central to this focus is the strong body of 

evidence demonstrating that organ failure is modifiable through early recognition and early 

intervention [9–13]. Among patients who become critically ill, severity of organ failure at 

the time of PICU admission remains one of the most useful prognostic indicators for 

mortality [14,15]. However, attempts to improve prognostic models by incorporating HCT-

specific variables have been limited by sample size constraints. In addition, many 

investigators have identified conflicting results regarding the association between PICU 

mortality and HCT-specific characteristics such as underlying disease, degree of HLA 

mismatch, failure of neutrophil engraftment, and the presence and severity of acute graft 

versus host disease (GVHD) [7,16–21]. Ultimately, the medical complexity of critically ill 

pediatric allogeneic HCT patients necessitates a thorough understanding of HCT-specific 

risk factors that might modulate the development and progression of critical illness, as these 

data will be crucial for accurate mortality prognostication as well as the design of future 

patient-specific interventions aimed at reducing post-HCT mortality.

Therefore, we aimed to merge two large multicenter databases in order to complete a 

comprehensive assessment of HCT-specific risk-factors for PICU mortality and develop an 

improved prognostic model for early assessment of mortality-risk in critically ill pediatric 

allogeneic HCT patients. We specifically aimed to assess factors available at/near the time of 

PICU admission so as to capture high-risk patients during a window of opportunity where 

potential clinical interventions might have the best chance of success. We hypothesized that 

the information learned from this study might inform our understanding of the development 

and progression of critical illness in children after allogeneic HCT.
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METHODS

Approach:

Two large de-identified administrative databases were selected for record matching based on 

complementary and partially overlapping documentation of PICU- and HCT-related data. 

VPS: The Virtual Pediatric Systems (VPS, LLC) Database documents consecutive PICU 

admissions across over 140 sites predominantly in the United States and Canada. Admission 

characteristics, severity of illness scores, critical care interventions, and critical care-related 

ICD-9 and other diagnosis codes are documented by trained analysts at each site, with >95% 

inter-rater reliability. CIBMTR: The Center For International Blood and Marrow Transplant 

Research (CIBMTR) is a collaboration between the National Marrow Donor Program®/Be 

The Match® and the Medical College of Wisconsin. It comprises over 450 transplant centers 

worldwide that contribute high-quality longitudinal data on consecutive allogeneic HCT 

patients. Additional description of each database is provided in Supplemental Text 1.

Patients:

To identify critically ill pediatric HCT patients for this study, VPS was queried for patients 

≤21 years of age who were admitted to a PICU between 1/1/2009 and 12/31/2014 with a 

diagnosis code indicating prior HCT. To avoid analyzing low-risk patients, we excluded 

patients with short-term semi-elective PICU admissions, which we defined as any scheduled 

(>12 hours notice) or perioperative admission lasting <2 days. To obtain further descriptive 

HCT-related characteristics for these critically ill patients, CIBMTR was queried for patients 

≤21 years of age at the time of receiving a first allogeneic HCT between 1/1/2008 and 

12/31/2014. While the VPS query started with 1/1/2009, the CIBMTR query included the 

preceding year to capture post-HCT patients with PICU admissions in early 2009 who 

underwent HCT in 2008. Patients were excluded if they underwent HCT outside of the USA/

Canada, had an identical twin, or lacked 100-day follow-up.

Matching:

Records from VPS were merged with records from CIBMTR according to identical sex, date 

of birth, and HCT indication. VPS records were excluded if (1) there was no HCT indication 

documented in VPS, (2) there was no matching record in CIBMTR, or (3) there were ≥2 

matching records in CIBMTR. VPS patients with no matching record in CIBMTR were 

assumed to meet CIBMTR exclusion criteria, including receipt of autologous rather than 

allogeneic HCT, or receipt of allogeneic HCT outside of the USA/Canada and/or outside of 

the study interval (Supplemental Text 2). After records were merged, VPS records were 

excluded if the patient developed relapse of underlying malignancy after HCT but prior to 

PICU admission. Where patients had multiple PICU admissions in the study interval, PICU 

admissions were truncated after the 3rd PICU admission. This methodology was approved 

by the UCSF IRB (Study 18–26930). To confirm validity of matching, we performed an 

unblinded IRB-approved review of matching results from records at the University of 

California, San Francisco Benioff Children’s Hospital (Supplemental Text 3).
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Outcomes:

The primary outcome was PICU mortality, defined as death in the PICU during the study 

interval. In addition to assessing PICU mortality for all patients, we assessed PICU mortality 

for (1) patients using invasive mechanical ventilation (IMV), renal replacement therapy 

(RRT), or extracorporeal life support (ECLS), (2) patients with a diagnosis code of sepsis, 

Gram-positive, Gram-negative, viral, or fungal infection, as previously defined 

(Supplemental Text 4) [14], and (3) increasing duration of stay in the PICU. Use of 

vasoactive infusions is not documented by VPS.

Early Predictors:

Given their associations with HCT and/or intensive care mortality, we a priori selected 25 

variables that were available to the clinical team at/near the time of PICU admission to test 

for an association with PICU mortality. We limited variable selection to only those available 

at/near the time of PICU admission in order to develop a model that could be implemented 

early in the course of PICU stay. Variables included metrics of demographics, pre-HCT 

morbidity, underlying disease, HCT characteristics, post-HCT course, and PICU Admission 

Illness Severity, which was estimated by the Pediatric Risk of Mortality (PRISM-3) score 

[22]. The PRISM-3 score ranges from 0–47 and is composed of 17 vital sign and laboratory 

derangements measured in the first 12 hours of PICU admission (Supplemental Table 1). In 

order to generate a prognostic model of PICU mortality using only variables available at/

near the time of PICU admission, we did not include co-diagnosis codes such as presence/

type of infection, as the timing of onset of these infections could not be determined using 

available data.

Statistical Approach:

Mortality rates were listed as percentages with 95% confidence intervals estimated by the 

binomial exact probability distribution. Generalized estimating equations (GEE) were used 

to model the odds of PICU mortality as a function of patient characteristics; GEE accounts 

for repeated PICU admissions by the same patient using a robust sandwich variance 

estimate. An appropriate working correlation matrix was selected by maximizing the Akaike 

Information Criterion (AIC). Stepwise variable selection was used to build the multivariate 

model and identify important patient characteristics for inclusion. Interactions between 

PICU visit number and patient characteristics were assessed to determine whether separate 

models were needed for 1st vs. 2nd vs. 3rd PICU admissions. Covariate effects were 

summarized using odds ratios for PICU mortality along with 95% confidence intervals. 

Receiver operating characteristics (AUROC) were generated using 20-fold internal cross-

validation to reduce optimism. The distribution of probabilities of PICU mortality as 

predicted by the final GEE model was polychotomized into four quartiles and the cumulative 

incidence of PICU mortality was plotted over time.
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RESULTS

Cohort:

2,319 pediatric HCT patients were identified in VPS (0.5% of all PICU patients) and were 

cross-referenced to 9,183 pediatric allogeneic HCT patients in CIBMTR (12.4% of all 

CIBMTR patients, Figure 1). 1,248 pediatric HCT patients in VPS were excluded due to 

lack of 1:1 match in CIBMTR; the majority of exclusions were due to patients having no 

matching record in CIBMTR, and therefore these VPS records were assumed to represent 

patients having undergone autologous HCT or allogeneic HCT outside of the US/Canada 

and/or outside of the study interval. Another 135 pediatric HCT patients were excluded due 

to relapsed malignancy after HCT and before PICU admission. The final cohort of 936 HCT 

patients accounted for 1,532 PICU admissions. Patient characteristics, including HCT-

variables, use of critical care interventions, and presence of infections, are summarized in 

Tables 1 & 2 and presented in detail in Supplemental Tables 2–4.

Primary Outcome:

PICU mortality occurred in 17.4% of admissions (267/1,532, 95% CI 15.6%−19.4%), and 

because many patients had more than one PICU admission, 28.5% of patients died in the 

PICU during the study interval (267/936, 95% CI 25.7%−31.5%). Mortality rates for 1st, 

2nd, and 3rd PICU admissions were not statistically significantly different (15.9% vs. 19.1% 

vs. 21.3%, p=0.173). Stratified Outcomes: PICU mortality rates for patients using IMV, 

RRT, and ECLS were 44.0%, 56.1%, and 77.8%, respectively (n=249/566, n=97/173, n=7/9, 

respectively). Of note, 23/936 patients (2.5%) died in the PICU without the use of IMV. 

PICU mortality rates for admissions associated with a Gram-positive, Gram-negative, viral, 

and fungal infection were 18.6%, 21.7%, 25.2%, and 38.3%, respectively (n=33/177, 

n=30/138, n=115/456, and n=64/167). Each additional day that patients remained in the 

PICU was associated with significantly increased rates of PICU mortality (Figure 2). For 

example, among 1st PICU admissions, mortality for patients still in the PICU after 1 week 

was 17.4% (95% CI 14.7–20.1), whereas mortality for patients still in the PICU after 2 

weeks was 32.0% (95% CI 26.8–37.2) and mortality for patients still in the PICU after 4 

weeks was 45.0% (95% CI 35.9–54.1).

Risk Factors Available at the Time of PICU Admission:

Demographics: Neither HCT center, PICU center, age at PICU admission, sex, nor race/

ethnicity were associated with PICU mortality (p>0.05).

Pre-HCTMorbidity: The HCT-Comorbidity Index (HCT-CI) was ≥1 in 36% of patients 

and ≥3 in 15% of patients; there was a non-significant trend towards increased PICU 

mortality in patients with an HCT-CI ≥3 (OR 1.41, 95% CI 0.98–2.03, p=0.063). On 

analysis of each individual component of the HCT-CI, only moderate/severe pre-HCT renal 

injury (defined as serum creatinine >2 mg/dL or >177 μmol/L and/or use of dialysis and/or 

prior renal transplantation), was associated with significantly increased PICU mortality, and 

therefore this risk factor was selected for inclusion in the multivariable model. In addition, 

there was no observed association between PICU mortality and pre-HCT Lansky/Karnofsky 

score or a history of IMV or invasive fungal infection (IFI, p>0.05).
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Underlying Disease: Approximately half of the cohort underwent HCT for malignant 

disease, and the most common HCT indications were ALL, AML, and primary 

immunodeficiency (PID). Patients with AML had significantly increased odds for mortality 

(OR 1.79, 95% CI 1.16–2.78, p=0.008 relative to patients with ALL). There were no other 

statistically significant differences in outcomes for other HCT indications, including 

subtypes of non-malignant disease (p>0.05). Among patients with hematologic 

malignancies, there was no evidence of increased PICU mortality for patients with advanced 

disease or greater time interval between disease diagnosis and date of HCT (p>0.05).

HCT Type: Allograft HLA match was associated with mortality, with significantly greater 

PICU mortality among patients having received HCT from mismatched unrelated donor or 

mismatched UCB allografts (OR 1.74, 95% CI 1.15–2.65, p=0.009 relative to matched 

related or matched UCB allografts). In addition, donor/recipient cytomegalovirus (CMV) 

serostatus mismatch was significantly associated with PICU mortality, with pre-HCT CMV 

seropositivity strongly associated with PICU mortality regardless of CMV serostatus of the 

allograft donor. Allograft source, preparative conditioning regimen, use of serotherapy, 

GVHD prophylaxis, donor/recipient sex mismatch, and year of HCT varied significantly 

across the cohort but were not associated with PICU mortality (p>0.05).

Post-HCT Course: Patients admitted to the PICU before day +100 had greater PICU 

mortality than patients admitted to the PICU on or after day +100. However, lack of 

neutrophil engraftment at the time of PICU admission was not associated with mortality, nor 

was the presence of acute/chronic GVHD or VOD (p<0.05).

PICU Admission Illness Severity: The median PRISM-3 score for 1st PICU admissions 

was 9 of a maximum 47 points (IQR 4–14), suggesting that most patients had mild-to-

moderate multiorgan dysfunction in the first 12 hours of PICU admission. Greater 

multiorgan dysfunction in the first 12 hours of PICU admission, as measured by the 

PRISM-3 score, was strongly associated with PICU mortality (p<0.001).

Multivariable Adjusted Analysis:

On multivariable analysis of factors available at or near the start of PICU admission, PICU 

mortality was independently associated with PRISM-3 score, moderate/severe pre-HCT 

renal comorbidity, pre-HCT recipient CMV seropositivity, <100 day interval between HCT 

and PICU admission, and HCT for underlying AML (Table 3). Use of an allograft from an 

unrelated donor and an elevated total HCT-CI were not associated with PICU mortality 

independent of these factors. To determine whether HCT characteristics might influence the 

association between PRISM-3 and PICU mortality, we tested for but did not detect any 

interactions between PRISM-3 score and moderate/severe pre-HCT renal comorbidity 

(p=0.539), pre-HCT recipient CMV seropositivity (p=0.282), <100 day interval between 

HCT and PICU admission (p=0.604), and HCT for underlying AML (p=0.450).

Mortality Prognostication:

Having identified 5 factors available at/near the time of PICU admission that were each 

independently associated with PICU mortality, we then aimed to assess how well the 
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combination of these 5 factors could predict PICU mortality. We first randomly divided our 

dataset into 20 sets of approximately 5% of patients. Each set served as a holdout validation 

set, where we fit a GEE multivariable model using the 5 factors above to the remaining 19 

sets (95% of cases), and then tested the AUROC on the holdout set of 5%. Repeating this 

procedure 19 additional times (20-fold internal cross-validation) generated an AUROC of 

0.69 (95% CI 0.66–0.72). The model provided a probability estimate for the outcome of 

mortality for each patient; these estimates were ordered lowest-to-highest and patients were 

separated into 4 equally-sized groups (quartiles) of increasing risk. We demonstrate that 

patients in the top quartile of risk have significantly greater PICU mortality (35.1% vs. 

11.5%, p<0.001) which develops cumulatively over the PICU course (Figure 3, Gray’s 

p<0.001). Scoring in the top quartile of risk was associated with high specificity (80.4%, 

95% CI 78.1–82.6%), high positive likelihood ratio (2.6, 95% CI 2.2–3.0), high negative 

predictive value (88.6%, 95% CI 87.3–89.8%) and high overall classification accuracy 

(75.2%, 95% CI 73.0–77.4%) for the outcome of PICU mortality; sensitivity for PICU 

mortality was modest (50.6%, 95% CI 44.4–56.8%). Compared to the model with PRISM-3 

alone, implementation of the multivariable model resulted in the greatest change in the 

probability of PICU mortality amongst patients with higher PRISM-3 scores (Supplemental 

Figure 1). In order to contextualize how the multivariable model might change early 

prognostication, we selected two example patient cases from this cohort, presented in 

Supplemental Figure 2.

DISCUSSION

In this study, we comprehensively evaluated 25 potential risk-factors for PICU mortality and 

identified 5 variables independently associated with intensive care mortality: moderate/

severe pre-HCT renal comorbidity, pre-HCT recipient CMV seropositivity, <100 day 

interval between HCT and PICU admission, HCT for underlying AML, and admission 

illness severity, as approximated by the PRISM-3 score. By combining these four HCT-

specific variables with the PRISM-3 score, we demonstrate significantly improved mortality 

prognostication at the time of PICU admission for patients with the highest levels of early 

organ dysfunction. These results provide new insights into factors involved in the evolution 

of critical illness in pediatric allogeneic HCT patients.

The medical fragility and propensity for rapid physiologic decompensation of critically ill 

HCT patients has motivated the search for early prognostic warning signs since the advent of 

HCT. A recent meta-analysis by Saillard et al demonstrated that among 2,342 critically ill 

adult HCT patients from 18 contemporary cohorts, cumulative failures of the hemodynamic, 

respiratory, renal, and hepatic organ systems remain strongly associated with poor outcome 

[23]. Ample single-center data in pediatrics have demonstrated similar findings, although 

both adult and pediatric studies typically define organ failures by the use of late-stage 

interventions such as invasive positive pressure ventilation, vasoactive infusions, and 

hemodiafiltration [14,15,24]. This study confirms these findings and offers the further ability 

to stage organ dysfunction using a continuous metric of vital signs and laboratory values 

(PRISM-3 score) that is applicable prior to patient reliance on intensive medical and 

mechanical support. Future expansion of the PRISM-3 components to include HCT-relevant 

variables such as absolute neutrophil and lymphocyte counts, B-type natriuretic peptide, and 
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measures of fluid overload may prove useful in further quantifying early organ dysfunction. 

These data strongly support a multi-subspecialty approach to prevention and early detection 

of organ toxicity, with the goal to arrest the development of irreversible organ toxicity as 

early as possible in order to prevent the development of critical illness and transplant-related 

mortality (TRM).

This study adds to the literature by identifying several novel risk-factors for PICU mortality. 

Whereas previous adult and pediatric studies have not associated HCT indication with 

mortality, this study strongly associated underlying AML with poor survival. Multiple 

studies show that relative to other oncology patients, children with AML have high risk for 

hospital mortality, even after controlling for use of HCT, rates and type of infection, and the 

PRISM-3 score [15,25,26]. This study furthers our knowledge by showing that the 

association between AML and PICU mortality is robust to adjustment for a comprehensive 

list of HCT-specific risk factors. While AML patients used more Busulfan-based 

conditioning (51% [74/144] vs. 6% [10/183], p<0.001) and less TBI-based conditioning 

(42% [60/144] vs. 91% [167/183], p<0.001) than ALL patients, we did not detect a 

univariate association between certain conditioning regimens (ie: Busulfan-based) and PICU 

mortality, nor did we detect an interaction between conditioning regimen and disease type 

(ie: AML) with respect to PICU mortality. Nonetheless, the safety and potential non-

inferiority of reduced intensity conditioning for AML transplants merits further investigation 

[27]. In addition, we speculate that other factors relating to cumulative duration of pre-HCT 

neutropenia and the effects of pre-HCT chemotherapy likely play a role in the unique 

vulnerability of these particular patients [28].

While previous data have shown the renal component of the HCT-CI to be associated with 

mortality in adults with AML, and to be associated with post-HCT AKI in children, this is to 

our knowledge the first study to show the independent prognostic utility of the renal 

component of the HCT-CI in critically ill children [29,30]. This finding is particularly 

significant given that the association was independent of the PRISM-3 score, which accounts 

for both creatinine and blood urea nitrogen in the first 12 hours of PICU admission. Potential 

mechanisms by which impaired pre-HCT renal function might influence survival include 

impaired clearance of conditioning chemotherapy, propensity towards fluid overload, and 

modulation of systemic inflammation [31,32]. As nearly two-thirds of children develop AKI 

after allogeneic HCT, and increasing severity of AKI is strongly associated with TRM, novel 

strategies to minimize renal toxicity are crucial for reducing mortality [30,33]. Current 

strategies for early surveillance and prevention involve early pediatric nephrology 

consultation, include the use of urinary neutrophil gelatinase-associated lipocalin (NGAL), 

serum cystatin C, and kidney injury molecule-1, and merit further study [34–36]. Of note, 

the HCT-CI defines moderate/severe renal impairment as a serum creatinine >2 mg/dL or 

>177 μmol/L, which is likely of inadequate sensitivity to identify milder forms of AKI and 

CKD in the pediatric population [37].

A novel finding of this work is the association between pre-HCT CMV seropositivity and 

post-HCT mortality in the PICU. Recent data show that post-HCT CMV reactivation occurs 

in approximately one-third of CMV seropositive patients and is strongly associated with 

mortality [38,39]. Post-HCT CMV reactivation likely contributes to increased mortality risk 
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through organ-specific and treatment-related cytotoxicity, by facilitating co-infections, and 

by triggering GVHD and other alloreactive syndromes [40]. While the use of serotherapy 

and the use of UCB allografts have been associated with increased risk of CMV reactivation 

[41], neither of these risk factors were associated PICU mortality in this cohort, again 

suggesting that while many patients with these risk factors were quite sick, many patients 

without these risk-factors were comparably critically ill for other reasons. Future 

investigations aimed at minimizing the risk of CMV reactivation, improving early CMV 

detection in end-organs such as the lungs and intestine, and reducing the toxicity of anti-

CMV therapies may improve outcomes for this subset of patients [42].

Our finding that PICU admission prior to day +100 was associated with mortality can be 

interpreted in several ways. First, it provides indirect evidence of a temporal link between 

acute regimen-related toxicity and TRM, which would be congruous with recent reports of 

improved outcomes among critically ill adults who received reduced intensity conditioning 

regimens [23]. Second, it may also provide indirect evidence for the role of impaired innate, 

cellular and humoral immunity in the pathogenesis of critical illness [43,44]. However, lack 

of neutrophil engraftment at PICU admission was not associated with PICU mortality, and 

hence we speculate that more sensitive measures of immune function may be required to 

necessary to capture an accurate profile of immunologic risk.

A number of other factors typically associated with mortality in the HCT setting showed no 

association with PICU mortality in this cohort. These included advanced malignancy status 

and presence of acute GVHD, among others. Specific components of the HCT-CI such as 

pulmonary and hepatic dysfunction were also not associated with PICU mortality on 

univariate analysis. We speculate that while each of these may be a risk-factor for the 

development of critical illness relative to HCT patients who are doing well, they may not 

account for the heterogeneity in outcomes among an intensive care cohort, wherein patients 

are all critically ill for varied reasons. For example, while VOD is associated with mortality 

in the general HCT population, in this study, patients with VOD were compared to patients 

who were critically ill for some other reason (rather than being compared to healthy 

controls); this may have contributed to the lack of univariate association between VOD and 

PICU mortality. Our finding that HLA mismatch was associated with PICU mortality on 

univariate analysis, but not after controlling for PRISM-3 score, suggests that HLA 

mismatch may result in organ dysfunction that is largely captured by the PRISM-3 score. 

While many variables of traditional prognostic importance were not associated with PICU 

mortality in this cohort, we were unable to assess other important clinical outcomes such as 

the development of complications not requiring critical care.

This study has several strengths. First, our approach of merging two independent yet 

complimentary databases facilitated the creation of a significantly more robust dataset with 

both HCT - and PICU-specific variables. We were, however, limited in the retrospective 

nature of the databases, and hence efforts to develop prospective databases remain ongoing. 

Second, the sample size afforded by merging databases allowed for high-powered analyses.

The study also had several limitations. First, this study may have underreported mortality by 

excluding HCT patients transplanted before 2008 who died in a VPS PICU between 2009–
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2014. In addition, we could not identify critically ill patients admitted to ICUs not in the 

VPS network, including PICUs not participating in VPS and adult ICUs, which may have 

been relevant for some patients 18–21 years of age. We do note, however, that 1,071/9,138 

pediatric allogeneic HCT patients in CIBMTR were matched 1:1 to a VPS record, 

suggesting PICU usage in at least 12%. Second, this study was not able to capture the exact 

reason for PICU in-transfer, the timing of onset of infectious comorbidities, the exact reason 

for PICU mortality, and the presence of limitations of care. We note that 2.5% of patients 

died in the PICU without initiation of IMV; these patients may have had a do-not-intubate 

limitation of care in place, although we cannot confirm this hypothesis. Third, we may have 

underestimated PICU mortality in cases where patients were transferred out of the PICU for 

end-of-life care and terminal extubation in another non-ICU location. Fourth, some HCT 

complications (ie: GVHD, VOD) were annotated for only a subset of patients, which limited 

statistical power for identifying associations with PICU mortality. Fifth, we were not able to 

assess the impact of 2nd or subsequent HCT on the outcome of PICU mortality. This remains 

an evolving area of interest, as an increasing number of patients with malignancies who 

relapse after a 1st allogeneic HCT may be candidates for a 2nd HCT due to novel bridging 

immunotherapies and cell-based therapies [45]. In addition, patients with non-malignant 

disorders with poor graft function after a 1st allogeneic HCT may be candidates for gene-

modified autologous HCT or other novel treatments that were not captured in this study [46]. 

Sixth, despite an exhaustive effort to incorporate potential clinical risk-factors into this 

model, a significant portion of the variance in patient outcomes remains unexplained. 

Therefore, future directions to further improve prognostic modeling should include the 

incorporation of novel biomarkers that reflect critical illness pathobiology in pediatric 

allogeneic HCT [47,48]. This and any future models continue to require validation in 

external populations.

In conclusion, these data improve our working knowledge of the factors influencing the 

progression of critical illness in pediatric allogeneic HCT patients and highlight several 

high-risk subgroups for follow-up investigation, including patients with pre-HCT CMV 

seropositivity, moderate or severe renal injury, underlying AML, multi-organ dysfunction, 

and patients in the early post-HCT period. The multivariable modeling approach allows 

identification of high-risk patients early in the course of critical illness; however, future 

studies aimed at mitigating factors associated with the progression of multiorgan failure to 

mortality in the pediatric allogeneic HCT population are desperately needed and will require 

ongoing multidisciplinary collaboration between oncology, transplant, immunology, critical 

care, and other physicians and scientists.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• Critically ill pediatric allogeneic hematopoietic cell transplant patients may 

benefit from early and aggressive interventions aimed at reversing the 

progression of multiorgan dysfunction.

• Using a multicenter cohort of 936 critically ill pediatric allogeneic HCT 

patients across 77 intensive care units, this study identified that pre-HCT renal 

injury, pre-HCT CMV seropositivity, AML, post-HCT day, and a continuous 

metric of multiorgan dysfunction (the PRISM-3 score) prognosticated PICU 

mortality for the highest-risk patients.

• A multivariable model using these components identified that patients in the 

top quartile of risk had three times greater mortality than other patients 

(35.1% vs. 11.5%, p<0.001).

Zinter et al. Page 15

Biol Blood Marrow Transplant. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Inclusion / Exclusion Criteria
The VPS and CIBMTR databases were queried and merged to produce the final study 

population of n=936 patients. 1,071 allogeneic HCT patients from VPS were successfully 

merged with CIBMTR records. Of these, 135 were excluded due to relapsed malignancy 

after HCT and prior to PICU admission. The final study population included 936 patients 

age <21 years admitted to a PICU between 1/1/2009–12/31/2014 each underwent a first 

allogeneic HCT in the USA/Canada between 1/1/2008–12/31/2014 and had not relapsed 

from primary disease at the time of PICU admission. These 936 patients accounted for 1,532 

PICU admissions during the study interval.
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Figure 2. PICU Mortality Increases with Increasing Length of Stay
Patients have increasing mortality risk the longer they are unable to be discharged from the 

PICU. Many patients are discharged from the PICU within the first week of PICU stay. 

Mortality point estimates with 95% confidence intervals for patients still requiring the PICU 

after 1 week are 17.4% (14.7–20.1), 20.5% (16.2–24.8), and 23.6% (17.0–30.3) for 1st, 2nd, 

and 3rd PICU admissions, respectively. Mortality estimates for patients still requiring the 

PICU after 2 weeks increase to 32.0% (26.8–37.2), 37.9% (30.1–45.8), and 47.8% (35.6–

60.0) for 1st, 2nd, and 3rd PICU admissions, respectively. Mortality estimates for patients still 

requiring the PICU after 4 weeks increase to 45.0% (35.9–54.1), 54.6% (41.1–68.0), and 

66.7% (50.3–83.1) for 1st, 2nd, and 3rd PICU admissions, respectively. These estimates 

pertain to each independent PICU admission, not to cumulative days in the PICU over the 

study interval.
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Figure 3. PICU Mortality Stratified by Multivariate Risk Group
A multivariable model using 5 clinical variables accurately cumulative incidence of PICU 

mortality over time. Cumulative incidence of mortality for patients in the 1st, 2nd, 3rd, and 

4th quartiles of risk according to the multivariable model are plotted across PICU length of 

stay. Patients who were discharged alive are censored at the time of PICU discharge. 

Comparison of cumulative incidence curves using Gray’s test demonstrated significant 

differences in curves (p<0.001).
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Table 1.

HCT Characteristics of Critically Ill Pediatric Allogeneic HCT Patients

1st PICU Admission 
(n=936)

2nd PICU Admission 
(n=404)

3rd PICU Admission 
(n=192)

Age at transplant (median years, IQR) 8 (2 – 14) 9 (2 – 14) 10 (2 – 14)

Sex (n, %)

 Male 548 (59) 245 (61) 112 (58)

 Female 388 (41) 159 (39) 80 (42)

Race/Ethnicity (n, %)

 Caucasian, non-Hispanic 475 (51) 208 (51) 108 (56)

 Caucasian, Hispanic 149 (16) 53 (13) 24 (13)

 African-American 176 (19) 92 (23) 41 (21)

 Asian / Pacific Islander 51 ( 5) 24 ( 6) 6 ( 3)

 Native American 15 ( 2) 2 (<1) 2 ( 1)

 Unknown 70 ( 7) 25 ( 6) 11 ( 6)

Pre-HCT Lansky/Karnofsky performance score (n, 
%)

 <90% 145 (15) 69 (17) 33 (17)

 90–100% 777 (83) 329 (81) 155 (81)

Pre-HCT Comorbidity Index (HCT-CI) (n, %)

 0 598 (64) 251 (62) 116 (60)

 1–2 195 (21) 94 (23) 48 (25)

 ≥3 142 (15) 59 (15) 28 (15)

HCT Indication (n, %)

 Acute myelogenous leukemia (AML) 144 (15) 44 (11) 14 ( 7)

 Acute lymphoblastic leukemia (ALL) 183 (20) 69 (17) 31 (16)

 Chronic myelogenous leukemia (CML) 18 ( 2) 7 ( 2) 3 ( 2)

 Myelodysplastic Syndrome/Myeloproliferative 
Disorder (MDS/MPD) 69 ( 7) 35 ( 9) 24 (13)

 Hodgkin lymphoma (HL) or Non-Hodgkin 
lymphoma (NHL) 33 ( 4) 12 ( 4) 8 ( 4)

 Severe aplastic anemia 61 ( 7) 30 ( 7) 12 ( 6)

 Inherited abnormalities erythrocyte differentiation or 
function 123 (13) 61 (15) 26 (14)

 Severe Combined Immunodeficiency (SCID), other 
immune disorders 129 (14) 56 (14) 31 (16)

 Inherited disorders of metabolism 66 ( 7) 31 ( 8) 10 ( 5)

 Histiocytic disorders 80 ( 9) 40 (10) 20 (10)

 Other 32 ( 3) 19 ( 5) 13 ( 7)

Graft source (n, %)

 Bone marrow 527 (56) 225 (56) 111 (58)

 Peripheral blood 126 (13) 68 (17) 34 (18)
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1st PICU Admission 
(n=936)

2nd PICU Admission 
(n=404)

3rd PICU Admission 
(n=192)

 Umbilical cord blood (UCB) 283 (30) 111 (27) 47 (24)

Donor type/matching (n, %)

 Related donor (HLA-matched) 168 (18) 59 (15) 31 (16)

 Related donor (HLA-mismatched) 53 ( 6) 28 ( 7) 11 ( 6)

 Unrelated donor (HLA-matched) 257 (27) 116 (29) 54 (28)

 Unrelated donor (HLA-mismatched) 137 (15) 68 (17) 34 (17)

 Umbilical cord blood donor (HLA-matched) 54 ( 6) 24 ( 6) 12 ( 6)

 Umbilical cord blood donor (HLA-mismatched) 210 (22) 83 (21) 34 (18)

 Other/Unknown 56 ( 6) 26 ( 6) 16 ( 8)

Donor/recipient sex match (n, %)

 Male-Male 303 (32) 140 (35) 61 (32)

 Male-Female 193 (21) 87 (22) 39 (20)

 Female-Male 243 (26) 103 (25) 49 (26)

 Female-Female 195 (21) 72 (18) 41 (21)

Donor/recipient pre-HCT CMV Serostatus (n, %)

 Negative/negative 196 (21) 86 (21) 34 (18)

 Negative/positive 246 (26) 107 (26) 51 (27)

 Positive/negative 95 (10) 44 (11) 20 (10)

 Positive/positive 272 (29) 122 (30) 65 (34)

 Unknown 127 (14) 45 (11) 22 (11)

Conditioning regimen (n, %)

 Busulfan/Cyclophosphamide ±others 255 (27) 110 (27) 52 (27)

 Busulfan/Fludarabine ±others 65 ( 7) 29 ( 7) 14 ( 7)

 Busulfan/Melphalan ±others 18 ( 2) 8 ( 2) 4 ( 2)

 Melphalan/Fludarabine ±others 183 (20) 88 (22) 40 (21)

 Total Body Irradiation (TBI)-based 358 (38) 144 (36) 73 (38)

 Immunosuppression only 41 ( 4) 16 ( 4) 5 ( 3)

 Other or unknown 16 ( 2) 9 ( 2) 4 ( 2)

Serotherapy use (n, %)

 Antithymocyte globulin (ATG) and/or alemtuzumab 624 (67) 289 (72) 128 (67)

 No ATG or alemtuzumab 312 (33) 115 (28) 64 (33)

Footnotes: The following variables had missing data for PICU admissions 1, 2, and 3, respectively: Lansky/Karnofsky score (n=14, 6, 4); HCT-CI 
(n=1, 0, 0); donor type/match (n=1, 0, 0);); donor/recipient sex match (n=2, 2, 2). All other missing data are noted in the table above.
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Table 2.

PICU Characteristics of Critically Ill Pediatric Allogeneic HCT Patients

1st PICU Admission 
(n=936)

2nd PICU Admission 
(n=404)

3rd PICU Admission 
(n=192)

Age at PICU admission (median years, IQR) 8 (3 – 15) 9 (3 – 15) 11 (3 – 16)

Time from HCT to each PICU (median months, IQR) 2 (1 – 6) 4 (2 – 10) 6 (3 – 12)

Time from HCT to each PICU group (n, %)

 HCT same date as PICU 15 ( 2) 0 0

 PICU admission within one month post HCT 339 (36) 50 (12) 7 (4)

 PICU admission greater than 1 month but less than 
100 days 212 (23) 123 (30) 53 (28)

 PICU admission after HCT ≥ 100 days 370 (40) 231 (57) 132 (69)

Time from hospital admission to PICU admission 
(median days, IQR) 15 (<1 – 30) 19 (<1 – 58) 23 (<1 – 81)

Neutrophil engraftment (n, %)

 Neutrophil engrafted prior to 1st PICU admission 636 (68) 351 (87) 177 (92)

 Neutrophil engrafted after PICU admission, before 
PICU discharge 89 (9) 12 ( 3) 2 (<1)

 Neutrophil engrafted after PICU discharge 122 (13) 8 (2) 5 ( 3)

 No neutrophil engraftment achieved 72 ( 8) 30 (7) 13 ( 7)

PRISM-3 score at each PICU admission (median 
score, IQR) 9 (4 – 14) 9 (4 – 13) 9 (3 – 14)

Critical Care Interventions (n, %)

 Invasive mechanical ventilation (IMV) 346 (37) 143 (35) 77 (40)

 Noninvasive mechanical ventilation (NIMV) 64 ( 7) 41 (10) 26 (14)

 Renal replacement therapy (RRT) 110 (12) 45 (11) 18 ( 9)

 Extracorporeal life support (ECLS) 6 (<1) 2 (<1) 1 (<1)

Infections (n, %)

 Any Infection 574 (61) 273 (68) 140 (73)

 Sepsis 228 (24) 91 (23) 50 (26)

 Gram-positive infection 103 (11) 47 (12) 27 (14)

 Gram-negative infection 71 ( 8) 41 (10) 26 (14)

 Fungal infection 84 ( 9) 51 (13) 32 (17)

 Viral infection 255 (27) 138 (34) 62 (32)

PICU Mortality (n, %) 149 (16) 77 (19) 41 (21)

Footnotes: The following variables had missing data for PICU admissions 1, 2, and 3, respectively: neutrophil engraftment (n=17, 3, 0). All other 
missing data are noted in the table above.
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Table 3.

Multivariable Model of PICU Mortality in Pediatric Allogeneic HCT

Odds Ratio 95% CI p-value

Moderate/Severe Pre-HCT Renal Injury

 None/mild 1.00

 Moderate/severe 3.39 1.88–6.13 p<0.001

Recipient CMV Status

 Negative 1.00

 Positive 1.59 1.09–2.09 p=0.013

 Unknown 1.39 0.87–2.21 p=0.166

Interval from HCT to PICU Admission

 < 100 days 1.39 1.04–1.82 p=0.026

 ≥100 days 1.00

HCT Indication

 ALL/Other acute leukemia 1.00

 AML 1.94 1.24–3.05 p=0.004

 CML/MDS/MPD 0.84 0.46–1.51 p=0.551

 NHL/HL 0.97 0.47–2.03 p=0.942

 Non-malignant disease 1.24 0.86–1.79 p=0.256

PRISM-3 Score (continuous*) 1.11 1.09–1.13 p<0.001

Footnotes: Generalized estimating equations (GEE) with clustering at the patient level were used to account for repeat PICU admissions of the 
same patient during the study interval.

*
Odds ratio for PRISM-3 score reflect increased mortality odds for each additional point of the score (range 0–47).
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