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Abstract

PURPOSE—Up to 38% of children with cancer require PICU admission within three years of
diagnosis, with reported PICU mortality of 13—-27% far exceeding that of the general PICU
population. PICU outcomes data for individual cancer types are lacking and may help identify
patients at risk for poor clinical outcomes.

METHODS—We performed a retrospective multi-center analysis of 10,365 PICU admissions of
cancer patients < 21 years old among 112 PICUs between 1/1/2009 and 6/30/2012. We evaluated
the effect of cancer type, age, gender, genetic syndrome, stem cell transplantation, PRISM3 score,
infections, and critical care interventions on PICU mortality.

RESULTS—After excluding scheduled perioperative admissions, cancer patients represented
4.2% of all PICU admissions (10,365/246,346), had overall mortality of 6.8% (708/10,365) vs.
2.4% (5,485/230,548) in the general PICU population (RR=2.9, 95% CI 2.7-3.1, p<0.001), and
accounted for 11.4% of all PICU deaths (708/6,215). Hematologic cancer patients had greater
median PRISM3 score (8 vs 2, p<0.001), rates of sepsis (27% vs 9%, RR=2.9, 95% CI 2.6-3.1,
p<0.001), and mortality (9.6% vs 4.5%, RR=2.1, 95% CI 1.8-2.5, p<0.001) compared to solid
cancer patients. Among hematologic cancer patients, stem cell transplantation, diagnosis of acute
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myeloid leukemia, PRISM3 score, and infection were all independently associated with PICU

mortality.

CONCLUSIONS—Children with cancer account for 4.2% of PICU admissions and 11.4% of
PICU deaths. Hematologic cancer patients have significantly higher admission illness severity,
rates of infections, and PICU mortality than solid cancer patients. These data may be useful in
risk-stratification for closer monitoring and patient counseling.

INTRODUCTION

Five-year survival for children with cancer now exceeds 83%, credited in large part to
advancements in molecular diagnostics, targeted therapies, and vigilant supportive care [1].
Despite these improvements, critical care resources remain crucial for this population, with
up to 38% of pediatric cancer patients requiring at least one pediatric intensive care unit
(PICU) admission within three years of diagnosis [2, 3]. These admissions are largely for
organ dysfunction and infection and reported PICU mortality of 13-27% far exceeds that of
the general PICU population [4-13].

The high morbidity and mortality in critically ill pediatric oncology patients stems from both
aggressive cancer pathophysiology, which can lead to organ infiltration and
immunodeficiency, as well as intensive anti-neoplastic therapies, which can cause systemic
toxicity and necessitate invasive vascular access [14-16]. In our experience, these factors
cause particular vulnerability in patients with hematologic malignancies, who experience
more significant myelosupression and higher rates of mucositis, and for whom life
threatening infections can rapidly result in hemodynamic and respiratory failure. Infection
risk is further amplified in patients undergoing hematopoietic stem cell transplantation
(HSCT), which is often associated with myeloablation and prolonged immune
reconstitution.

Accordingly, a number of risk factors for PICU mortality in children with cancer have been
identified, including fungal infection, sepsis, elevated Pediatric Risk of Mortality 3 score
(PRISM3), use of mechanical ventilation, use of renal replacement therapy (RRT), and
history of HSCT [6, 7, 17-22]. However, neither the incidence of these risk factors nor their
associations with mortality have been well-described for specific cancer types.

Despite the belief that cancer biology and anti-neoplastic treatment history play a pivotal
role in the development and outcome of critical illness, most data published regarding
pediatric oncology patients in the PICU have not differentiated outcomes according to
cancer type. Previous attempts to investigate these associations have been limited by small
sample sizes and heterogeneity within cohorts [8, 14, 21, 23-25]. Therefore the influence of
cancer type on infections, need for critical care interventions, and mortality in the PICU
remains poorly defined.

In order to fill this gap in knowledge, we aim to (1) describe admission characteristics and
rates of infection, critical care interventions, and mortality, and (2) identify factors
associated with PICU mortality. We hypothesize that patients with hematologic cancer will
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have greater admission illness severity, rates of infection, need for critical care interventions,
and mortality compared to those with solid cancer.

Better understanding of these relationships may improve risk-stratification, inform goals of
care, and identify patients for early interventions. In addition, it may advance our
understanding of critical illness in the context of pediatric oncology.

DESIGN AND METHODS

Design

Patients

We performed a retrospective multicenter cohort analysis using the Virtual PICU Systems
database (VPS, LLC), a collaboration of 112 academic and community PICUs
predominantly in the United States. In this database, trained analysts at each site collect
patient data from PICU admission to PICU death, transfer, or discharge [26-28]. All PICU
admissions are abstracted excluding overflow patients admitted solely due to lack of beds in
a general care unit. PICU admission criteria were not standardized between sites. Patient
identifiers were unavailable to the study team; therefore, this study was exempt from IRB
review.

We identified 192,956 patients <21 years old accounting for a combined 246,346
consecutive PICU admissions between 1/1/2009 and 6/30/2012. Cancer patients were
identified through ICD-9 diagnosis codes relating to cancer type, mass or tumor location,
and history of chemotherapy or radiation (n=19,993) (Appendix1). We then excluded
patients with benign neoplasms or neoplastic syndrome (ie: neurofibromatosis) without
documented neoplasm (n=3,011) and patients with no information about histopathology or
tumor site (n=444), no information about histopathology but multiple tumor sites (n=378),
or multiple unique histopathologies listed without reference to which tumor was active
(n=75).

The remaining 16,085 admissions were categorized as malignancies and sorted as follows.
Solid malignancies were subdivided into 7 groups according to the International
Classification of Childhood Cancer-3 (ICCC-3) [29]. Eye, epithelial, thyroid, and other solid
malignancies were excluded due to low sample size and broad heterogeneity (n=133).
Hematologic malignancies were subdivided into 9 groups according to the ICCC-3.
Histiocytic disorders were excluded as we found the database could not discriminate
between hemophagocytic lymphohistiocytosis and other histiocytoses (n=154). The Not
Elsewhere Classified (NEC) category included hematologic malignancies that were rare (ie:
monocytic leukemias) or poorly defined at the time of coding. We then excluded scheduled
perioperative admissions due to the semielective nature of their admission. Scheduled
admission was defined as having =12 hours advance notice of PICU admission.
Perioperative admission was defined as having had surgery <24 hours before or after PICU
admission. After exclusions, 10,365 patients were included (eFigurel).
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Our outcomes were PICU mortality, infection, and critical care intervention rates. Death,
infections, and interventions were included if they occurred at any time between PICU
admission and PICU disposition. Gram positive, gram negative, fungal, and viral infections
were identified through ICD-9 codes; clinical, radiographic, and microbiologic data in
support of these diagnoses were not available. A diagnosis of sepsis included patients with
severe sepsis and septic shock, as ICD-9 codes are neither sensitive nor specific in
differentiating these [30]. Noninvasive positive pressure ventilation (NIPPV) was defined as
CPAP or BiPAP without prior or subsequent endotracheal intubation. Invasive positive
pressure ventilation (IPPV) was defined as endotracheal intubation with any mechanical
ventilation. RRT was defined as hemodialysis or continuous veno-venous hemofiltration/
hemodialysis. Arterial lines were included if placed during that PICU stay and reported as a
surrogate for clinical instability; vasoactive medication use was not available. Extra-
corporeal membrane oxygenation (ECMO) was defined as any extracorporeal life support.
Documentation of infections, IPPV, arterial lines, and ECMO was mandatory at all centers.
Due to center agreements, documentation of NIPPV and RRT was optional for 18.4% and
24.4% of respective admissions; analyses of these variables excluded centers not collecting
these data.

We queried age, gender, presence of a genetic condition, history of HSCT, and PRISM3
score for all patients. All covariates are routinely available on PICU admission; age and
gender were chosen for face validity, while the remaining variables have been previously
demonstrated to influence mortality in PICU populations [27, 28, 31]. Genetic conditions
were defined by any ICD-9 code indicating a structural anomaly (ie: congenital asplenia),
chromosomal disorder (ie: Trisomy 21), or defined genetic syndrome (ie: Velocardiofacial
Syndrome). PRISM3 raw score was used to reflect admission illness severity and was
calculated within the first 12 hours of admission [4, 32]. History of HSCT was documented
if deemed relevant by the treating clinician; specific details such as transplant date and type
were not available.

The distributions of categorical variables were compared with Fisher exact tests and relative
risks [33]. Continuous variables were compared with t-tests for normally distributed data
and with Wilcoxon rank sum tests otherwise. To analyze the effect of cancer type and our
covariates on mortality, we used multivariate generalized estimating equation (GEE) models
for binomial outcomes with a logistic link function [34, 35]. These GEE models provides
logistic regression while accounting for clustering effects due to variable practices between
sites and repeat admissions of the same patient. We examined estimated mortality odds
ratios with 95% confidence intervals and 2-tailed p-values based on robust standard error
estimates with a nominal significance level of a=0.05.
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RESULTS

Overall, children with cancer accounted for 6.5% of all PICU admissions (16,085/246,346)
and had 4.6% mortality (730/15,798, eTablel). Scheduled perioperative admissions were 8.1
times more common for solid cancers (5,145/10,863) than for hematologic cancers
(288/4935, 95% CI 7.2-9.1, p<0.001) and had 0.4% overall mortality (22/5,433); these low-
risk admissions were excluded from further analyses. The remaining cohort accounted for
4.2% of all PICU admissions (10,365/246,346) and is described below.

Cancer Type Affects PICU Admission Characteristics

Patients with hematologic cancer were more likely to have a genetic syndrome (6% vs 3%,
RR=2.1, 95% CI 1.7-2.6, p<0.001), more likely to have had a HSCT (14% vs 5%, RR=2.8,
95% ClI 2.4-3.2, p<0.001), and had greater admission illness severity (median PRISM3
score 8 vs 2, p<0.001) than patients with solid cancer (eTable2). A breakdown of which
patients scored at least one point in the PRISM3 categories of cardiovascular, neurologic,
acid-base, chemistry, and hematologic derangements is listed in eTable3.

Cancer Type Affects PICU Mortality

Children with any cancer, solid cancer, or hematologic cancer had mortality of 6.8%
(708/10,365), 4.5% (260/5,718), and 9.6% (448/4,647), respectively (eTable2). These
represent relative risks of 2.9 (95% CI 2.7-3.1, p<0.001), 1.9 (95% CI 1.7-2.2, p<0.001),
and 4.1 (95% CI 3.7-4.4, p<0.001), respectively, when compared to 2.4% mortality for
PICU patients without cancer (5,485/230,548). Children with cancer accounted for 11.4% of
all PICU deaths (708/6,215). Compared with solid cancer patients, hematologic cancer
patients had RR=2.1 (95% CI 1.8-2.5, p<0.001) for mortality in a PICU admission.

Risk Factors for PICU Mortality Among Solid Cancer Subtypes

Among children with solid cancer, patients with sarcoma had the highest mortality (7.6%,
25/331). On univariate analysis, only PRISM3 score (RR=1.2, 95% CI 1.17-1.21, p<0.001)
was associated with mortality (eTable4). On multivariate analysis, the only solid cancer type
independently associated with mortality was kidney cancer, which had OR=0.36 relative to
the reference group CNS (95% CI 0.13-0.99, p=0.047). Covariates independently associated
with mortality were genetic syndrome (OR=0.40, 95% CI 0.17-0.95, p=0.039) and PRISM3
score (OR=1.19, 95% CI 1.18-1.21, p<0.001) (Figurel, eTable5).

Risk Factors for PICU Mortality Among Hematologic Cancer Subtypes

Among children with hematologic cancer, patients with AML (14.9%, 134/902) and MDS
(14.5%, 16/109) had the highest mortality. On univariate analysis, genetic syndrome
(RR=1.5, 95% CI 1.1-2.0, p=0.018), HSCT (RR=3.2, 95% CI 2.7-3.8, p<0.001), and
increasing PRISM3 score (RR=1.1, 95% CI 1.12-1.16, p<0.001) were associated with
mortality (eTable4). On multivariate analysis, AML was independently associated with
mortality compared with the reference group ALL (OR=1.66, 95% CI 1.32-2.08, p<0.001).
Covariates independently associated with mortality were older age (OR=0.98, 95% CI 0.96—
0.99, p=0.023), increasing PRISM3 score (OR=1.14, 95% CI 1.12-1.16, p<0.001), and
history of HSCT (OR=3.52, 95% CI 2.53-4.93, p<0.001).
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In order to test whether the association of HSCT with mortality could be explained by
infections, we tested the associations of both HSCT and infection with mortality in a joint
model. In this model, both HSCT (OR=3.26, 95% CI 2.35-4.50, p<0.001) and infection
(OR=1.88, 95% CI 1.47-2.41, p<0.001) independently predicted mortality and the effect
size of HSCT changed minimally from the prior model, suggesting that infections do not
explain the full effect of HSCT on PICU mortality in hematologic cancer admissions
(Figurel, eTable6).

Cancer Type Affects PICU Infection Rates

Patients with hematologic cancer were more likely to have sepsis (RR=2.9, 95% CI 2.6-3.1,
p<0.001) and gram-positive (RR=2.3, 95% CI 1.9-2.7, p<0.001), gram-negative (RR=1.8,
95% CI 1.5-2.1, p<0.001), fungal (RR=3.3, 95% CI 2.7-4.1, p<0.001), and viral infections
(RR=2.7, 95% CI 2.3-3.2, p<0.001) than were patients with solid cancer (Tablel). Each
infection was associated with increased mortality in hematologic cancers; sepsis, fungal, and
viral infections were associated with increased mortality in solid cancers (eTable4). Infected
HSCT patients with hematologic cancer had greater mortality than all other groups
(Figure2).

Cancer Type Affects PICU Intervention Rates

Patients with hematologic cancer were more likely to receive NIPPV without intubation
(RR=1.9, 95% CI 1.6-2.3, p<0.001) and RRT (RR=3.6, 95% CI 2.8-4.7, p<0.001) (Table2).
They were equally likely to use IPPV (p=0.310) and less likely to use an arterial line
(RR=0.85, 95% CI 0.79-0.91, p<0.001). Each intervention was associated with increased
mortality in both solid and hematologic cancers. HSCT patients with hematologic cancer
who needed IPPV or RRT had greater mortality than all other groups (Figure3). ECMO was
used in a total of 36 patients; 28 had a hematologic malignancy (1 with prior HSCT, 14/28
died) and 8 had a solid malignancy (1 with prior HSCT, 4/8 died).

DISCUSSION

In this study, after excluding scheduled perioperative patients, we found that children with
cancer form 4.2% of PICU admissions (10,365/246,346) and account for 11.4% of all PICU
deaths (708/6,215). Children with cancer have a PICU mortality rate of 6.8% (708/10,365)
vs 2.4% for non-oncology PICU patients (5,485/230,548). Hematologic cancer patients have
significantly greater admission illness severity, infection rates, and mortality compared to
solid cancer patients. Diagnosis of AML was the only cancer type associated with mortality
independent of age, gender, genetic conditions, PRISM3 score, and HSCT. These findings
suggest that cancer type is an important mediator of critical illness in pediatric oncology.

First, the overall PICU mortality rate of 6.8% in our cohort is significantly lower than most
reports from the last 20 years (13-27%) [2, 7-9, 13]. While encouraging, this finding should
be interpreted with caution due to heterogeneity among published cohorts with regards to
both patient and center characteristics, such as cancer types and PICU admission criteria.
When we excluded HSCT patients, we found mortality of 5.7% (536/9,420). When we
analyzed only patients requiring IPPV, we found PICU mortality of 24% (597/2,503), which
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is lower than other recent reports of 41-61% [8, 13, 17, 21, 36]. When these admissions
requiring IPPV were stratified for patients with and without prior HSCT, we found mortality
rates of 49% for those with HSCT (151/306) and 20% for those without HSCT (446/2,197),
which are slightly lower than 55% and 25% reported by Tamburro et al [17]. Though these
findings could be confounded by differences in patient characteristics, overall these results
may suggest lower mortality in the current oncology cohort compared with relatively similar
historical cohorts. This may be related to improvements in care such as infection
prophylaxis and mechanical ventilation strategies, although this is beyond the scope of our
analysis.

Second, we found that compared with solid cancer patients, hematologic cancer patients had
greater illness severity and greater rates of infection, which correlated with greater mortality.
This may be due to increased immunodeficiency in hematologic cancers, related to both
underlying malignancy as well as more aggressive treatments such as glucocorticoid-based
regimens and allogeneic HSCT, although these parameters could not be analyzed in our
dataset. Interestingly, our finding of 50% survival in both solid and hematologic cancer
patients requiring ECMO is encouraging and consistent with a recent case series suggesting
that at least some critically ill children may be suitable candidates for this intervention [37,
38].

Third, we found that although cancer type is a strong univariate predictor of mortality, this
effect is largely explained by accounting for age, gender, genetic syndrome, HSCT, and
PRISM3 score on multivariate analysis. AML was an exception and was independently
associated with mortality even after accounting for the above covariates and infection. This
finding suggests that there may be characteristics relevant to underlying AML cancer
biology and treatment history that mediate the progression of critical illness. AML cancer
biology (which involves high rates of relapse and neutropenia) and treatment history (which
typically includes five or more rounds of intensive chemotherapy, including cardiotoxic
anthracyclines) may be relevant to the outcome of PICU mortality even after accounting for
our covariates [39]. Further investigation into the development and evolution of critical
illness in pediatric AML patients should be explored in future studies.

Fourth, we identified a strong influence of HSCT on mortality in patients with hematologic
cancer, an effect that was absent among patients with solid cancer. The differential effect of
HSCT may be explained by the significantly higher rates of allogeneic transplantation in
hematologic cancers, although this was not directly explored. The effect of HSCT may also
be mediated by conditioning intensity, donor match, cell processing, and graft versus host
disease. Our multivariate analysis suggests that the effect of HSCT on mortality is
independent of the presence of infection. Given the large impact of HSCT on the mortality
of hematologic cancer patients in the PICU, these additional factors should be explored in
future studies.

Fifth, we found that cancer patients represented 6.9% of all PICU admissions, an incidence
more than twice as high as a similar 20-center cohort from 15 years prior [2]. Although not
analyzed in this study, this finding could be due to increased rates of critical illness in

pediatric cancer patients, potentially related to more aggressive anti-neoplastic therapies, or
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may reflect changing PICU admission criteria among centers and providers, perhaps due to
an increased willingness to use critical care resources for children with cancer [11, 12].

Our study is the largest published study of this patient population and has several strengths.
Our patient pool represents a broad spectrum of institutions and clinician practice patterns.
In addition, the study span is relatively short and contemporary, which reduces the effect of
significant practice changes over time on our results.

There are several limitations to our work. We were unable to identify a specific cancer type
for a minority of patients, which may reflect either incomplete diagnostic evaluations or
database quality. Due to limitations in the database, we were unable to describe the stage/
grade of malignancies, details of treatment, and final cause of death. These results may be of
limited generalizability to international healthcare systems with different practice patterns;
for centers where patients =16 years old use adult ICUs, we report age-stratified data for
reference (eFigure2, eTable7). Finally, this analysis also does not capture oncology patients
who died outside of the PICU.

In conjunction with other valid patient-specific markers of risk, we believe these data may
help guide both intensivists and oncologists in risk-stratification for patients, which can be
valuable in counseling families regarding goals of care [40, 41]. In addition, they may help
inform PICU resource allocation and identify patients that may benefit from closer
monitoring and early interventions. These data also provide an opportunity for centers to
compare outcomes to a large multi-center contemporary cohort.

CONCLUSIONS

In summary, to our knowledge, this is the largest analysis of pediatric oncology patients
requiring intensive care and the first publication to show that different cancers have
significantly different admission illness severity, rates of infection, use of critical care
interventions, and PICU mortality rates.

Pediatric oncology patients comprise a heterogeneous cohort accounting for 4.2% of all
PICU admissions and 11.4% of all PICU deaths. Patients with hematologic cancer are at
particularly high risk for infection and PICU mortality. Additional focus on AML and HSCT
as mediators of critical illness is warranted. Understanding the pathophysiologic basis for
these differences may improve our understanding of critical illness in pediatric oncology
patients.
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Figure 1. Multivariate Predictors of PICU Mortality

Model (a) refers to solid cancers only. Model (b) refers to hematologic cancers only. 2
reference group for solid cancers P reference group for hematologic cancers ¢ OR refers to
each additional year of age 9 OR refers to each additional PRISM3 point. See eTables 5 and

6 for complete model results.
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Figure 2. PICU Mortality by Infection Type

For each type of infection, hematologic cancer patients with HSCT have greater mortality
than those without HSCT. For each type of infection, solid cancer patients with and without
HSCT have similar mortality. ** refers to non-significant p-values (>0.05). See Tablel and

eTable4 for complete results.
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Figure 3. PICU Mortality by Intervention Type
Among those receiving IPPV and RRT, hematologic cancer patients with history of HSCT

have greater mortality than those without HSCT. There was a trend towards significance for
greater mortality among solid cancer patients with HSCT receiving IPPV compared to solid
cancer patients without HSCT. ** refers to non-significant p-values (>0.05). See Tablel and
eTable5 for complete results.
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Table 2
PICU Interventions by Cancer Type
NIPPV@ IPPV RRTD Arterial Line
(%) (%0) (%) (%)

SOLID CANCERS 159/4647 (3) 1403/5718 (25) 7614206 (2) 1386/5718 (24)
Central Nervous System 81/2845 (3) 925/3502 (26) 12/2524 (0.5) 1053/3502 (30)
Peripheral Nervous System 15/625 (2) 159/781 (20) 22/587 (4) 100/781 (13)

Bone 25/349 (7) 56/437 (13) 9/320 (3) 53/437 (12)

Sarcoma 19/273 (7) 78/331 (24) 4/250 (2) 56/331 (17)

Liver 7/213 (3) 80/265 (30) 5/201 (2) 39/265 (15)

Kidney 5/219 (2) 71/262 (27) 22/203 (11) 54/262 (21)

Germ Cell Tumor 7/123 (6) 34/140 (24) 2/121 (2) 31/140 (22)
HEMATOLOGIC CANCERS 250/3799 (7) 1100/4647 (24) 226/3474 (7) 957/4647 (21)
Acute Lymphoid Leukemia 116/2129 (5) 561/2511 (21) 126/1967 (6) 494/2611 (19)
Acute Myeloid Leukemia 721720 (10) 270/902 (30) 48/641 (7) 238/902 (26)

Hodgkins Lymphoma 14/252 (6) 61/301 (20) 4/221 (2) 53/301 (18)

Not Elsewhere Classified 15/230 (7) 70/272 (26) 14/208 (7) 64/272 (24)

Burkitt’s Lymphoma 6/141 (4) 32/171 (19) 11/133 (8) 22/171 (13)

Non-Hodgkins Lymphoma 13/136 (10) 47/160 (29) 8/126 (6) 30/160 (19)

Myelodysplastic Syndrome 8/94 (9) 37/109 (34) 11/94 (12) 34/109 (31)

Chronic Myeloid Leukemia 2/49 (4) 12/62 (19) 1/39 (3) 10/62 (16)

Peripheral T-Cell Lymphoma 4/48 (8) 10/59 (17) 3/45 (7) 12/59 (22)

RR 1.9€ (1.6-2.3)
p<0.001

RR 1.0€ (0.9-1.03)
p=0.310

RR 3.6 (2.8-4.7)
p<0.001

RR 0.85€ (0.79-0.91)
p<0.001

a’bstratified for only centers that document NIPPV and RRT, respectively

relative risk with 95% CI for admissions with hematologic cancers, compared to admissions with solid cancers
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