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Mortality Risk Factors in Pediatric Onco-Ciritical
Care Patients and Machine Learning Derived
Early Onco-Critical Care Phenotypes in a

Retrospective Cohort

OBJECTIVES: To use supervised and unsupervised statistical methodology to
determine risk factors associated with mortality in critically ill pediatric oncology
patients to identify patient phenotypes of interest for future prospective study.

DESIGN: This retrospective cohort study included nonsurgical pediatric crit-
ical care admissions from January 2017 to December 2018. We determined the
prevalence of multiple organ failure (MOF), ICU mortality, and associated factors.
Consensus k-means clustering analysis was performed using 35 bedside admis-
sion variables for early, onco-critical care phenotype development.

SETTING: Single critical care unit in a subspeciality pediatric hospital.
INTERVENTION: None.

PATIENTS: There were 364 critical care admissions in 324 patients with under-
lying malignancy, hematopoietic cell transplant, or imnmunodeficiency reviewed.

MEASUREMENTS: Prevalence of multiple organ failure, ICU mortality, determi-
nation of early onco-critical care phenotypes.

MAIN RESULTS: ICU mortality was 5.2% and was increased in those with
MOF (18.4% MOF, 1.7% single organ failure [SOF], 0.6% no organ failure; p
< 0.0001). Prevalence of MOF was 23.9%. Significantly increased ICU mor-
tality risk was associated with day 1 MOF (hazards ratio [HR] 2.27; 95% ClI,
1.10-6.82; p = 0.03), MOF during ICU admission (HR 4.16; 95% ClI, 1.09-
15.86; p = 0.037), and with invasive mechanical ventilation requirement (IMV;
HR 5.12; 95% CI, 1.31-19.94; p = 0.018). Four phenotypes were derived
(PedOnc1-4). PedOnc1 and 2 represented patient groups with low mortality
and SOF. PedOnc3 was enriched in patients with sepsis and MOF with mor-
tality associated with liver and renal dysfunction. PedOnc4 had the highest
frequency of ICU mortality and MOF characterized by acute respiratory failure
requiring invasive mechanical ventilation at admission with neurologic dysfunc-
tion and/or severe sepsis. Notably, most of the mortality in PedOnc4 was early
(i.e., within 72 hr of ICU admission).

CONCLUSIONS: Mortality was lower than previously reported in critically ill pe-
diatric oncology patients and was associated with MOF and IMV. These findings
were further validated and expanded by the four derived nonsynonymous com-
putable phenotypes. Of particular interest for future prospective validation and
correlative biological study was the PedOnc4 phenotype, which was composed
of patients with hypoxic respiratory failure requiring IMV with sepsis and/or neuro-
logic dysfunction at ICU admission.

KEY WORDS: multiple organ dysfunction syndrome; multiple organ failure;
onco-critical care; pediatric critical care; sepsis

Critical Care Explorations

Tim Flerlage, MD'
Kimberly Fan, MD?

Yidi Qin, MSc?

Asya Agulnik, MD, MPH*
Anita V. Arias, MD®
Cheng Cheng, PhD®
Lama Elbahlawan, MD?
Saad Ghafoor, MD?
Caitlin Hurley, MD?®
Jennifer McArthur, MD'°
R. Ray Morrison, MD"
Yinmei Zhou, MSc'?

H.J. Park, PhD"

Joseph A. Carcillo, MD'*
Melissa R. Hines MD's

Copyright © 2023 The Authors.
Published by Wolters Kluwer Health,
Inc. on behalf of the Society of
Critical Care Medicine. This is an
open-access article distributed under
the terms of the Creative Commons
Attribution-Non Commercial-No
Derivatives License 4.0 (CCBY-
NC-ND), where it is permissible to
download and share the work pro-
vided it is properly cited. The work
cannot be changed in any way or
used commercially without permis-
sion from the journal.

DOI: 10.1097/CCE.0000000000000976

www.ccejournal.org 1


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

Flerlage et al

r B
@\ KEY POINTS

Question: Wil an agnostic machine learning
approach identify additional or unique combina-
tions of risk factors for ICU mortality in a single-
center study of critically ill pediatric oncology
patients to guide future prospective studies?

Findings: In this cohort study, we found that the
development of multiple organ failure (MOF) and the
need for invasive mechanical ventilation were as-
sociated with the highest risk of death. These find-
ings were further demonstrated by the derivation
of four early nonsynonymous phenotypes using an
agnostic machine learning analytic approach. One
phenotype, PedOnc4, was characterized by early
MOF, particularly respiratory and neurologic failure,
and had the highest risk of death.

Meaning: Based on the risk factors found and
the derived early pediatric onco-critical care phe-
notypes, patients with respiratory failure requir-
ing invasive mechanical ventilation and MOF with
associated neurologic dysfunction and/or rapidly
evolving sepsis at ICU admission (i.e., PedOnc
4) are of particular interest for future prospective
studies.

. J

mong critically ill pediatric patients, pedi-
Aatric cancer and hematopoietic cell transplant

(HCT) patients remain a high-risk group with
reported mortality at least three times higher (and
pooled mortality 10 times higher) than the general
pediatric critical care population (1-14). Increases in
mortality have been described in pediatric oncology
patients with neutropenia, neurologic dysfunction,
sepsis, and those who require critical care support
resources, such as invasive mechanical ventilation
(IMV), vasoactive support, and continuous renal re-
placement therapy (CRRT) (2, 4, 6, 7, 15-23). More
recently, it has been shown that critically ill pediatric
oncology patients with respiratory failure who re-
ceive noninvasive mechanical ventilation (NIV) or
high-flow nasal cannula (HFNC) before IMV have
higher mortality rates (17, 19, 24). Although respira-
tory failure has been further studied, there are little
data describing the prevalence of and mortality from
multiple organ failure (MOF), which is a well-known
risk factor for ICU mortality in critically ill pediatric
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patients in general, specifically within critically ill pe-
diatric oncology patient populations. Furthermore,
pediatric oncology and HCT patients are often con-
sidered and reported as a homogenous group of
patients in studies with similar risk factors for mor-
tality to general pediatric patients who develop sepsis.
However, pediatric oncology and HCT patients often
develop critical illness secondary to etiologies other
than sepsis, including chemotherapy, radiation, HCT
conditioning, and associated morbidities, or the malig-
nancy itself, which differentiates this group of patients
from critically ill general pediatric patients (7, 8, 25—
36). Furthermore, critical illness from these etiologies
can frequently be indistinguishable from critical illness
secondary to sepsis at presentation. Due to the known
differences in critically ill pediatric oncology patients
to critically ill general pediatric patients as well as the
known, inherent heterogeneity of pediatric oncology
patients, there is a need to evaluate pediatric oncology
patients with and without sepsis separately from the
general pediatric population to determine risk factors
associated with mortality, particularly MOE, to better
identify critically ill pediatric oncology patients who
may benefit from early identification and intervention.
Our aim was to determine risk factors associated with
mortality in critically ill pediatric oncology patients to
identify patient phenotypes of interest for future pro-
spective studies using supervised and unsupervised
statistical methodology. We hypothesized that an ag-
nostic machine learning approach would identify ad-
ditional individual risk factors or a combination of risk
factors associated with ICU mortality in critically ill
pediatric oncology patients.

MATERIALS AND METHODS
Study Population and Data Collection

This project, Defining the Burden of Multi-system
Organ Failure in Critically Il Hematology/Oncology
Patients, was reviewed and approved by the St Jude
Children’s Research Hospital (SJCRH) institutional re-
view board (number 20-0479) in accordance with insti-
tutional ethical standards and the Helsinki Declaration
of 1975 for human experimentation. We performed
a single-center, retrospective review of all medical
admissions to the ICU from January 2017 to December
2018 of pediatric and young adult patients at SJCRH, a
specialized hospital for hematology/oncology patients
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with eight ICU beds and four step-down ICU beds. At
SJCRH all patients that require more respiratory sup-
port than a binasal cannula or oxymask are admitted to
the ICU. The pediatric early warning system (PEWS)
is used at SJCRH as previously described (9, 37). ICU
consultation is required for patients with PEWS score
of five or greater per the algorithm previously pub-
lished (37). ICU admissions were excluded if patients
had underlying nonmalignant hematologic diagnosis
(i.e., sickle cell disease, aplastic anemia, etc.), were
admitted to the ICU postoperatively, or transferred
from an outside ICU (sFig. 1, http://links.lww.com/
CCX/B251). Patients with underlying immunodefi-
ciencies (hemophagocytic lymphohistiocytosis and
severe combined immunodeficiency syndrome) were
included. Data for each admission, including patient
demographics, organ function, infection, and critical
care resource utilization, were recorded from the elec-
tronic medical record on ICU days 1 (admission), 3, 7,
14, and 28.

Acute organ failure was defined by criteria (Organ
Failure Index; OFI) set forth by Carcillo et al (38, 39),
which were adapted for pediatric oncology patients.
For determination of OFI and severity of organ dys-
function (sTable 1, http://links.lww.com/CCX/B251),
the most abnormal values within 24 hours of the time
point of interest were used. Pediatric Risk of Mortality
(PRISM) IIT was calculated using the most abnormal
values for each data point within 12 hours of admission
(40). Presence of acute organ failure was determined
for cardiovascular, respiratory, renal, hepatic, hemato-
logic, and neurologic systems. Severity of organ failure
was determined for cardiovascular (vasoactive infusion
score; [VIS]), respiratory (acute respiratory distress
syndrome severity [ARDS]; per the Pediatric Acute
Lung Injury Consensus Conference for IMV), and
renal (Kidney Disease Improving Global Outcomes;
KDIGO) systems (41-43). OFI was assigned, indicat-
ing the number of dysfunctional organ systems at each
time point. MOF was defined as an OFI greater than or
equal to 2 (44). Overall MOF was defined as the devel-
opment of MOF at any of the time points (i.e., ICU day
1, 3, etc.). Systemic inflammatory response syndrome
(SIRS), sepsis, and severe sepsis were defined using
the criteria set by the International Pediatric Sepsis
Consensus Conference (45). “Active infection” was
defined as an ongoing infection based on previously
positive fluid (urine, bronchial, respiratory, blood)
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cultures, polymerase chain reaction (PCR), etc., and/
or findings on diagnostic imaging suggestive of infec-
tion before the time point of interest that the patient
was receiving ongoing treatment or had continuing
symptomology. “New infection” was defined as a new
infection identified at the timepoint of interest based
on positive fluid (urine, bronchial, respiratory, blood)
cultures, PCR, etc., and/or findings on diagnostic im-
aging suggestive of infection. Neutropenia was defined
as absolute neutrophil count less than or equal to 500
cells/mm?°.

Statistical Analysis

Due to concerns about multiple sampling and the po-
tential effect on certain analyses, statistical analysis
for hospital mortality, and demographic features (sex
and race) was based on hospital admission (n = 324).
All other analyses were based on ICU admission (n =
364). Each ICU admission was treated as an individual
event. Basic descriptive statistics of the patient demo-
graphics, severity of illness, presence of infection, and
neutropenia were compared in patients with or without
MOF by the chi-square test for discrete variables and
t test for continuous variables. Fisher exact test was
used to compare the use of critical care resources for
patients with or without MOE. Association of the de-
velopment of types of organ failure, MOF, and/or pro-
gressive MOF with underlying diagnosis, presence of
neutropenia, sepsis, SIRS, number of ICU admissions,
and infection was determined using chi-square test.
Association with ICU mortality and ICU length of stay
and number of ICU admissions was determined using
t test and chi-square testing, respectively. Univariate
Cox proportional hazard modeling was used to deter-
mine the association of ICU mortality to ICU charac-
teristics (all reported p values are two-sided; SAS 9.4;
Cary, NC).

Selection of Clinical Variables and Machine
Learning Approach. There were 48 variables pre-
sent within 24 hours of admission available for
clustering analysis (sFig. 1, http://links.lww.com/
CCX/B251). Of these 48 variables, there were 35
variables that were used for further analysis based
on less than 20% missingness and less than 0.6 cor-
relation (sTables 2 and 3 and sFig. 2, http://links.
lww.com/CCX/B251). These included demographic
variables, infection data, PRISM III score, vital
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signs, presence of SIRS and sepsis criteria, length
of neutropenia before ICU admission, presence of
organ dysfunction, severity of organ dysfunction,
laboratory values, need for positive pressure respi-
ratory support, and presence of arterial line (Table
3; and sTables 2, 3, and 12, http://links.Jlww.com/
CCX/B251). Multivariate Imputation By Chained
Equations was employed, then consensus k-means
clustering models were used to derive computable
phenotypes using the 35 variables described earlier
(sFigs 1-3, http://links.lww.com/CCX/B251) and
further validated using latent class analysis (LCA).
Sensitivity analysis was performed using consensus
k-means clustering on data from patients with
single ICU admissions. Primary outcome was ICU
mortality. Secondary outcomes were hospital mor-
tality, day 1 MOF, ICU length of stay, ICU-free days,
MV-free days, vasopressor-free days, and CRRT-
free days. Intervention-free days were defined as
the number of days a patient was alive and without
the intervention in the 28 days after ICU admis-
sion, with 0 given for nonsurvivors. Therapeutic
interventions between the four phenotypes were
compared using the Fisher exact test. A detailed
overview of statistical methods for derivation of
phenotypes is available in Supplementary Material
(http://links.lww.com/CCX/B251).

RESULTS

Description of Admissions, Demographics, and
Severity of lliness

We reviewed 489 ICU admissions during our study
period and excluded 125 for a total of 364 admissions
from 324 unique patients (sFig. 1, http://links.lww.
com/CCX/B251). There were 32 patients with mul-
tiple ICU admissions (n = 72) during the same hospi-
talization. The median age at ICU admission was 10.1
years (0.1-26.7) and there were more male patients
(194/324; 59.9%; Table 1). Most prominent race was
White (230/324; 71%) followed by Black (60/324;
18.5%). Most patients had an underlying diagnosis of
leukemia/lymphoma without HCT (117/364; 32.9%)
or received an HCT (112/364; 30.9%). The median
PRISM III score at admission was 6 (0-33) with 55%
(199/264) of admissions meeting SIRS criteria and
51% (187/364) meeting sepsis criteria at admission
(Table 1).

4 www.ccejournal.org

Factors Associated With Mortality

ICU mortality rate was 5.2% (19/364; Table 1) and
hospital mortality was 11.4% (37/324; Table 3). There
was no difference in ICU mortality between all admis-
sions (5.2%) and single admissions (5.1%; sTable 10,
http://links.lww.com/CCX/B251). Causes of ICU mor-
tality included disease progression (n = 9; 47.4%),
septic shock with organ failure (n = 5; 26.3%), and
progressive organ failure (n = 5; 26.3%). Most ICU
deaths occurred in patients with MOF (16/19; 84.2%).
Patients requiring more than one ICU admission in a
single hospitalization (p = 0.01; sTable 6, http://links.
Iww.com/CCX/B251), as well as those with day 1 MOF
(hazards ratio [HR] 2.27; 95% CI, 1.10-6.82; p = 0.03),
had increased ICU mortality risk. MOF during ICU
admission (HR 4.16; 95% CI, 1.09-15.86; p = 0.037)
and requirement of IMV (HR 5.12;95% CI, 1.31-19.94;
p = 0.018; Table 2) were associated with the high-
est increased ICU mortality risk of the factors tested.
Additional analyses identified higher maximum OFI
(p < 0.0001) and the presence of MOF (p < 0.0001)
as variables associated with ICU and hospital mor-
tality (sTable 7, http://links.Iww.com/CCX/B251).
Furthermore, ICU mortality was significantly differ-
ent in those with MOF (18.4%), single organ failure
(1.7%), and no organ failure (0.6%; p < 0.0001) but
ICU mortality was not associated with D1 neutropenia
(p= 0.175; sTable 7, http://links.lww.com/CCX/B251).

Prevalence and Description of Multiple Organ
Failure and Need for Invasive Mechanical
Ventilation

MOF was present in 87 (23.9%) ICU admissions
(Table 1). There was a significantly higher cumulative
MOF frequency in patients presenting to the ICU with
SIRS (73.6% vs 26.4%, p < 0.0001) and sepsis (71.3%
vs 28.7%, p < 0.0001) with an overall higher median
PRISM III score in MOF (9 [0-33] vs 5 [0-25] no
MOF). Neutropenia at admission was not associated
with the development of MOE Bacterial infections
were the most common of the identified infections
(71.2%) on D1 of ICU stay (Table 1). Overall, 49.6%
of patients with sepsis at admission developed MOE.
Of the admissions in which MOF was diagnosed, the
majority had an OFI of 2 (57/87, 65.5%) and only
4 of 87 (4.6%) had a maximum OFI of 5 (sFig. 4A,
http://links.lww.com/CCX/B251). Renal failure was
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TABLE 1.

Patient and ICU Admission Characteristics

Overall (n = 364) MOF (n = 87) No MOF (n = 277) o)
Demographic data

Age (median; range)? 10.1 (0.1-26.7) 11.3 (0.5-22.1) 9.4 (0.1-26.7) 0.45

Sex n=324° n=83 n=241 0.3
Male 194 (59.9) 54 (65.1) 140 (58.1)

Female 130 (40.1) 29 (34.9) 101 (41.9)

Race n=324° n=83 n=241 0.62

White (including Hispanic) 230 (71.0) 57 (68.7) 173 (71.8)
Black 60 (18.5) 18 (21.7) 42 (17.4)
Asian/Pacific Islander 25 (7.7) 7 (8.4) 18 (7.5)

Other or unknown 9 (2.8) 1(1.2) 8 (3.3)

Primary diagnosis by admission n= 3642 n=87 n=277 0.21
Hematopoietic cell transplant 112 (30.9) 33 (37.9) 79 (28.5)
Leukemia/lymphoma 117 (32.1) 31 (85.7) 86 (31.0)

Solid tumor 75 (20.6) 13 (14.9) 62 (22.4)

Neuro-oncology 50 (13.7) 8 (9.2) 42 (15.2)

Immunodeficiency 10 (2.7) 2 (2.3) 8 (2.9)
Severity of illness at admission

Pediatric Risk of Mortality Ill (median; 6 (0-33) 9 (0-33) 5 (0-25) < 0.0001
range)?

Systemic inflammatory response n=364 n =87 n=277 < 0.0001
syndrome?

Present 199 (54.7) 64 (73.6) 135 (48.7)
Not present 165 (45.3) 23 (26.4) 142 (51.3)

Sepsis? n=364 n=87 n=277 < 0.0001
Present 187 (51.4) 62 (71.8) 125 (45.1)

Not present 177 (48.6) 25 (28.7) 152 (54.9)
Infection at admission

Active or ongoing infection n=296 n=92 n=204
Bacterial 153 (51.7) 50 (54.3) 103 (50.5) 0.93
Viral 99 (33.4) 28 (30.4) 71 (34.8)

Fungal 34 (11.5) 11 (12.0) 23 (11.3)
Other 10 (3.4) 3 (3.3) 7 (38.4)

New infection at ICU admission? n=151 n=45 n=106
Bacterial 88 (58.3) 26 (57.8) 62 (58.5) 0.93
Viral 48 (31.8) 14 (31.1) 34 (32.1)

Fungal 15 (9.9) 5(11.1) 10 (9.4)
Other 0 (0) 0 (0) 0 (0)
(Continued)
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TABLE 1. (Continued)
Patient and ICU Admission Characteristics

Overall (n = 364) MOF (n = 87) No MOF (n = 277) o)
Neutropenia at admission n=322 n==62 n=260
Neutropenia (n = 322) 152 (47.2) 30 (48.3) 122 (46.9) 0.098
Days neutropenic prior ICU admission 7 (0-176) 7 (0-176) 7 (0-78) 0.36
(n=152; median [rangel])
Critical care resources?®
Continuous renal replacement 10 (2.7) 8 (9.2) 2 (0.7) 0.0002
therapy (n, %)
Mechanical ventilation 76 (20.9) 46 (52.9) 30 (10.8) < 0.0001
Vasopressor 82 (22.5) 54 (62) 28 (10.1) < 0.0001
Extracorporeal life support 1 (0.3) 1(1.4) 0 (0) 0.24
ICU mortality? 19 (5.2) 16 (18.4) 3(1.1) < 0.0001

MOF = multiple organ failure.

%Values calculated using total ICU admissions (n = 364).

*Values calculated using total number of unique patients (n = 324).

Mechanical ventilation includes continuous positive airway pressure, bilevel positive airway pressure, invasive mechanical ventilation,
Pediatric Risk of Mortality Score was calculated based on values after first 12 hr of ICU stay. Leukemia/lymphoma group includes
leukemia, lymphoma, myelodysplastic disorders, posttransplant lymphoproliferative disorders; immunodeficiency includes hemophagocytic
lymphohistiocytosis and severe combined immunodeficiency; multiple organ failure is defined as Organ Failure Index greater than or
equal to two any time during ICU stay; neutropenia defined as absolute neutrophil count less than 500; length of neutropenia = time
before ICU admission that patient was neutropenic.

Statistically signficant values are shown in boldface font.

TABLE 2.

Risk Factors for ICU Mortality
ICU Factors (n = 364) Hazard ratio (95% CI) o)
Invasive mechanical ventilation (n = 67) 5.12 (1.31-19.94) 0.02
Noninvasive mechanical ventilation (n = 30) 0.36 (0.05-2.72) 0.32
Inotrope/vaso (n = 80) 1.3 (0.48-3.51) 0.36
CRRT; n=10 1.86 (0.6-5.83) 0.28
MV + CRRT (n=19) 1.88 (0.6-5.9) 0.28
MV + vaso (n = 34) 2.17 (0.77-6.12) 0.14
CRRT + vaso (n=7) 1.95 (0.62-6.14) 0.26
MOF day 1 of ICU admission (n = 58) 2.74 (1.1-6.82) 0.03
MOF during ICU admission (n = 87) 4.16 (1.09-15.86) 0.04

CRRT = continuous renal replacement therapy, MOF = multiple organ failure, MV = mechanical ventilation, Vaso = vasopressor.
Univariate Cox’s Proportional Hazard Model was used for this analysis; MV includes continuous positive airway pressure, bilevel positive
airway pressure, and invasive MV.

Statistically signficant values are shown in boldface font.

the most common (115/364, 31.6%) organ dysfunc-  of renal failure with longer durations of ICU admis-
tion identified followed by cardiovascular failure sion (sFig. 4C, http://links.lww.com/CCX/B251) as
(817362, 22.2%; sFig. 4B, http://links.lww.com/CCX/  well as an increasing frequency of respiratory (from
B251). There was a trend toward increasing severity = 9.3% on D1 to 56.3% on D28), renal (from 23.6% on
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D1 to 37.5% on D28), and hepatic dysfunction (from
10.4% on D1 to 25% on D28) with increasing days
of ICU stay (sFig. 4B, http://links.lww.com/CCX/
B251). Patients with leukemia/lymphoma (31/117;
26.5%) or who had undergone HCT (33/112; 29.4%;
sTable 5, http://links.lww.com/CCX/B251) had the
highest prevalence of MOF development. Non-HCT
leukemia/lymphoma patients accounted for the high-
est percentage of hepatic dysfunction (26/59, 44.1%;
p =0.0014), HCT patients accounted for the highest
percentage of renal dysfunction (52/115, 45.2%; p <
0.00001), and CNS malignancy patients accounted
for the highest percentage of neurologic dysfunction
(11/31, 35.5%; p = 0.0097; sTable 5, http://links.lww.
com/CCX/B251). HFNC was the most common respi-
ratory support used (147/364; 40.4%) with NIV being
used the least (30/364; 8.2%). The majority of admis-
sions with MOF were supported with IMV. Risk of
ICU death was higher in those requiring IMV versus
NIV (Table 2). Overall ICU mortality in admissions
requiring IMV was 16/67 (24%; 11/46 [24%] non-
HCT patients; 5/21 [24%] HCT patients). In admis-
sions requiring NIV and HFNC, mortality occurred
in 1 of 30 (3.4%) and 2 of 147 (1.4%), respectively. Of
those requiring IMV (n = 67), there was no difference
in ICU mortality in patients who received IMV only
compared to those who were supported using HFNC
before IMV (HR 3; 95% CI, 0.84-11.37; p = 0.1071).
However, NIV failure before IMV (4/67; 6%), while
rare, was associated with increased ICU mortality
(HR 6.3;95% CI, 1.21-31.99; p = 0.03).

Early Onco-Critical Care Phenotypes

Derivation and Description of Phenotypes. Based on
the derived k-means clustering models, there was a
four-class model with the optimal fit with four early
onco-critical care phenotypes (PedOncl, 2, 3, and 4)
identified. Consensus matrix plots and the relative
change under the cumulative distribution curves im-
plied little statistical gain by increasing to a five- or
six-class model with penalty of overfitting (sFig. 3,
http://links.lww.com/CCX/B251). A four-class model
was verified to be optimal based on LCA (sTable 4,
http://links.lww.com/CCX/B251).  When compar-
ing patient membership between consensus k-means
groups and LCA groups, the adjusted rand index was
low (0.156). To ensure that the patient overlap between

Critical Care Explorations

both methods was not random, permutation analysis
was performed and repeatedly showed an adjusted
rand index < 0.156 suggesting that the patient overlap
seen between consensus k-means and LCA is not due
to random grouping. While overlap was relatively low
between consensus k-means groups and LCA groups,
both methods identified PedOnc 2 and PedOnc4 as a
unique phenotypes with consensus k-means cluster-
ing better distinguishing PedOncl and 3 (sTables 14
and 15 and sFig. 5, http://links.lww.com/CCX/B251).
For a full description, see Supplementary Detailed
Statistical Methods (http://links.lww.com/CCX/
B251). In a sensitivity analysis, there was no significant
difference in the outcomes of the four groups formed
by k-means clustering of single admissions only (n =
292) (sTables 8-11, http://links.lww.com/CCX/B251).
Additionally, there was a 96.92% matching rate be-
tween the four groups formed in analysis of single-
admission patients and PedOncl, 2, 3, 4 (sFig. 6,
http://links.lww.com/CCX/B251). Based on the com-
parison between LCA and consensus k-means cluster-
ing as well as the sensitivity analysis performed using
single ICU admission data, we proceeded with anal-
ysis of all ICU admissions (n = 364) using consensus
k-means clustering.

In this analysis, characteristics were significantly
different across all groups except for sex, severity of
cardiovascular (CV) dysfunction, mean oxygen satu-
ration, presence of schistocytes, and underlying diag-
nosis of immunodeficiency (sTables 9 and 12, http://
links.lww.com/CCX/B251). PedOnc 3 included the
largest group of ICU admissions (39.3%) and PedOnc
4 included the lowest number of ICU admissions (8%).
PedOncl was exclusively composed of allogeneic HCT
recipients with an underlying diagnosis of leukemia/
lymphoma who predominantly developed renal dys-
function and had no IMV requirement (Table 3, Fig.
1; and sTablel2, http://linksIww.com/CCX/B251).
PedOnc2 was characterized by nonleukemia/lym-
phoma diagnoses with predominantly CNS dysfunc-
tion and viral infection. This phenotype was associated
with the lowest severity of illness, inflammation, and
mortality. PedOnc3 represented the largest group of
ICU admissions in our study. Patients with this phe-
notype commonly had an underlying diagnosis of
leukemia/lymphoma without prior HCT (n = 94), the
highest occurence of SIRS and bacterial infection, and
the highest respiratory rates (RR). PedOnc4 was not
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TABLE 3.
Critical Care Factors and Outcomes of the Four Phenotypes

Characteristics

Number of patients, n (%) 364

Critical care factors
MV, n (%)? 76 (20.9)
CRRT, n (%) 10 (2.7)
Vasopressors/inotropes, n (%)¢ 82 (22.5)
Day 1 multiple organ failure, n (%)? 58 (15.9)

ICU outcomes
ICU mortality, n (%)? 19 (5.2)
ICU length of stay, median (IQR)? 3 (2-7)
ICU-free days, median (IQR)? 25 (21-26)
MV-free days, median (IQR)? 25.4 (7.0)
Vasopressor-free days, mean; sp? 26.3 (5.5)
CRRT-free days, mean; sp? 27.6 (3.3)

Hospital outcomes 324
Hospital mortality, Single and last admissions, 37 (11.4)

n (%)®

PedOnci PedOnc2 PedOnc3 PedOnc4
83 (22.8) 108 (29.7) 143 (39.3) 30 (8.2)
12 (14.5) 12 (11.1) 23 (16.1) 29 (96.7)%ef
2 (2.4) 1 (0.9) 5 (3.5) 2 (6.7)
20 (24.1) 6 (5.6) 42 (29.4) 14 (46.7)%°f
13 (15.7) 7 (6.5) 25 (17.5)° 13 (48.3)2b¢
3 (3.6) 3 (2.8) 6 (4.2) 7 (23.8)%ef
4 (2-10.5) 3 (2-5.25) 3 (2-5) 7.5(3-16.8)°
24(175-26)9 25 (22-26)9 25 (23-26)49 15 (0-22)
26.3 (5.7)9 271 (4.1)9 25.6 (7.1)9 16.2 (10.4)
26.1 (4.8) 27.7 (2.7)%4¢ 26.2 (5.5) 22.2 (10.4)
27.3 (4.3) 28.0 (0.2) 27.7 (2.6) 26.1 (7.1)
63 106 133 22
5 (7.9) 11 (10.4) 11 (8.3) 10 (45.5)*9

CRRT = continuous renal replacement therapy, HSCT = hematopoietic stem cell transplant, IQR = interquartile range, MV = mechanical

ventilation, phenotype = PedOnc.

2Comparisons across all four computable phenotypes were performed using the Kruskal-Wallis test, the 2 test, or the Fisher exact test
(Supplementary Tables 10 and 11, http://links.lww.com/CCX/B251), p < 0.05 for all comparisons after adjustment. The variables in

this table were log transformed for modeling.

*Comparisons across all four computable phenotypes were performed using the %? test and adjusted modeling accounting for presence and
number multiple admissions, p < 0.05 for all comparisons after adjustment (Supplementary Table 4, http://links.ww.com/CCX/B251).
“Vasopressor/inotropes include milrinone, epinephrine, norepinephrine, dopamine, vasopressin (shock dosing) drips. phenylephrine and

dobutamine were not used in this cohort.

9The outcome characteristic of this computable phenotype is significantly higher than PedOnc1 (p < 0.05).
The outcome characteristic of this computable phenotype is significantly higher than PedOnc?2 (p < 0.05).
The outcome characteristic of this computable phenotype is significantly higher than PedOnc3 (p < 0.05).
9The outcome characteristic of this computable phenotype is significantly higher than PedOnc4 (p < 0.05).
MV includes continuous positive airway pressure, bilevel positive airway pressure, and invasive MV.

associated with any predominant underlying diagnosis
and was characterized by the highest occurence of
ARDS with need for IMV at admission, need for se-
dation and arterial line placement, and MOE. Notably,
PedOnc 3 and 4 had the highest frequency of MOF
(Fig. 1). For detailed comparison, please see Table 3
and sTables 8, 9, and 12 (http://links.lww.com/CCX/
B251) and the Detailed Descriptions of Phenotypes in
Supplementary Material for more detail (http://links.
lww.com/CCX/B251).

Phenotype Association with Outcomes, Critical
Care Resources, and Therapeutics. Overall, PedOnc4
was associated with the highest ICU and hospital

8 www.ccejournal.org

mortality, fewest ICU and MV-free days, and the
highest need for vasopressor support (46.7%; Table 3;
and sTable 9 [http://linksIww.com/CCX/B251]) and
PedOnc2 was associated with the lowest mortality
and had the highest vasopressor-free days. Most ICU
deaths occurred within one week of ICU admission
among patients exhibiting the PedOnc4 phenotype. In
contrast, all other phenotypes showed an increasing
number of deaths after 14 days of ICU stay (Fig. 2).
Hospital mortality was significantly higher in PedOnc4
(45%) compared to PedOnc1-3 (7.9-10.4%; p < 0.001;
Table 3). Causes of death for all mortality in PedOnc2
was disease progression whereas the cause of death was
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Figure 1. Cord plot of early onco-critical care phenotypes A. To aid in visualization of the presenting features of each phenotype,

PedOnc1-4 are shown with different color ribbons connecting each phenotype to associated organ failures (top of the circle falling
to the right) iliness severity, and general organ failure (on the right of the circle). Cords connect the phenotype to the organ failure/
severity of illness if the category group mean of the specific variable differs from the overall mean (Table 2) with oxygen saturation and
Glasgow Coma Score (GCS) being lower and all other variables being higher. lliness severity = Pediatric Risk of Mortality IIl; systemic
inflammatory response syndrome; infection/immune = length of neutropenia and presence of infection; hema = heme Organ Failure
Index (OFI) and schistocytes; cardio = heart rate and CV = cardiovascular severity Renal = Renal severity; Hepatic = hepatic OF|,

ALT = alanine aminotransferase, bilirubin respiratory = respiratory rate, oxygen saturation, respiratory severity, need for respiratory

support; neurologic = CNS OFI and GCS.

We further observed that mortality was associated

reported as sepsis, MOF, and disease progression for
with autologous HCT, higher RR, lower heart rate,

PedOncl, 3, and 4. The mode of death for patients in
PedOnc4 was failure of maximum critical care support
with redirection of care (5/7; 72%), failure of CPR (1/7;

and no respiratory support in PedOncl; the presence
of CNS failure, CNS malignancy, higher heart rate,
lack of arterial line, and younger age in PedOnc2;

14%), and irreversible cessation of neurologic dysfunc-
higher bilirubin, longer neutropenia, higher KDIGO

tion (1/7; 14%).
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Figure 2. Early onco-critical care phenotypes and associated mortality ICU mortality are shown
based on PedOnc phenotype with the highest mortality present in PedOnc4. This difference was
statistically significant across all four phenotypes as well as pairwise comparison between all other
phenotypes and PedOnc4. Most notably the majority of PedOnc4 deaths occurred early in ICU stay

(<7 d after ICU admission).

score and presence of schistocytes in PedOnc3; higher
VIS, oxygen saturations, PRISM III, ARDS severity,
age and KDIGO score, and presence of hematologic
and CNS dysfunction, as well as lower Glasgow Coma
Scale (GCS) in PedOnc4 (sFig. 7, http://links.Iww.
com/CCX/B251). Notably, on day 1 of ICU admission
intubation and IMV initiation occurred at a low fre-
quency in PedOnc1-3 (0/83, 0%; 4/109, 3.7%; 0/143,
0%, respectively); however, 28/30 (93.3%) of PedOnc4
patients were intubated for IMV initiation on day 1 of
ICU admission. The reasons for intubation included
hypoxic respiratory failure (11/28; 39%), neurologic
failure (5/28; 18%), sepsis (1/28; 4%), upper airway ob-
struction (2/28; 7%), and intubation for emergent or
semi-emergent procedures in a high-risk patient (i.e.,
pericardial effusion/tamponade, bronchoscopy; 9/28;

10

www.ccejournal.org

anti-cytokine therapy,
corticosteroids, IVIG,
and therapies for veno-
occlusive disease (VOD)
or thrombotic microangi-
opathy (TMA) differed sig-
nificantly among the four derived phenotypes, with
highest use in PedOnc1 and 4 (sTable 13, http://links.
lww.com/CCX/B251).

DISCUSSION

It is well known that pediatric oncology patients
are at high risk for mortality following ICU admis-
sion (33.5%; pooled weighted mortality, nonsurgical
patients) (1-9). Previously, critically pediatric on-
cology patients have most commonly been studied as
a subgroup of critically ill general pediatric patients
or separately as a homogenous group. In this study,
we sought to determine risk factors associated with
increased mortality, including MOE in a large cohort
of pediatric oncology patients with critical illness using
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supervised and agnostic (i.e., k-means cluster analysis)
statistical approaches to identify patient phenotypes
for future prospective evaluation.

In our cohort, ICU mortality was 5.2% which is
much lower than previously described in critically ill
pediatric oncology patients; however, it remains twice
as high as the general pediatric critical care population
(3, 40). The frequency of MOF in 23.9% of our ICU
admissions is consistent with the widely variable find-
ings from the general pediatric population of 6-57%
in cohorts with similar severity of illness by PRISM II1
(36, 46-49). Consistent with previous reports in ge-
neral pediatric patients, day 1 MOF and overall MOF
were significantly associated with ICU mortality (36,
38, 50). Cardiovascular and renal failure were the most
common organ failures observed. The frequency of
cardiovascular failure was two times higher, and renal
failure was ten times higher than the reported average
frequency in general pediatric literature, suggesting
that careful monitoring for evidence of both cardio-
vascular and renal dysfunction is warranted in these
patients (36, 46). Respiratory failure with the need for
IMV was the most significant risk factor for mortality,
but mortality in both our oncology (24%) and HCT
patients (24%) was about 50% lower than previously
reported in pediatric HCT patients (60%) (17, 21).
Like previous reports, failure of NIV before IMV, al-
though rare in our cohort (6%), was associated with
further increased mortality (19, 20), but the use of
HFNC before IMV was not. Additionally, there was a
significantly higher frequency of MOF in patients pre-
senting to the ICU with SIRS or sepsis; however, one-
third of patients with MOF did not present with sepsis
or suspected infection, which highlights the need to
evaluate sepsis and nonsepsis patients when studying
critical illness and MOF in pediatric oncology patients.

In addition to validation of previously known risk
factors for mortality, we identified four nonsynony-
mous early onco-critical care phenotypes with differ-
ent clinical characteristics and outcomes that validated
and expanded upon the known risk factors for mor-
tality within critically ill pediatric oncology patients.
These results are similar to previous work utilizing
patient-level data with clustering methodology that
identified four pediatric sepsis and critical care MOF
phenotypes; however, our phenotypes had several dis-
tinctive features and associations with mortality (39,
47). Variable use of therapeutic agents, particularly

Critical Care Explorations

anti-cytokine therapy, IVIG, steroids, and anti-TMA/
VOD therapies suggests differing pathophysiology of
organ dysfunction between groups. Overall, PedOncl
and 2 represented groups with low mortality and, if
organ dysfunction was present, only single organ dys-
function was noted. Importantly, the cause of death in
PedOnc2 group was related to underlying disease pro-
gression; therefore, the reversal of organ failure in this
group should target the underlying oncologic process.
PedOnc4 was associated with a mortality five times
higher than that of the other phenotypes. Based on
ICU presentation, associated features with mortality,
and timing of ICU death, PedOnc4 included patients
with acute respiratory failure requiring IMV and MOF
with associated neurologic dysfunction and/or rapidly
evolving sepsis. These findings further confirm the sig-
nificant association of increased mortality with acute
respiratory failure with the need for IMV in critically ill
pediatric oncology patients documented in this study,
as well as in others, particularly when in combination
with neurologic dysfunction and/or sepsis (5, 17, 19,
24). Pre-ICU admission findings for PedOnc4 suggest
that close monitoring with possible escalation to ICU
level care for changes in neurologic status accompanied
by new or increased supplemental oxygen require-
ment may be warranted in pediatric oncology patients.
However, intervention before ICU admission may be
limited since many patients in PedOnc4 were directly
admitted to the ICU or did not meet the criteria for
ICU consultation. The limitation of possible pre-ICU
intervention in PedOnc4 highlights the importance of
the development of early ICU identification systems,
like the computable early onco-critical phenotypes
and further research to understand underlying poten-
tially targetable biologic mechanisms, particularly in
PedOnc4 patients or patients that require IMV at ad-
mission. Based on previous work (38, 51, 52), patients
within this group may be at high risk for previously
described empiric or a priori sepsis-related MOF phe-
notypes, such as immunoparalysis-associated MOF,
thrombocytopenia-associated MOEF, sequential-MOF,
and macrophage activation syndrome, but validation
of a priori sepsis-related MOF phenotypes and correl-
ative biologic studies need to be performed within this
patient population to further guide possible therapeutic
interventions. Based on their associated mortality and
reproducibility of this group with further validation
methods (i.e., LCA), patients with the characteristics
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of PedOnc4 (i.e., acute respiratory failure requiring
IMV and MOF with associated neurologic dysfunction
and/or sepsis) should be the focus of future studies of
critically ill pediatric oncology patients.

Aside from limitations inherent to retrospective stud-
ies, there are several additional limitations to our study.
First, this study included patients managed at a single
center, thus treatment-related predisposition to organ
failure following ICU admission may differ from that
observed at other centers. Additionally, differences in
organ failure definitions used in the literature make it dif-
ficult to compare our findings to other pediatric studies.
Overall, the prevalence of MOF may have been under-
estimated in our patient population relative to other pe-
diatric studies because we did not include cytopenia in
the hematologic failure diagnosis. Similarly, a direct com-
parison of renal and CV dysfunction to other studies is
challenging as these were different from than Proulx/
Goldstein criteria (49). Our power to identify a significant
association between certain interventions and mortality
may be limited due to an overall small number of patients
receiving specific interventions (i.e., CRRT). The pheno-
type derivation presented may be limited since patients
were from a single center and some variables can be as-
sociated with practice variation from institution to insti-
tution, such as arterial line placement and decisions for
initiation of IMV. In the same vein, it remains to be seen
if the phenotypes derived are reproducible, particularly
PedOncl and 3 because there was a significant overlap
between these groups of patients when using other unsu-
pervised methodology (i.e., LCA). Additionally, it is pos-
sible that the derived phenotypes are not representative
of underlying biologic or pathophysiologic similarity but
may be representative of groups of patients presenting at
similar time points in their critical illness. Only further
prospective validation and biologic studies can confirm
the clinical significance of these early ICU phenotypes in
pediatric oncology patients. Despite the limitations of our
study, it is the first study of its kind to evaluate the prev-
alence of MOF and the risk factors of mortality using di-
verse statistical approaches within a large, heterogenous
group of critically ill pediatric oncology patients.

CONCLUSIONS

Critically ill pediatric oncology patients remain an im-
portant patient population for future study due to their
increased mortality risk compared to general pediatric

12 www.ccejournal.org

patients. In this study, we verified that critically ill on-
cology patients are a heterogenous group with varying
presentations and mortality risks by evaluating previ-
ously described risk factors which was further validated
by the four derived nonsynonymous computable pheno-
types. Development of MOF and need for IMV remain
important risk factors for mortality within this group.
Of the phenotypes identified in this study, PedOnc4 is of
particular interest for future prospective validation with
correlative biologic studies given its reproducibility, as
well as associated increased risk of mortality in patients
admitted to the ICU with this phenotype.
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