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Editorial on the Research Topic

Critical complications in pediatric oncology and hematopoietic cell transplant
History of pediatric onco-critical care

The evolving experience and expertise in caring for critically ill pediatric oncology,

hematopoietic cell transplant (HCT), and cellular therapies (CT) patients is a very recent

effort. This topic, however, carries behind it tremendous energy and enthusiasm as evidenced

by the numerous quality submissions to this Research Topic, “Critical Complications in

Pediatric Oncology and Hematopoietic Cell Transplantation”.

Pediatric HCT was first successfully performed by the Robert A. Good team in 1968 to

treat a non-malignant disorder (X-linked severe combined immune deficiency) (1) followed

by expanded indications to bone marrow malignancies and failure (2–4). In this era, pediatric

critical care was also early in its infancy but was available to patients with sepsis/septic shock,

hemorrhage, and respiratory insufficiency/failure. Pediatric renal replacement therapies were

limited, tunneled central venous access was in development, and non-invasive positive

pressure was still decades away. Initial hematopoietic growth factors, anti-viral agents, and

infection prophylaxis were undergoing study in clinical trials.

Mortality in this early era in both adult and pediatric oncology and HCT patients with

septic shock and/or acute respiratory failure was dismal, with mortality rates exceeding 80%

(5–9). Indeed, one published series from this early period stated: “Intensive respiratory care is

effective for patients with readily reversible causes of respiratory failure, but is generally futile

for patients with progressive interstitial pneumonia” and “We also recommend providing

bone-marrow transplant patients with realistic prognostic estimates … before transfer to the

intensive care unit … This approach may reduce the amount of futile care” (10).
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Patients transplanted in the 1980s and 1990s experienced more

variable mortality and in the next 20 years, patient overall mortality

improved to 40 to 60%. In the 21st century, mortality has further improved

in certain patient subsets, but remains substantial for those requiring

mechanical ventilation, with severe pulmonary pathology as a cause for

intubation, and with multi-organ failure (11, 12). However, most recently,

even extracorporeal membrane oxygenation (ECMO) support for HCT

patients is being considered and successfully implemented (13–15).

Clearly, collaboration between oncology, HCT, and Pediatric Intensive

Care Unit (PICU) clinicians is continuing to impact patient outcomes.

Considerable work, however, remains to be done, as evidenced by the

variety and volume of manuscripts submitted to this Research Topic.
Current focus of pediatric onco-critical
care—this research topic

Articles published in this Research Topic demonstrates how far

the field of Pediatric Onco-Critical Care has moved over the past 50

years. This Research Topic received a robust response in paper

submissions, resulting in 30 articles by 211 authors from 33

institutions in 9 countries worldwide (Figure 1). As of January

2023, the Research Topic website has received over 90,000 views

and over 21,000 downloads. Enthusiasm for this work continues; we

have recently launched a second volume for this Research Topic, with

6 new articles published to date.
Improving patient outcomes

In this collection, Pechlaner et al. performed a retrospective study

of outcomes in pediatric hematology/oncology patients admitted to
Frontiers in Oncology 8
their ICU between 2009-2019. They showed PICU mortality to be

11% overall, though it was higher for those that required invasive

mechanical ventilation (IMV), ECMO, and IMV with continuous

renal replacement therapy (CRRT) at 34.5%, 42.9% and 53.8%

respectively. Additionally, researchers found a significant increase

in PICU admissions over the years after the implementation of a

bedside pediatric early warning system (PEWS). The authors

hypothesized that the institution of PEWS enabled their teams to

recognize critical illness earlier and allow for earlier and more

frequent transfer to the PICU. Mortality rates described in this

study are similar to outcomes recently published from the Virtual

PICU Systems (VPS) database (16) and add credence to the argument

that outcomes are improving in this high-risk population.
Novel therapies and interventions

Over the last decades, the field of pediatric hematology-oncology

has advanced extensively to offer novel therapeutics for childhood

cancer, moving childhood cancer from a universally fatal disease to a

survival of greater than 80% in high-resource settings (17). These

therapies, however, carry unique risks of toxicity, and optimum

survival for patients can only be achieved with delivery of excellent

supportive care. The topic of critical complications of novel therapies

for childhood cancer care and their management is addressed

extensively in this Research Topic. This includes discussion of

supportive care strategies for chimeric antigen receptor therapies

(CART), such as simulation team-based training (Harden et al.) to

improve management of toxicities, early diagnosis of neurologic

complications of CART (ICANS) (Brown et al.), and cytokine

release syndrome (CRS) (Baumeister et al.). Novel therapies in this
FIGURE 1

Institutions contributing accepted articles to the “Critical Complications in Pediatric Oncology and Hematopoietic Cell Transplantation” research topic
(30 articles).
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field also include an expansion of supportive care interventions for

critically ill children with cancer and post HCT, including CRRT

(Elbahlawan et al.), non-invasive positive pressure ventilation

(NIPPV) (Rowan et al.), bronchoscopy (Ahmad et al.), and ECMO

(Ghafoor et al). Finally, the field has also implemented novel quality

improvement interventions to improve outcomes, such as screening

to identify delirium (Traube et al.), early mobility (Ghafoor et al.), and

PEWS (Garza et al.). Over the past three years, the COVID-19

pandemic has presented additional challenges to caring for children

with cancer and post-HCT (Ragoonanan et al.); this Research Topic

similarly provides insight into how this new infection impacted this

unique patient population.
Early recognition of critical illness

Early recognition of critical illness leading to prompt

interventions are likely contributing to improvements in mortality

seen in critically ill pediatric oncology and post-HCT patients.

Agulnik et al demonstrated that patients with longer duration of

higher PEWS scores on the ward prior to PICU transfer have worse

outcomes including higher mortality and fewer PICU-free days,

ventilator-free days, and vasopressor-free days. The same group has

also shown that implementation of PEWS empowered clinicians to

speak up when concerned about their patient’s clinical status and

improved overall (Graetz et al.) perceived quality of care during

deterioration (Garza et al.).

Others in this collection similarly discuss the importance of

early recognition of critical illness and prompt intervention. In a

recent multi-center prospective point prevalence study, Traube

et al. discovered that 45% of HCT patients experience delirium at

some point in their transplant course. Delirium has been associated

with worse outcomes in ICU patients (18). However, it’s impact on

pediatric HCT patients in unknown and warrants further study. In

another study, Brown et al. found that worsening Cornell

Assessment of Pediatric Delirium (CAPD) scores were seen 24 to

72 hours prior to patients developing immune effector cell-

associated neurotoxicity (ICANS) after chimeric antigen receptor

(CAR) T-cell therapy. They stressed the importance of prompt

recognition and intervention to prevent rapid neurologic

deterioration. In a multi-center retrospective study of HCT

patients treated with non-invasive ventilation (NIV), Rowan et al.

found that 63% of patients failed NIV, requiring invasive

mechanical ventilation (IMV). The most concerning finding was

that patients who failed NIV had a very high rate of cardiac arrest

when transitioning to IMV with 11% suffering cardiac arrest during

intubation and another 3% suffering cardiac arrest just prior to

intubation. This rate is much higher than the 1.7% seen in the

general pediatric population (19). The authors found that patients

who continued to have a respiratory rate greater than 40 after 4

hours of NIV were likely to fail NIV and require intubation. They

hypothesized that earlier recognition of NIV failure may lead to

earlier intubation and mitigate the risk of cardiac arrest during the

procedure. The timing of intubation in these patients continues to

be an important question that requires further study.
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Infections in POCC

Infections in HCT and oncology patients continue to be major

challenges in this immunosuppressed population. Multiple case reports

(Navazo et al.) demonstrated disseminated toxoplasmosis to be deadly

in this vulnerable population (Lindell et al.). A case series of

stenotrophomonas infection in pediatric oncology and HCT patients

also demonstrated high mortality and fatal pulmonary hemorrhages

(Zollner et al.). A case series of children with Dengue fever

demonstrated how this infection can lead to life threatening

hemophagocytic lymphohistiocytosis (HLH) (Singh et al.). Ferdjallah

et al. reviewed the changing risk factors for infectious complications in

HCT patients throughout their first year of transplant. This is helpful

when evaluating HCT patients with possible infectious complications.

Zinter et al. provides us with a road map for management of presumed

sepsis in the HCT population. Zinter and Hume discuss the unique

pulmonary immune response to infection in the HCT population,

highlighting the complex factors that place this population at increased

risk for pulmonary complications. These publications remind us of the

seriousness of infectious complications in this immunosuppressed

population. In addition to infections, non-infectious complications,

often related to immune dysregulation, play an important role in the

development of critical illness in HCT and CAR-T patients. Baumeister

et al. provides us with an excellent review of complications related to

immune dysregulation during HCT and CAR T-cell therapy.
Respiratory failure and management

Pulmonary complications affect 25% of pediatric HCT patients,

with nearly 10% requiring mechanical ventilation and represent a

major cause of transplant-related mortality. Fitch et al. provides a

thorough review of both infectious and non-infectious pulmonary

complications post-transplant. The authors point out the importance

of timing of complication in relation to the transplant in determining

the differential diagnosis and cause. They also highlight significant

knowledge gaps, particularly in non-infectious complications making

them difficult to accurately diagnose and limitations in available

treatments. Fan et al. additionally provide a review of one

pulmonary complication, diffuse alveolar hemorrhage (DAH).

Traditionally, DAH has had a very high mortality rate in HCT

patients. This review discusses what is known about the

pathophysiology of DAH as well as novel inhaled therapies to

control bleeding.

Diagnosis of pulmonary complications in critically ill pediatric

oncology and HCT patients can be complicated. While CT scans may

be useful, they are often not specific, and travelling outside of the ICU

when patients are unstable can be difficult. Debate continues over

when and if patients should undergo invasive procedures such as

bronchoscopy, bronchoalveolar lavage (BAL), and lung biopsy.

Elbahlawan et al use a case report to illustrate the utility of lung

biopsy in select patients. Ahmed et al show us through a retrospective

chart review study that BAL is feasible and safe in these patients. In

their center, BAL yielded a diagnosis in over 60% of patients and

resulted in a clinical management change in over 69% of patients. To
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positively impact HCT outcomes, there is a need for improved

understanding of the pathophysiology of pulmonary complications.

Supportive management of patients with respiratory failure is also

an important topic in this field. Sallee et al. performed a secondary

analysis of a retrospective multi-center study of HCT patients requiring

mechanical ventilation for respiratory failure. They found that fluid

overload was associated with increased risk of mortality. In patients

treated with CRRT, the mortality risk was mitigated suggesting that

intervention with CRRT may be helpful in improving survival rather

than fluid overload simply being a marker of worse illness. These

findings lay the groundwork for future studies addressing the optimal

management of fluid overload in HCT patients.

Despite our limitations in understanding of pulmonary

complications, there is a trend toward advocating for more

aggressive management of respiratory failure in HCT and oncology

patients. Ghafoor et al. describe an early mobilization program in

their PICU. The authors were able to show that mobilizing intubated

pediatric oncology and transplant patients was safe and feasible.

While there are theoretical benefits to early mobilization of

intubated patients, the true impact on outcomes needs further study.
Multinational, multidisciplinary collaboration

The most encouraging finding in this collection of publications is the

interest in developing a better understanding of the pathophysiology of

critical illness in this population and provide critical care resources to

support these vulnerable patients. The medical community seems to

fortunately be breaking away from the self-fulfilling prophecy that these

children have little chance of surviving critical illness and should not be

offered critical care interventions. Publications in this Research Topic

demonstrate multidisciplinary collaborations using multiple research

methodologies to proactively address critical complications can

significantly improve care and outcomes for these high-risk patients.

In addition to increasing publications in this Research Topic, multi-

disciplinary, multi-center research collaboratives have been formed

around the world to address these topics. The Pediatric Acute Lung

Injury and Sepsis Investigator’s (PALISI) Network formed a

Hematopoietic Cell Transplant – Cancer Immunotherapy subgroup to

advance research in the field of onco-critical care in 2006 (20). More

recently, a similar group was formed in Europe, PICU Oncology Kids in

Europe Research Group (POKER) (21), and the St. Jude Global Critical

Care Program (22) supports critical care for children with cancer in

resource-limited settings worldwide. These groups work collaboratively

with oncologists, transplant physicians, multidisciplinary professionals,

and other relevant pediatric subspecialists. The presence of these groups

is evidence for interest in the field and the importance of collaborative

research to address its most difficult challenges.
The future of our field

This Research Topic represents a new field in pediatric critical

care—pediatric onco-critical care (POCC)—focused on improving

care and outcomes for critically ill children with cancer and blood
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disorders. Over the past few years, multiple collaborative groups have

developed POCC educational curricula (23), consensus research

priorities (24), and quality and capacity indicators (25, 26). This

Research Topic describing 30 articles on the critical complications in

pediatric oncology and HCT marks the future of this growing field.

This represents the beginning of the era of POCC—a global focus on

major challenges in the management of critically ill children with

cancer and blood disorders. Success in this new era will require a

move from epidemiology to novel intervention leveraging global,

multidisciplinary collaboration and specific attention to health equity.

The future of POCC must address ongoing clinical challenges

described in this Research Topic, including early identification of

complications, management of respiratory failure post-HCT,

endothelial dysfunction, and multisystem organ failure. Future work

must move from describing the epidemiology of these challenges to

developing and testing novel interventions that improve outcomes.

This work must leverage a proactive, data-driven model to

identify high-risk patient populations and discover new targeted

therapeutic approaches. Such research in POCC must test, among

others, bedside strategies to identify organ dysfunction syndromes,

ventilatory strategies to improve survival in respiratory failure, and

novel therapeutics to control inflammation and improve endothelial

dysfunction. As PICU mortality for POCC patients declines, the

impact of such interventions must be assessed beyond mortality,

focusing on resource utilization, functional outcomes, and cost of

care. As emphasized by work in this Research Topic, we must also

look beyond the individual patient and evaluate how our care

processes impact patient families, the care team, and health systems.

Overcoming these tough challenges in POCC will require

multidisciplinary approaches, both in clinical management and

research. Future work must emphasize interdisciplinary (oncology,

ICU, etc) and interprofessional (nurses, physician, respiratory

therapists, basic scientists, etc) collaborations to develop effective

interventions and implement them as part of routine care. To succeed,

clinicians and researchers must break out of silos to form productive,

effective partnerships across disciplines and promote cross-fertilization of

ideas and strategies. It is only through such diverse future collaborations

that we can address the current challenges in POCCS.

Similarly, testing interventions to improve outcomes in POCC will

require collaborations between institutions and countries. Children with

cancer and critical illness, particularly with specific complications, are

relatively rare; adequate power for any interventional trial will require

global, institutional collaboration and joint research ventures. Networks

such as POKER (21), the PALISI HCT Subgroup (20), and the St. Jude

Global Critical Care Program (22) must be leveraged in large-scale

collaborative research trials.

Although multiple challenges remain for POCC in high-resource

settings (27), most children with cancer live in low-and middle

income countries (28, 29), where critical illness is more common

and results in worse outcomes (30). The future of POCC must

intentionally address health equity in this field through research

that specifically focuses on improving care and outcomes for

critically ill children with cancer and blood disorders in resource-

limited settings. This includes addressing therapeutic, resource, and

implementation challenges that may be unique to POCC in these
frontiersin.or
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settings (26, 31, 32). This targeted focus is urgently needed to reduce

global disparities in childhood cancer outcomes.

Finally, success in POCC must move beyond simply developing

novel interventions that improve care processes and outcomes. These

interventions must be usable beyond the research setting and be designed

for implementation in real-world clinical environments. To accomplish

this task, POCC researchers must collaborate with experts in the fields of

implementation science, quality improvement, and health economics to

design strategies that promote uptake and utilization of effective strategies

in routine patient care. Similarly, discoveries in this field must be actively

disseminated, both through open-access Research Topics such as this

journal collection, as well as at academic conferences, through social

media networks, and in clinician education. For lasting impact, discovery

is insufficient; innovations must be actively incorporated into clinical

practice on a global scale.

As curative therapies and treatment for childhood cancer and

blood disorders improve over time, survival and quality of life

depends on effective supportive care strategies to reduce

complications of life-threating toxicities of therapy. The field of

POCC addresses this need by combining multidisciplinary expertise

across clinical, research, and methodologic fields to improve

outcomes for critically ill children with cancer and blood disorders.

This Research Topic describes the breadth and depth of this new field

and lays the foundation for future work. We hope you will join us in

the POCCS new frontier.
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Introduction: Hospitalized pediatric hematology-oncology and post-hematopoietic cell

transplant (HCT) patients have frequent deterioration requiring Pediatric Intensive Care

Unit (PICU) care. Critical deterioration (CD), defined as unplanned PICU transfer requiring

life-sustaining interventions within 12 h, is a pragmatic metric to evaluate emergency

response systems (ERS) in pediatrics, however, it has not been investigated in these

patients. The goal of this study was to evaluate if CD is an appropriate metric to assess

effectiveness of ERS in pediatric hematology-oncology and post-HCT patients and if it

is preceded by an actionable period of vital sign changes.

Methods: A retrospective review of all unplanned PICU transfers and floor

cardiopulmonary arrests in a dedicated pediatric hematology-oncology hospital between

August 2014 and July 2016. Vital signs and physical exam findings 48 h prior to

events were converted to Pediatric Early Warning System-Like Scores (PEWS-LS) using

cardiovascular, respiratory, and neurologic criteria.

Results: There were 220 deterioration events, with 107 (48.6%) meeting criteria

for CD, representing a rate of 2.98 per 1,000-inpatient-days. Using the first event

per hospitalization (n = 184), patients with CD had higher mortality (17.4 vs. 7.6%,

p = 0.045), fewer median ICU-free-days (21 vs. 24, p = 0.011), ventilator-free-days (25

vs. 28, p < 0.001), and vasoactive-free-days (27 vs. 28, p < 0.001). Using vital sign

data 48 h prior to deterioration events, those with CD had higher PEWS-LS on PICU

admission (p < 0.001), spent more time with elevated PEWS-LS prior to PICU transfer

(p = 0.008 to 0.023) and had a longer time from first abnormal PEWS-LS (p = 0.007 to

0.043). Significant difference between the two groups was observed as early as 4 h prior

to the event (p = 0.047).

Conclusion: Hospitalized pediatric hematology-oncology and post-HCT patients have

frequent deterioration resulting in a high mortality. In these patients, CD is over 13 times
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more common than floor cardiopulmonary arrests and associated with higher mortality

and fewer event-free days, making it a useful metric in these patients. CD is preceded

by a long duration of abnormal vital signs, making it potentially preventable through

earlier recognition.

Keywords: pediatric oncology, pediatric intensive care, Pediatric Early Warning System (PEWS), critical

deterioration, emergency response systems, cardiopulmonary arrest

INTRODUCTION

Delays in Intensive Care Unit (ICU) transfer for critically ill
hospitalized patients have been consistently linked with worse
outcomes including increasing organ dysfunction, longer ICU
length of stay (LOS), and higher hospital mortality (1–4).
Since the launch of the Institute for Healthcare Improvement’s
100,000 Lives Campaign in 2004 (5, 6), timely identification of
deterioration in hospitalized patients and appropriate activation
of Emergency Response Systems (ERSs) has been an important
element of hospital programs to reduce preventable harm and
hospital mortality. Evaluating effectiveness of ERSs has been
challenging in pediatrics, in part because cardiopulmonary arrest
and death outside the Pediatric Intensive Care Unit (PICU)
is rare in this patient population (7, 8). Critical deterioration
(CD), defined as unplanned floor to PICU transfers requiring
life-sustaining interventions within 12 h, has been proposed as
a pragmatic metric to assess hospitals’ ERSs, occurring 8-times
more often than cardiopulmonary arrests and associated with
mortality in a multidisciplinary pediatric setting (9).

Hospitalized pediatric hematology-oncology and post-
hematopoietic cell transplant (HCT) patients are a unique
patient population with more frequent deterioration and lower
survival than other pediatric patients (7, 8, 10, 11). As in adults,
there is evidence that delays in PICU transfer for these patients
results in higher mortality (12). While tools to support ERSs,
such as Pediatric Early Warning Systems (PEWS) (13–15), have
been validated in this patient population, metrics to evaluate
their effectiveness have not been studied. It is also unclear if CD
in these patients is preceded by an actionable period of vital sign
changes amenable to intervention by ERSs.

The aim of this study is to evaluate if CD is an appropriate
metric to assess the quality and effectiveness of hospital
emergency response systems in pediatric hematology-oncology
and post-HCT patients, andwhether CD is preceded by abnormal
vital sign allowing for intervention.

MATERIALS AND METHODS

Setting
St. Jude Children’s Research Hospital is a 69-bed dedicated
pediatric hematology-oncology hospital with an 8-bed PICU and
4-bed PICU-run intermediate care unit (IMCU) dedicated to this
patient population. At the time of this study, St. Jude did not
utilize a PEWS. On the hematology-oncology and HCT floors,
vital signs are routinely taken by bedside nurses at least every 4 h
in hospitalized patients, andmore frequently in patients receiving
certain therapies or those with signs of deterioration.

Study Design
We conducted a retrospective review of all deterioration events
among hospitalized patients (defined as unplanned PICU/IMCU
admissions or floor cardiopulmonary arrests) between August
2014 and July 2016. Clinical characteristics, interventions, vital
signs, and nursing physical exam documentation in the 48 h
prior to the event, and patient outcomes were extracted from
the electronic medical record. The deterioration event start was
defined as the time of PICU transfer, operating room start time
(emergency procedures resulting in unplanned PICU transfer),
or the time of intubation or CPR initiation on the floor (floor
respiratory or cardiac arrest). PIM2 and PRISM3 were calculated
based on data entered by the institution into the Virtual PICU
Systems database (VPS, LLC; Los Angeles, CA). These were
missing in 6 events due to missing VPS entries. Hospital patient
days were obtained from institutional statistics reports.

Critical deterioration (CD) was defined as an event
requiring life-sustaining interventions (non-invasive or invasive
mechanical ventilation, vasoactive infusions, or CPR) prior
to or within 12 h of PICU admission. Event-free days (ICU-,
vasoactive-, and mechanical ventilation-free days) were defined
as the number of days in the first 28 days after ICU admission
or event start when the patient was alive and without the
intervention. Mechanical ventilation included invasive and
non-invasive (CPAP and BiPAP) ventilation. Mortality was
defined as occurring during the PICU stay.

Evaluating Vital Sign Trends Prior to
Deterioration Event and Calculation of
PEWS-Like-Scores (PEWS-LS)
PEWS-like-scores (PEWS-LS) were calculated using vital
signs data in the 48 h prior to PICU admission (see
Supplemental Figures 1, 2 for the PEWS scoring tool used in
analysis). The PEWS tool and vital sign limits were derived from
those previously published (13, 15, 16), and vital sign limits were
based on age-adjusted ranges for hospitalized children (16). The
PEWS-LS was constructed by summing Cardiovascular (CV),
Neurologic, and Respiratory scores in 15min intervals. The CV
score combined capillary refill and heart rate. The neurological
score was based on level of consciousness. The respiratory score
was based on oxygen use, oxygen saturation, and respiratory
rate. The ranges of documented vital signs extracted from
the medical record are presented in Supplemental Table 1.
Neurologic, CV, and Respiratory sub-scores each had a possible
range of 0–3, with 3 representing the most abnormal score.
The PEWS-LS was a sum of these 3 sub-scores and had a
theoretical range of 0–9. The PEWS-LS did not include all
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components of PEWS (nursing concern and family concern,
physical exam elements not routinely documented with vital
signs, see Supplemental Figure 1 for full PEWS tool), as these
were not routinely documented with the frequency of vital sign
assessments and our primary goal was to systematically evaluate
the abnormality of vital sign changes. Documented values were
carried forward until a change was noted in the medical record
or patient was admitted to the PICU. For patients with <48 h
between hospital admission and PICU transfer, only the available
period of vital signs was used for analysis. When analyzing
time from 1st abnormal PEWS-LS in the 12 h prior to event,
only events with at least 6 h of documented vital sign data were
included in analysis (10 events were excluded).

Statistical Analysis
To control for multiple sampling, the first event per
hospitalization was used for analysis, and events were treated
as independent observations. Continuous and categorical
variables were analyzed using appropriate summary statistics.
Wilcoxon-Mann-Whitney, Pearson’s chi-square, or Fisher’s exact
test were used to compare samples between groups. Trends in
PEWS-LS in the 12 h prior to PICU admission were analyzed
using a generalized estimating equation (GEE) Poisson model
implemented in the GLIMMIX procedure of SAS (empirical
option) with time as a restricted cubic spline with 4 knots (−11.5,
−7.75, −4.25, and −0.5 h), CD as binary variables, and the
two-way interaction. P-values were considered significant if <

0.05, with all p-values being 2-sided. Post-hoc comparisons were
also made at 1 h intervals using a Holm-simulated adjustments
for multiplicity. Analysis was performed using SAS software
version 9.4 for Windows (SAS Institute Inc., Cary, NC).

RESULTS

During the study period, there were 220 deterioration events
(2 floor cardiopulmonary arrests resulting in death prior to
PICU transfer, 6 floor respiratory arrests requiring intubation
and emergent PICU transfer, and 212 unplanned PICU transfers)
among 160 unique patients and 184 unique hospital admissions,
with a range of 1–4 hospital admissions per patient (see
Supplemental Table 2). These occurred during 35,945 inpatient
days (rate of 6.12 deterioration events per 1,000 inpatient
days). Of these deterioration events, 107 (48.6%) met criteria
for critical deterioration (CD), representing a rate of 2.98CD
events per 1,000 inpatient days, over 13 times more common
than cardiopulmonary arrests on the floor (0.22 arrests per
1,000 inpatient days) in this setting. Twenty-nine events (13.2%)
resulted in mortality (n = 2 floor cardiopulmonary arrests
resulting in mortality prior to PICU admission and n = 27
unplanned PICU admissions resulting in mortality prior to PICU
discharge). Characteristics of the 220 deterioration events are
described in Supplemental Table 3.

Hospital admissions were taken as the primary unit of
analysis. To control for multiple sampling, only the first
deterioration event per hospitalization (n = 184) was used
for analysis. Clinical characteristics and mortality of these
deterioration events are described in Table 1. Patients had a

median age of 10.6 years and events occurred a median of 3.3
days into their hospital course, resulting in a median PICU
length-of-stay (LOS) of 3.4 days. Of these 184 deterioration
events, 23 (12.5%) died prior to PICU discharge and 28 (15.2%)
died prior to hospital discharge. Non-survivors were older, more
likely to have a primary diagnosis of hematologic malignancy
or be post allogenic hematopoietic cell transplant (HCT) (see
Supplemental Table 4 for details regarding specific primary
diagnoses). Non-survivors had higher risk of mortality on PICU
admission as measured by PIM2 and PRISM3, had longer ICU
LOS, and were more likely to require ICU-level interventions
(high-flow nasal cannula (HFNC), non-invasive or invasive
mechanical ventilation, vasoactive infusions, dialysis, and CPR)
during their ICU course.

Of the 184 events used for analysis, 92 (50%) met criteria for
CD (Table 2). Patients with CD were older and were more likely
to be admitted to the PICU for cardiovascular issues (heart failure
or shock). Rates of CD did not vary by primary diagnosis or
with history of HCT. CD events had higher severity of illness
(PIM2 and PRISM3) on PICU admission, required more PICU
interventions during their ICU course with fewer ventilator-
and vasoactive-free-days, had longer ICU LOS with fewer ICU-
free-days, and had higher PICU mortality. These results were
consistent across the HCT and non-HCT groups (please see
Supplemental Table 5).

All 184 events had vital sign data available for analysis,
with a similar duration of data in the 48 h prior to PICU
transfer between those with and without CD (Table 3). Out of
a maximum score of 9, the median PEWS-like-score (PEWS-
LS) at time of PICU transfer among deterioration events
was 4 (range 0–7), with higher scores among non-survivors
(Supplemental Table 6) and those with CD (Table 3). The
distribution of PEWS-LS in the 48 h prior to the deterioration
event among those with and without CD is described in Figure 1.
Using available vital sign data in the 48 h prior to the event,
those with CD had PEWS-LS at the time of PICU transfer (p
< 0.001), a higher maximum PEWS-LS in the 48 h prior to
PICU transfer (p = 0.001), and spent a higher proportion of
time with abnormal PEWS-LS prior to PICU transfer regardless
of the PEWS threshold used for analysis (p = 0.008 to 0.023,
Table 3). Using events with at least 6 h of preceding vital sign
data, in the 12 h prior to PICU transfer or intervention, patients
had an abnormal PEWS-LS (≥3) a median of 615min (10.25 h)
prior to their event, and this occurred 90min earlier in those
with CD (652.5min with CD and 562.5 without, p = 0.043);
this difference was more pronounced when higher PEWS-
LS thresholds are used (217.5min difference for PEWS-LS≥4,
397.5min for PEWS-LS≥6, Table 3). Based on a Poisson GEE
model fit using the 12 h prior to the event, both time (p< 0.0001)
and CD (p< 0.0001) were significant predictors of PEWS-LS, but
the two-way interaction was not significant (p = 0.26). For both
events with and without CD, the predicted PEWS-LS increases as
time approaches PICU transfer or intervention (Figure 2). Based
on post-hoc tests at 1 h intervals, predicted PEWS-LS was higher
in events with CD compared to those without CD starting at 4 h
prior to PICU transfer or intervention (Holm-simulated adjusted
p= 0.047).
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TABLE 1 | PICU mortality in hospitalized pediatric hematology-oncology patients with deterioration.

Characteristic Total n = 184 ICU non-survivors n = 23 ICU survivors n = 161 p-value

Sex (M), n (%) 103 (56.0%) 16 (69.6%) 87 (54.0%) 0.161a

Age (years), median (IQR) 10.6 (3.0, 15.4) 13.5 (5.2, 18.7) 9.2 (2.9, 14.8) 0.050b

Primary Diagnosis, n (%) 0.010c

Hematologic malignancy 93 (50.5%) 19 (82.6%) 74 (46.0%)

Solid tumor 71 (38.6%) 3 (13.0%) 68 (42.2%)

Benign hematology 12 (6.5%) 1 (4.3%) 11 (6.8%)

Other 8 (4.3%) 0 8 (5.0%)

Post-HCT, n (%) 0.013c

Autologous 40 (21.7%) 11 (47.8%) 29 (18.0%)

Allogenic 7 (3.8%) 0 7 (4.3%)

No 137 (74.5%) 12 (52.2%) 125 (77.6%)

Days from hospital admission to deterioration event, median (IQR) 3.3 (1.2, 11.3) 4.7 (1.8, 15.4) 3.2 (1.0, 10.6) 0.108b

PICU Admission Category, n (%) 0.121c

Respiratory 85 (46.2%) 16 (69.6%) 69 (42.9%)

Cardiovascular 50 (27.3%) 2 (8.7%) 48 (29.8%)

Neurologic 16 (8.7%) 2 (8.7%) 14 (8.7%)

Fluid/electrolyte 5 (2.7%) 0 5 (3.1%)

Other 28 (15.2%) 3 (13.0%) 25 (15.5%)

Interventions during PICU course, n (%)

HFNC 70 (38%) 14 (60.9%) 56 (34.8%) 0.016a

CPAP or BiPAP 33 (17.9%) 8 (34.8%) 25 (15.5%) 0.038c

Invasive mechanical ventilation 60 (32.6%) 17 (73.9%) 43 (26.7%) <0.001a

Vasoactive infusions 64 (34.8%) 18 (78.3%) 46 (28.6%) <0.001a

Dialysis 17 (9.2%) 10 (43.5%) 7 (4.3%) <0.001c

CPR 9 (4.9%) 7 (30.4%) 2 (1.2%) <0.001c

ICU LOS, median (IQR) 3.4 (1.5, 7.2) 15.5 (3.2, 32.5) 2.9 (1.5, 6.0) 0.004b

Hospital LOS, median (IQR) 17.3 (8.6, 38.0) 25.3 (7.1, 44.8) 17.1 (8.6, 37.4) 0.691b

Total n = 179 ICU non-survivors n = 20 ICU survivors n = 159

PIM2, median (IQR) 3.1 (0.9, 5.2) 5.5 (4.1, 7.9) 1.8 (0.9, 4.8) <0.001b

PRISM 3, median (IQR) 7.0 (3.0, 12.0) 11.5 (8.5, 14.5) 6.0 (3.0, 12.0) 0.002b

BiPAP, Bilevel Positive Airway Pressure; CPAP, Continuous Positive Airway Pressure; CPR, Cardiopulmonary Resuscitation; HCT, Hematopoietic Cell Transplant; HFNC, High Flow

Nasal Cannula; IQR, Inter-Quartile Range; LOS, Length of Stay; PICU, Pediatric Intensive Care Unit; PIM, Pediatric Index of Mortality; PRISM, Pediatric Risk of Mortality; aChi-squared,
bWilcoxon, cFisher Exact.

DISCUSSION

Hospitalized pediatric hematology-oncology and post
hematopoietic cell transplant (HCT) patients have frequent
deterioration requiring PICU transfer or floor intervention
resulting in high mortality (a rate of 6.12 events per 1,000
inpatient days and a PICU mortality of 13.2% in this study).
Despite this frequency of deterioration, cardiopulmonary
arrests in these patients were still uncommon (0.22 per 1,000
inpatient days). Critical deterioration (CD), defined as an event
requiring life-sustaining interventions (non-invasive or invasive
mechanical ventilation, vasoactive infusions, or CPR) prior to or
within 12 h of PICU admission, occurred more frequently, with
a rate of 2.98 events per 1,000 inpatient days, representing twice
the rate in this patient population compared with that reported
in a large multidisciplinary pediatric hospital (1.52 events per
1,000 inpatient days) (9).

In this study, CD was over 13 times more common
than cardiopulmonary arrests on the floor, and associated
with increased mortality, higher ICU LOS, more use of ICU
interventions, fewer event-free days, and higher risk of mortality
(PIM2, PRISM3). Because CD is more common than floor arrests
and associated with poor outcomes and high PICU utilization,
these findings support the use of CD to evaluate emergency
response systems (ERSs) and hospital quality of care in pediatric
hematology-oncology and post-HCT patients. While history of
HCT is a known risk factor for mortality in critical illness and
correlated with PICU mortality in our study, these patients
did not have a higher rate of CD. These findings suggest that
decisions around timing of PICU transfer were likely similar for
pediatric oncology and post-HCT patients in our hospital, and
CD is a reasonable quality measure in both patient populations.

Beyond demonstrating the relationship between CD and poor
outcomes, we sought to explore if CD events are preceded by an
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TABLE 2 | Critical deterioration in hospitalized pediatric hematology-oncology patients.

Characteristic Critical deterioration n = 92 Not critical deterioration n = 92 p-value

Sex (M), n (%) 48 (52.2%) 55 (59.8%) 0.299a

Age (years), median (IQR) 12.5 (4.7, 16.1) 5.2 (2.1, 14.5) 0.002b

Primary diagnosis, n (%) 0.564c

Hematologic malignancy 51 (55.4%) 42 (45.7%)

Solid tumor 32 (34.8%) 39 (42.4%)

Benign hematology 6 (6.5%) 6 (6.5%)

Other 3 (3.3%) 5 (5.4%)

Post-HCT, n (%) 0.709c

Auto 22 (23.9%) 18 (19.6%)

Allo 4 (4.3%) 3 (3.3%)

No 66 (71.7%) 71 (77.2%)

Days from hospital admission to deterioration event, median (IQR) 3.3 (1.1, 14.4) 3.1 (1.3, 9.5) 0.757b

ICU admission category, n (%) <0.001c

Respiratory 41 (44.6%) 44 (47.8%)

Cardiovascular 38 (41.3%) 12 (13.0%)

Neurologic 7 (7.6%) 9 (9.8%)

Fluid/electrolyte 1 (1.1%) 4 (4.3%)

Other 5 (5.4%) 23 (25.0%)

Interventions, n (%)

HFNC 36 (39.1%) 34 (37.0%) 0.761a

CPAP or BiPAP 26 (28.3%) 7 (7.6%) <0.001a

Invasive mechanical ventilation 46 (50.0%) 14 (15.2%) <0.001a

Vasoactive infusions 57 (62.0%) 7 (7.6%) <0.001a

Dialysis 12 (13.0%) 5 (5.4%) 0.075a

CPR 8 (8.7%) 1 (1.1%) 0.035c

ICU LOS, median (IQR) 4.1 (1.8,10.1) 2.6 (1.0,5.5) 0.015b

ICU-free days, median (IQR) 21 (8,25) 24 (18, 26) 0.011b

Hospital LOS, median (IQR) 20.7(10.2,40.9) 14.4(7.8,34.4) 0.119b

Vasoactive-free days, median (IQR) 27(25, 28) 28(28, 28) <0.001b

Ventilator-free days, median (IQR) 25 (12.5, 28) 28(28,28) <0.001b

Mortality, n (%) 16 (17.4%) 7 (7.6%) 0.045a

Critical Deterioration n = 89 Not Critical Deterioration n = 90

PIM2, median (IQR) 4.1(1.2,6.7) 1.1(0.9,4.2) <0.001b

PRISM 3, median (IQR) 9.0(5.0,14.0) 5.0(0.0,10.0) <0.001b

BiPAP, Bilevel Positive Airway Pressure; CPAP, Continuous Positive Airway Pressure; CPR, Cardiopulmonary Resuscitation; HCT, Hematopoietic Cell Transplant; HFNC, High Flow Nasal

Cannula; IQR, Inter-Quartile Range; LOS, Length of Stay; PICU, Pediatric Intensive Care Unit; PIM, Pediatric Index of Mortality; PRISM, Pediatric Risk of Mortality.
aChi-squared, bWilcoxon, cFisher Exact.

actionable period of abnormal vital signs, making them amenable
to prevention by ERS activation. Our analysis of the 48 h prior
to PICU transfer or intervention in these patients demonstrates
that events with CD have significantly longer and more severe
durations of vital sign changes than those without CD. Notably,
patients with CD spent nearly twice the amount of time with
abnormal vital signs than those without CD, regardless of the
PEWS-LS threshold used in analysis. In the 12 h prior to the
event, patients had documented abnormal vital signs over 10 h
prior to the event, with this occurring 1.5 h earlier in those with
CD; this “lead time” increased with the magnitude of vital sign
abnormality (higher PEWS-LS). Similarly, the vital signs were
significantly more abnormal in patients with CD, compared to

those without, 4 h prior to PICU transfer or intervention. These
findings suggest that CD in pediatric hematology-oncology and
post-HCT patients is preceded by a prolonged period of vital
sign abnormalities on the floor, which may not be appropriately
recognized or acted upon by the floor team. While prior
studies have demonstrated an actionable period of abnormal vital
signs prior to acute deterioration events in hospitalized general
pediatrics patients (17), no study has previously examined this
concept in hospitalized pediatric hematology-oncology patients
which differ in their pathophysiology, risk of deterioration,
and mortality from other pediatric populations. Similarly, the
original description of CD in a large multidisciplinary hospital
mentioned pediatric oncology patients but did not describe rates
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TABLE 3 | PEWS-like-score (PEWS-LS) and critical deterioration in hospitalized pediatric hematology-oncology patients.

All events Critical deterioration Not critical deterioration p-value

n = 184 n = 92 n = 92

Hours of available data prior in 48 h prior to event, median (IQR) 46.5 (28.0, 47.6) 46.3 (25.6, 47.5) 46.8 (31.0, 47.8) 0.235a

PEWS-LS at time of PICU transfer, median (IQR) 4 (2, 4) 4 (3, 5) 3 (1, 4) <0.001a

Max PEWS-LS in 48 h prior to PICU transfer, median (IQR) 5 (4, 6) 5.5 (4, 6) 4 (4, 6) 0.001a

Percent of available time intervals in 48 h prior to PICU transfer

with PEWS-LS ≥, median (IQR)

PEWS-LS ≥3 34.6% (9.8%, 72.4%) 47.4% (14.0%, 76.7%) 27.2% (7.9%, 65.0%) 0.023a

PEWS-LS ≥4 10.9% (1.8%, 35.1%) 15.2% (3.2%, 39.8%) 8.9% (0.5%, 31.2%) 0.045a

PEWS-LS ≥5 1.5% (0%, 11.1%) 3.0% (0%, 13.7%) 0% (0%, 9.5%) 0.008a

Events with ≥6h vital sign data Critical deterioration Not critical deterioration p-value

n = 174 n = 84 n = 90

Time (minutes) in 12 h prior to PICU transfer from first abnormal

PEWS-LS, median (IQR)*

PEWS-LS ≥3 615.0 (225.0, 720.0) 652.5 (367.5, 720.0) 562.5 (150.0, 720.0) 0.043a

PEWS-LS ≥4 540.0 (0.0, 720.0) 622.5 (90.0, 720.0) 405.0 (0.0, 720.0) 0.028a

PEWS-LS ≥5 60.0 (0.0, 720.0) 397.5 (0.0, 720.0) 0.0 (0.0, 705.0) 0.007a

*Only events with at least 6 h of vital sign data prior to event start were included in this analysis (10 events excluded due to lack of adequate vital sign data).
aWilcoxon.

IQR, Inter-Quartile Range; PEWS-LS, Pediatric Early Warning System-Like-Score.

or characteristics of CD in this patient population (9). The limited
available data in pediatric oncology patients demonstrates an
impact of PICU transfer delay on mortality (12). It is possible
that the prolonged period of abnormal vital signs prior to PICU
transfer identified in our study represents a delay in identification
and intervention for deterioration, partially contributing to the
poor outcomes observed in these patients.

Previous studies in a large multidisciplinary pediatric hospital
demonstrated that implementation ERS triggered by PEWS
can reduce the frequency of CD (18). Our data suggest that
systems to improve early identification of deterioration and vital
sign changes, including PEWS, may also improve outcomes
in these high-risk patients, despite conflicting evidence on
the impact of PEWS in general pediatric settings with lower
baseline rates of deterioration and mortality (19). Track-and-
trigger systems (TTS) based on frequent assessment for and
identification of abnormal vital signs in hospitalized children,
such as multi-component rule-based systems designed around a
scoring tool including vital signs (like PEWS), or more complex
machine-learning systems based on the electronic medical record
documented vital signs and other clinical data (20–22), may
aid in better identification of patients at risk for deterioration
and support clinical decision making around their disposition,
particularly in this patient population. Such multi-component
systems have consistently been shown to out-perform single-
parameter TTS (20, 23) at identifying patients with deterioration,
and our study suggests these findings hold true in pediatric
hematology-oncology patients. Importantly, such systems must
be associated with a robust response algorithm to assure
identified abnormal vital signs are appropriately assessed and
managed by the medical team. Similarly, routine measurement

of CD in hospitals who manage hospitalized pediatric-oncology
patients, along with the typical monitoring of cardiopulmonary
arrests occurring outside the PICU, may improve assessment of
the effectiveness of rapid response systems for these patients.
This finding is particularly timely, as the development of PEWS
to aid in recognition of critical illness in pediatric cancer
patients outside the PICU was recently identified as the second
most important research priority in pediatric onco-critical care
through a large international expert concensus (24). There
currently exist several PEWS (scoring tools associated with
an escalation algorithm) that have been validated in pediatric
hematology-oncology patients across a range of clinical settings
(13–15), and we hope these findings will encourage the expansion
of their use to support early identification of intervention
for clinical deterioration in this patient population, leading to
improved outcomes.

This study has several limitations. This is a single-center
study in a pediatric hematology-oncology hospital. In the 2 years
of study, we observed only 220 deterioration events. With the
observed mortality of 13.2% we were not adequately powered to
show a relationship between abnormal vital signs and mortality
in our analysis (hence the need for a proxy metric such as
CD). Despite the relatively small sample size, this represents one
of the largest studies of deterioration in hospitalized pediatric
hematology-oncology and post-HCT patients in the published
literature, and our center is uniquely positioned to conduct this
type of analysis in this patient population.

This is a retrospective study and is subject to typical
limitations of this study design. Characteristics of deterioration
events and vital sign data were extracted from documentation
in the clinical chart. Due to criteria for entry into VPS, six
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FIGURE 1 | PEWS-Like-Score (PEWS-LS) in the 48 h prior to deterioration events with and without critical deterioration. PEWS-like-scores (PEWS-LS) were

calculated using documented vital signs data in the 48-h prior to PICU admission or floor intervention using the PEWS tool and vital sign limits derived from those

previously published (13, 15, 16). The PEWS-LS was constructed by summing cardiovascular (CV), Neurologic, and Respiratory scores in 15-min intervals. The CV

score combined capillary refill and heart rate parameters. The neurological score was based on level of consciousness. The respiratory score was based on oxygen

use, use, type, and flow of ventilation, oxygen saturation, and respiratory rate. Neurologic, CV, and Respiratory sub-scores each had a possible range of 0–3, with 3

representing the most abnormal score. The PEWS-like score was a sum of these 3 sub-scores and had a theoretical range of 0–9. Documented values were carried

forward until a change was noted in the medical record or patient was admitted to the PICU. For patients with <48 h between hospital admission and PICU transfer,

only the available period of vital signs was used for analysis.

events had no PIM2 or PRISM3 for analysis and 10 events
had <6 h of preceding vital sign data. This, however, represents
a small minority of documented events. Similarly, PEWS-LS
were calculated based on vital sign and physical exam data
documented by the bedside nurse during routine assessment; due
to close proximity from hospital admission to PICU transfer,
not all patients had 48 h of data available for analysis. To
account for intermittent vital sign documentation, we carried

forward documented data until a new observation was recorded.
It is possible that this method missed more frequent vital
sign changes than that which was documented by the beside
nurse in the electronic medical record. However, as these
patients were actively deteriorating during this time period,
vital signs were likely worsening, rather than improving, and
this method likely underestimated the true duration of vital
sign abnormalities, making these results a conservative estimate
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FIGURE 2 | The predicted PEWS-Like-Score (PEWS-LS) over time prior to deterioration event in hospitalized pediatric hematology-oncology patients. Trends in

PEWS-LS prior to PICU admission were analyzed using a generalized estimating equation (GEE) Poisson model implemented in the GLIMMIX procedure of SAS

(empirical option) with time as a restricted cubic spline with 4 knots (−11.5, −7.75, −4.25, and −0.5 h), CD as binary variables, and the two-way interaction of time

and CD as predictors. Both time (p < 0.001) and CD (p < 0.001) were significant predictors of PEWS-LS, but the two-way interaction was not significant (p = 0.26).

At time of PICU transfer or intervention, the predicted mean PEWS-LS was 2.95 (95% CI 2.63, 3.31) for events without CD, and 3.81 (3.53, 4.11) for events with CD.

Thus, the predicted PEWS-LS was 0.86 points higher in events with CD at the start of the event, p = 0.0003.

of the true extent of abnormalities prior to PICU transfer or
floor intervention.

The PEWS-LS was calculated using cardiovascular,
respiratory, and neurologic vital signs, and physical exam
findings. Some PEWS scoring tools validated in pediatric
hematology-oncology patients use the added criteria of
“nursing concern” and “family concern” to augment the
objective components of the scoring tool (13, 15). Adding
these components to the calculated PEWS-LS was not
possible due to the retrospective nature of this study.
Despite this limitation, however, the PEWS-LS was able
to differentiate between events with and without CD, and
higher PEWS-LS on PICU admission were associated with
higher mortality, suggesting this approach was valid despite
this limitation.

Finally, we can only speculate that the long duration of
abnormal vital signs prior to CD suggests these events are
potentially preventable through earlier intervention. However,
there is an abundance of evidence that delays in ICU
transfer for patients with clinical changes increases mortality
(1–4, 12), and it is reasonable to hypothesize that earlier
identification, intervention, and PICU transfer would in turn
improve outcomes. This conclusion would need testing through
prospective studies evaluating the implementation of PEWS
or other systems to guide ERS activation in this high-risk
patient population.

CONCLUSION

Hospitalized pediatric hematology-oncology and post-HCT
patients have frequent deterioration resulting in a high mortality.
Critical deterioration in these patients is over 13 times more
common than floor cardiopulmonary arrests and is associated
with higher mortality and fewer event-free days, making it a
useful metric for evaluating the quality of inpatient care and
performance of emergency response systems. A protracted period
of unrecognized abnormal vital signs on the floor prior to
PICU transfer or floor intervention in these patients may be
contributing to high rates of CD and high mortality. Systems for
early identification of vital sign changes may improve hospital
outcomes in these high-risk patients.
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Chimeric antigen receptor (CAR) therapies such as tisagenlecleucel, indicated for

children and young adults with relapsed and/or refractory CD19+ acute lymphoblastic

leukemia (ALL), have been associated with striking treatment outcomes and overall

survival. Yet, they are also associated with unique and potentially life-threatening

complications. Cytokine release syndrome (CRS) and immune effector cell-associated

neurotoxicity (ICANS) are generally reversible complications of CAR therapies, but

many patients may require critical care support especially if they are not promptly

recognized and appropriately managed by frontline healthcare staff. As CAR therapies

become more widely available, it is important that inter-professional staff members be

aware of general principles regarding diagnosis and management. We hypothesized

that an inter-professional education (IPE) simulation-based education intervention

(CAR-TEAM) would improve knowledge base and confidence regarding complications

of CAR therapies among inter-professional staff. Here, we demonstrate that following

CAR-TEAM training, >90% of participants demonstrated knowledge proficiency and

confidence in the IPE content area. CAR-TEAM training may serve as an important tool

to establish initial and continued competency among sites introducing CAR therapies.

Keywords: inter-professional, education, simulation-based, cytokine release syndrome (CRS), immune effector

cell-associated neurotoxicity (ICANS)
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INTRODUCTION

Cancer immunotherapies have been associated with remarkable
response rates but are also associated with unique and potentially
severe toxicities, which can lead to rapid and life-threatening
cardiorespiratory and/or neurological clinical deterioration. In
2017, an autologous chimeric antigen receptor (CAR) T cell
therapy (tisagenlecleucel) indicated for children and young adults
with relapsed and/or refractory CD19+ acute lymphoblastic
leukemia (ALL) became the first gene therapy to be approved
in the USA (1). CAR T cell therapies are generated through
genetic modification of the patient’s own (autologous) T cells
or those of an allogeneic donor. The isolated cells are activated
and genetically modified via viral transduction or non-viral gene
transfer, to express an engineered chimeric cell-surface receptor
comprising an extracellular antigen-recognition domain; this
is usually an antibody single-chain variable fragment (scFv),
linked to at least one intracellular signaling domain—usually the
CD3ζ chain of the T cell receptor plus one or more domains
derived from co-stimulatory receptors, such as CD28 or 4-1BB
ligand receptor (4-1BB; also known as TNFRSF9) (2, 3). The
extracellular portion of the CAR enables recognition of a specific
antigen (such as CD19), and the signaling domains stimulate
T cell proliferation, cytolysis, and cytokine secretion to enable
elimination of the target (4–6).

Tisagenlecleucel has been associated with ∼76% overall
survival at 12 months among patients with relapsed/refractory
disease who previously had no curative options (7). Yet,
unique toxicities such as cytokine release syndrome (CRS)
and immune effector cell-associated neurotoxicity (ICANS)
are potentially life-threatening complications of this therapy.
The pathophysiological mechanisms of both CRS and ICANS
remain poorly understood (8). CRS typically presents as a
systemic inflammatory response associated with CAR cell
proliferation, involving immune response-modulating proteins
and cytokines, characterized by fever, hypoxia, tachycardia,
hypotension, and multi-organ dysfunction (FDA)1 (9). ICANS
can occur concurrently with CRS, following its resolution, or
without associated CRS and is characterized by encephalopathy,
delirium, seizures, and, at times, cerebral edema. Some patients

who receive tisagenlecleucel may require intensive monitoring
and critical care support, predominantly owing to these toxicities,
especially if they are not promptly recognized and appropriately
managed by frontline healthcare staff (6, 10).

We have previously collaborated with the Hematopoietic Cell
Transplantation-Cancer Immunotherapy (HCT-CI) Subgroup of
the Pediatric Acute Lung Injury and Sepsis Investigators (PALISI)
Network and the Pediatric Transplantation and Cellular Therapy
Consortium (PTCTC) to develop guidelines for the grading and
management of CRS and ICANS in pediatric patients (6), and
key components were subsequently adopted by the American
Society of Transplantation and Cellular Therapies (ASTCT) in
their proposed consensus grading system (8).

1FDA Briefing Document: Oncologic Drugs Advisory Committee meeting; BLA

125646 Tisagenlecleucel. Available online at: https://www.fda.gov/media/106081/

download (accessed 2020).

As CAR therapies expand from select medical centers and
becomemore widely available, it is essential that treating facilities
and their local partners (whomay, for example, see unanticipated
patients in their local emergency rooms) have adequate
clinical infrastructure in place. Inter-disciplinary staff should
be appropriately trained to promptly recognize and manage
complications of CAR therapies. While specific management
algorithms may vary based on institutional preference, CAR
product, and/or patient population, there are overall guiding
principles that may be considered, as shown in Table 1 (6, 8).
In 2019, we collaborated with the Association for Pediatric
Hematology Oncology Nursing (APHON) and PALISI-HCT-CI
to develop an inter-professional education (IPE) didactic and
simulation (SIM) training intervention. We hypothesized that
our interdisciplinary training intervention (CAR-TEAM) would
improve knowledge base and confidence regarding complications
of CAR therapies among interdisciplinary staff. We aimed for
>90% of participants to demonstrate knowledge proficiency and
confidence in the IPE content area. If successful, this could
serve as an important tool to establish competency among sites
introducing CAR therapies.

METHODS

This retrospective study was approved by the institutional review
board at the University of Texas at MD Anderson Cancer
Center. We developed an IPE module in collaboration with
content experts (faculty physicians, clinical fellows, pharmacists,
and nursing from cellular therapy, and critical care units)
from the MD Anderson CARTOX Program, APHON and
PALISI, to address evidence-based management for CAR
therapy-related toxicities in pediatric patients. We aimed
to increase awareness of the risk factors for and improve
recognition of CRS and ICANS and foster confidence in
general management strategies for these complications. We
hypothesized that as centers introduce CAR therapies at their
centers and on-board new staff, simulation training may create
a safe environment to learn and promote team confidence. If
successful, teams could consider similar training exercises at their
home centers.

The module included a pre-intervention knowledge and
confidence assessment and didactic session followed by
an IPE simulation exercise. The didactic lecture included
information on indications for CAR therapy in pediatrics,
clinical candidate selection, an overview of product collection
and manufacture, infusion reactions and post-CART
complications (including ASTCT grading and the Cornell
Assessment of Pediatric Delirium—CAPD tool), along with
general management principles (8, 11). Participants were also
educated on the use of the SBAR (situation, background,
assessment, and recommendation) communication tool
to help facilitate improved communication and hand
over quality between team members (12). Emphasis was
placed on team dynamics and communication as well as
appropriate escalation of care. Post-intervention knowledge
and confidence assessments were performed immediately
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TABLE 1 | ASTCT CRS and ICANS Consensus Grading and General Management Principles (8).

ASTCT CRS consensus grading General management

CRS parameter Grade 1 Grade 2 Grade 3 Grade 4

Fever Yes Yes Yes Yes Supportive care with

antipyretics,

broad-spectrum

antibiotics if

neutropenic, hydration,

seizure prophylaxis, IL-6

antagonists for fever

lasting greater than 3

days

With

Hypotension No Requiring IV fluids but

not requiring

vasopressors

Requiring one

vasopressor with or

without vasopressin

Requiring multiple

vasopressors (excluding

vasopressin)

Fluid boluses, IV

hydration, IL-6

antagonists,

corticosteroids,

vasopressors depending

on grade

And/Or

Hypoxia No Requiring low-flow O2

via nasal cannula3 or

blow-by

Requiring O2 via

high-flow nasal cannula,

facemask,

non-rebreather mask, or

Venturi mask

Requiring O2 via positive

pressure (e.g., CPAP,

BiPAP, and mechanical

ventilation)

Supplemental oxygen,

respiratory support, IL-6

antagonists,

corticosteroids

depending on grade

ICANS Grade 1 Grade 2 Grade 3 Grade 4 Management

Neurotoxicity

Domain

ICE score for children

age ≥12 years: 7–9

CAPD score for children

<12 years: 1–8

Encephalopathy and/or

depressed level of

consciousness

ICE score for children

age ≥12 years: 3–6

CAPD score for children

<12 years: 1–8

Encephalopathy and/or

depressed level of

consciousness

ICE score for children

age ≥12 years: 0–2

CAPD score for children

<12 years: ≥9

Encephalopathy and/or

depressed level of

consciousness

Seizure

Focal cerebral edema

Encephalopathy and/or

depressed level of

consciousness

Seizure

Motor weakness

Diffuse cerebral edema

or raised intracranial

pressure

Supportive care with IV

hydration, switch to IV

medications and

nutrition to prevent

aspiration, avoidance of

central nervous system

depressants.

Use of anti-epileptics for

seizure management,

IL-6 antagonists, and

corticosteroids if ICANS

is associated with CRS

after and at 90 days. Our primary objective was to determine
whether >90% of participants (i) either “agreed” or “strongly
agreed” that they felt confident in specified CAR therapy
diagnosis and management areas and (ii) demonstrated
knowledge proficiency as determined by accurate responses to
written questions.

MD Anderson’s CARTOX Program provides oversight
for the care for the hospital’s CAR therapy patients and
is the first stand-alone immune effector cellular therapy
program to earn accreditation from the Foundation
for the Accreditation of Cellular Therapy (FACT). The
PALISI Network is a national organization devoted to
identifying therapeutic and preventative strategies for
acute respiratory distress syndrome, sepsis, multi-organ
failure, and other acute life-threatening pulmonary or
systemic inflammatory syndromes that affect infants and
children through multi-center research. The Association
of Pediatric Hematology/Oncology Nurses (APHON) is a

professional organization for pediatric hematology/oncology
nurses and other pediatric hematology/oncology healthcare
professionals dedicated to promoting optimal nursing care
for children, adolescents, and young adults with cancer and
blood disorders.

IPE Module: Pre- and post-intervention confidence
assessments were developed and reviewed by three content
and/or education experts for content validity. A subject content
expert led a didactic lecture on CRS and ICANS with course
content reviewed and approved by the IPE committee. Inter-
professional learners were then selected in small groups of
5–6 people to participate in a simulated exercise of a pediatric
patient receiving CAR therapy who progressed through the
various grades (per ASTCT criteria) of CRS and ICANS.
These grades were separated into three phases of the simulated
exercise. The goals of phase I and II were to recognize and
effectively manage grades 1 and 2 CRS and grades 3 and 4 CRS,
respectively. Phase 3 was aimed at recognition and management

Frontiers in Oncology | www.frontiersin.org 3 August 2020 | Volume 10 | Article 122724

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Harden et al. CAR-TEAM IPE Intervention

of ICANS. A patient caregiver, vital signs monitor, emergency
equipment, medication dosing sheet, and a telephone to place
a consult/escalate care were also provided. Participants were
encouraged to approach the simulation from the perspective of
their respective field (cellular therapy vs. critical care, physician,
nurse etc.), but above all, to focus on teamwork and optimal
communication. At the end of each phase, participants were
asked to give a hand-off sheet summarizing the patient’s clinical
background, current clinical status, and, when appropriate,
requirements for escalation of care. An objective checklist
was used during each phase to ensure that key goals were
achieved including the recognition and accurate grading of
CRS and/or ICANS, appropriate general management based on
CRS and/or ICANS grade, escalation of care when necessary,
and use of effective and closed loop communication among
team members as detailed in Table 2. All participants were
then debriefed by a panel of experts from education, cellular
therapy, critical care, renal, pharmacy, and nursing to identify
further learning opportunities at the end of each phase. A
post-IPE and simulation survey was distributed to assess
participants’ confidence of their knowledge base as well as
assess general competency. Questions probed the participant’s
ability to appropriately identify risk factors and signs and
symptoms of CRS and ICANS; general management principles
were also assessed. Participants were encouraged to learn their
institution-specific management algorithms as these may vary
based on center.

Statistical Analysis: Descriptive statistics was
used to summarize participants’ demographics and
baseline characteristics.

RESULTS

As shown in Table 3, participants (n = 70) represented diverse
centers and disciplines from across the United States, including
oncology, hematology, and critical care.

Inter-professional Confidence Assessment
As shown in Figure 1A, pre- and post-IPE assessments indicate
significant improvement in the confidence of the 47 participants
(66% survey response rate) who responded to the post-
assessment survey regarding (i) knowledge of risk factors for
CRS and/or ICANS, (ii) recognition of initial signs/symptoms
of CRS and/or ICANS, (iii) ability to conduct initial work-up
of CRS and/or ICANS, and (iv) effective management of CRS
and/or ICANS. In all areas assessed, >90% of the 47 respondents
expressed confidence post-IPE intervention.

Inter-professional Knowledge Assessment
Figure 1B shows significant improvements in knowledge
assessments pre- and post-IPE intervention. Specifically, post
SIM >90% of the 47 participants who responded to the survey
demonstrated knowledge proficiency regarding (i) indications
for admission to the intensive care unit, (ii) diagnosis of CRS by

TABLE 2 | Outline of simulation scenarios.

Objective assessment of expected interventions

Phase I: recognition and management of CRS grades 1 and 2

• Initial clinician recognized early signs of CRS

• Patient’s change in clinical status appropriately communicated to team members and care escalated

• Provider recognized and appropriately graded CRS based on clinical scenario

• Appropriate implementation of management guidelines for CRS grades 1 and 2

PAUSE SIMULATION AND DEBRIEF

Phase II: recognition and management of CRS grades 3 and 4

• Recognition of progression of CRS to grades 3 and 4

• Patient’s change in clinical status appropriately communicated to team members and care escalated

• Appropriate clinical assessment performed by team

• Appropriate implementation of management guidelines CRS grades 3 and 4 including consideration of appropriate laboratory and imaging tests, initiation of vasopressors

for hypotension unresponsive to fluid boluses, use of supplemental oxygen, steroids, and IL-6 antagonist if not administered previously

• Escalation of care and involvement of the pediatric intensive care team

• Utilization of the communication tool such as SBAR and closed-loop communication to improve team function and allow effective transfer of patient care

PAUSE SIMULATION AND DEBRIEF

Phase III: recognition and management of ICANS

• Changes in patient’s mood/behavior recognized as an early sign of ICANS

• Patient findings appropriately communicated to team members and care escalated

• Appropriate clinical assessment performed by team including CAPD assessment and neurological examination

• Progression of ICANS recognized throughout scenario as patient’s clinical status progressively declines

• Appropriate implementation of management guidelines for ICANS including consideration of appropriate laboratory and imaging tests and seizure management

• Consideration of relevant consultation with other specialties as needed with effective communication through the utilization of the SBAR communication tool

PAUSE SIMULATION AND DEBRIEF

• CRS: Cytokine release syndrome

• SBAR: Situation, background, assessment, and recommendation

• ICANS: Immune effector cell-associated neurotoxicity
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TABLE 3 | Characteristics of CAR-TEAM participants.

Characteristic Participants

n = 70 (%)

Profession Staff nurse 29 (41.4%)

Nurse practitioner 5 (7.1%)

Educator 3 (4.3%)

Nurse manager 3 (4.3%)

Clinical nurse specialist 3 (4.3%)

Clinical nurse

coordinator

2 (2.9%)

Physician assistant 4 (5.7%)

Fellow 10 (14.3%)

Physician 10 (14.3%)

Pharmacist 1 (1.4%)

Areas of specialty Academics 1 (1.4%)

Administration/management 1 (1.4%)

Ambulatory 1 (1.4%)

Biotherapy 2 (2.9%)

Critical care 12 (17.1%)

Hematology 16 (22.9%)

Leukemia/lymphoma 10 (14.3%)

Oncology 25 (35.7%)

Neuro-oncology 4 (5.7%)

Pain management 2 (2.9%)

Sickle cell 5 (7.1%)

Solid tumors 7 (10.0%)

Staff education 5 (7.1%)

Surgical oncology 5 (7.1%)

Symptom management 2 (2.9%)

Unknown 25 (35.6%)

Practice settings Hospital (Inpatient) 40 (57.1%)

Hospital (Outpatient) 6 (8.6%)

School of nursing 1 (1.4%)

Unknown 23 (32.9%)

Average number of patients

seen in your clinical practice

per week

0–20 35 (50%)

20–40 7 (10%)

40–60 2 (2.9%)

>60 1 (1.4%)

Unknown 25 (35.7%)

No. of years of experience <5 7 (10.0%)

5–10 20 (28.6%)

11–20 11 (15.7)

>20 7 (10.0%)

Unknown 25 (35.7%)

ASTCT criteria, (iii) management of CRS, and (iv) management
of ICANS.

Immediate Overall Post-IPE Evaluation
Immediately following completion of the IPE intervention,
participants were surveyed regarding their overall perceptions.
Of the 47 respondents, all 47 respondents “agreed” or

“strongly agreed” that they felt more confident in (i) their
patient management, (ii) their knowledge base, and (iii)
their clinical performance following the IPE intervention
(Figure 1C).

90-Day Overall Post-IPE Evaluation
To assess durability of the IPE intervention, voluntary surveys
were sent to participants by APHON, 90 days after the IPE
intervention. The APHON survey consisted of three questions
sent via electronic mail. There was a 34% response rate (n =

24). Of the 24 respondents, all respondents agreed that the
IPE intervention had increased their knowledge (Figure 1C).
When asked if they felt that their clinical practice had
improved as a result of the IPE intervention, 22 of the 24
respondents of survey participants agreed. Further, 22 survey
respondents agreed that that they were able to apply new
and relevant information to their practice as a result of the
IPE intervention. Overall, participants felt that the workshop
helped improve clinical practice, increased knowledge, and
improved the ability to apply the acquired knowledge to
clinical practice.

DISCUSSION

As health institutions increasingly provide access to CAR
therapies, adequate strategic and operational planning and
preparation are needed to ensure the safe delivery of such
treatments (6). CRS and ICANS are the most common toxicities
with CAR therapies occurring in 60–94 and 70–80% of patients,
respectively. While both syndromes are reversible, they can
be severe and life-threatening if left untreated. Prompt and
appropriate intervention is key (13). Immune effector cell (IEC)
center accreditation by the FACT is a voluntary means of
ensuring adherence to quality standards; it requires, among
other components, initial education and ongoing competency
training for inter-professional staff directly involved in the care
of CAR therapy patients. This includes but is not limited to
cellular therapy, critical care, triage and neurology, physicians,
trainees, nurses, pharmacists, advance practice providers and
medical assistants, and research and data personnel (6, 14).
Additionally, emergency medical services, community hospitals,
and local urgent care facilities may require high vigilance
to recognize and promptly escalate care in the event that a
patient treated with CAR therapy presents to their facility in an
emergency (6).

IPE cultivates collaborative practice to provide patient-
centered healthcare (15, 16). IPE programs are increasingly
recognized as an important tool to reduce medical errors and
improve communication (17, 18). Simulation-based training
is a safe and effective means of educating inter-professional
care providers (from novice to experienced levels) in various
clinical settings, from surgical to critical care management in
technical abilities and/or effective and practical non-technical
skills such as problem-solving (19, 20). High-fidelity mannequin-
based simulations provide training for smaller groups and there
is evidence that technology-enhanced simulation can provide
comparable results and may be useful for a larger number of
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FIGURE 1 | Confidence and knowledge assessments of participants pre and

immediately post-CAR-TEAM Training: significant improvements were seen in

both confidence (A) and knowledge base (B) following CAR-TEAM training.

(C) Overall evaluation of participants immediately post-CAR-TEAM training and

90 day post- post-CAR-TEAM training.

trainees (21). Simulation-based training modules (SIM), such as
those established by the American Heart and Lung Association
for life support training, afford providers the opportunity to
safely manage these challenging complications by providing
lifelike clinical education opportunities (21–23). SIM training
can provide real-time clinical education and subsequently bolster
provider confidence without risking patient well-being (23).
Most importantly, SIMs also allow for the practice of inter-
professional provider communication and foster a sense of
teamwork in a safe setting (24, 25). Further, computer-based
virtual reality simulators may be accessible either on-site at
an institution or via personal devices that can be accessed at
a participant’s leisure. This type of simulation education has
been used successfully for years in adult, pediatric, and neonatal
resuscitation courses (21).

Our IPE intervention facilitated critical care and cellular
therapy providers from across the United States to learn
jointly, which they may not otherwise have had the
ability to do, as they likely attend more discipline-specific
meetings. Positive overall confidence self-assessments
suggest that the IPE intervention was not limited by
fear of training in an inter-professional setting and/or
in the presence of learners at different experience levels.
Knowledge proficiency assessments suggest that the IPE
intervention was effective in training learners regarding CAR
therapy management.

Our study may have been limited by the survey response rates.
The immediate post-assessments were completed electronically
and required participants to use their smartphones. Not all
participants were able to successfully access this survey system.
Further, responder bias could have influenced our conclusions,
in particular with our long-term follow-up surveys. As survey
responses may sometimes be skewed by those who had strongly
positive and/or negative perceptions, we find it encouraging
that we did not receive any overwhelmingly negative responses.
We expect the real-world value of our IPE to be at least
satisfactory for consideration at individual centers. We did
not intend to assess whether our IPE resulted in improved
patient outcomes, but this can be assessed at individual
centers in prospective studies. To increase survey responses in
the future, the use of electronic tablets for those unable to
access the survey on their smartphone at the education site,
follow-up reminders to complete surveys via email, telephone
surveys, or incentives may have improved the response rate
if utilized.

Our institution has established integrated simulation
training for CAR therapy toxicity recognition and management
into a pediatric foundational orientation for all newly hired
employees involved in the care of patients receiving IEC
therapy. This simulation training is also being expanded
to the adult patient care departments. We are currently
exploring development of an internet-based simulation
training that will augment our live module and facilitate
larger-scale outreach.
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Pulmonary complications are common following hematopoietic cell transplantation (HCT)

and contribute significantly to its morbidity and mortality. Diffuse alveolar hemorrhage is

a devastating non-infectious complication that occurs in up to 5% of patients post-HCT.

Historically, it carries a high mortality burden of 60–100%. The etiology remains ill-defined

but is thought to be due to lung injury from conditioning regimens, total body irradiation,

occult infections, and other comorbidities such as graft vs. host disease, thrombotic

microangiopathy, and subsequent cytokine release and inflammation. Clinically, patients

present with hypoxemia, dyspnea, and diffuse opacities consistent with an alveolar

disease process on chest radiography. Diagnosis is most commonly confirmed with

bronchoscopy findings of progressively bloodier bronchoalveolar lavage or the presence

of hemosiderin-laden macrophages on microscopy. Treatment with glucocorticoids is

common though dosing and duration of therapy remains variable. Other agents, such

as aminocaproic acid, tranexamic acid, and activated recombinant factor VIIa have also

been tried with mixed results. We present a review of diffuse alveolar hemorrhage with a

focus on its pathogenesis and treatment options.

Keywords: diffuse alveolar hemorrhage, hematopoietic cell transplant (HCT) complications, pediatric oncology,

glucocorticoids, thrombotic microangiopathy, graft vs. host disease, pulmonary hemorrhage, extracorporeal

membrane oxygenation (ECMO)

INTRODUCTION

Hematopoietic cell transplant (HCT) is increasingly used as a treatment for various malignant
and non-malignant disease processes. Post-transplant, pulmonary complications are common,
occurring in up to 40–60% of transplant recipients, and contribute to significant morbidity and
mortality (1). Diffuse alveolar hemorrhage (DAH) is a clinical syndrome characterized by dyspnea,
pulmonary infiltrates on chest radiography, and progressively bloodier bronchoalveolar lavage on
bronchoscopy (2). DAH was first described by Robbins et al. in adults following autologous HCT
for various oncologic processes (3, 4). Since then, there have been several case series examining
DAH in patients who have received autologous and allogeneic HCT for both malignant and non-
malignant diseases (4, 5). The incidence of DAH is typically reported between 2.5 and 5% of
patients undergoing allogeneic HCT (4–7); however, incidence has been reported to occur in up
to 40% of HCT recipients in some series (1). DAH historically yielded a high overall mortality rate
between 64 and 100%, most commonly due to respiratory failure, multiorgan failure, and sepsis
(2, 4, 6, 8, 9). While more recent case series describing the use of newer treatment agents, such
as activated human recombinant factor VII, have reported improved mortality rates below 50%,
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(10–13), there remains a great need for improved understanding
of this disease process in order to develop precision
treatment modalities.

PATHOPHYSIOLOGY

Alveolar hemorrhage results from damage of the pulmonary
microcirculation, loss of integrity in the alveolar-capillary
basement membrane, and accumulation of red blood cells in
the alveolar space (14). It presents with a spectrum of histologic
findings, including pulmonary capillaritis, bland pulmonary
hemorrhage, and diffuse alveolar damage (DAD) (14). Of these,
pulmonary capillaritis is themost commonly described histologic
subtype overall and is frequently seen in the setting of systemic
vasculitis or connective tissue disorders (14). However, there is
significant overlap of DAD and DAH on post-mortem exam in
HCT patients, suggesting that not only is DAD themost common
histologic subtype of DAH in this patient population, but that
DAD likely contributes to the development and progression of
DAH (14–16).

The exact pathogenesis of DAH in the post-HCT population
has not been well-understood but is thought to result from a
direct insult to the lungs followed by significant inflammation
and cytokine release leading to damage of the alveolar capillaries
(2, 8, 14) (Figure 1).

Direct injury to the lung results from underlying systemic
diseases such as occult infections, graft vs. host disease (GVHD),
thrombotic microangiopathy, and the use of conditioning
regimens including high-dose chemotherapy agents, thoracic
irradiation, and total body irradiation (2, 7, 8, 17). The alveolar-
capillary complex is especially sensitive to damage resulting from
thoracic and total body irradiation, which causes injury through
generation of reactive oxygen and nitrogen species that results in
damage to the alveolar epithelium, loss of endothelial integrity
of the pulmonary capillaries leading to loss of barrier function,
and reduction of lung perfusion promoting the development of
hypoxia (18, 19).

Diffuse alveolar damage is a common finding in both DAH
and idiopathic pneumonia syndrome (IPS), suggesting that
DAH could possibly be a distinct subset of IPS which involves
alveolar injury resulting from exposure to intensive conditioning
regimens, radiation therapy, and occult infections (2, 20). While
IPS and DAH share many similar clinical features, DAH is
distinguished from IPS in that it maintains a pro-inflammatory
cytokine environment with very little fibrotic effect (2). On
the other hand in IPS, as leukocyte activation progresses, there
is dysregulated wound healing and a shift in the cytokine
environment to one that promotes pulmonary fibrosis (21). This
was demonstrated by a small study conducted by Vusse et al.
in which the authors showed that patients with DAH in the
context of IPS had different cytokine concentrations on BAL
when compared to that of patients with IPS but no DAH.
However, there was no significant differences in serum cytokine
concentrations between the two groups suggesting that there is a
local pathobiological process (22). While the evidence is limited,
this study suggests that intrapulmonary cytokine levels may be

a helpful biomarker in diagnosis and development of precise
immunomodulatory therapies for DAH.

Exposure to these factors leads to activation of the
endothelium in the pulmonary microvasculature and release
of various inflammatory mediators. Dysregulated production
of cytokines including both Th1 (IFN-γ, IL-2) and Th2 (IL-
9, IL-10, IL-15) cytokines as well as an increase in IL-6,
IFN-γ-inducible protein 10 and TNF-α (23). Lymphocytic and
neutrophilic infiltration into the lungs from cytokine action
and engraftment/bone marrow recovery, respectively, further
potentiates pulmonary tissue damage (3, 21, 24). Neutrophils and
neutrophilic products can be found in the lower respiratory tract
even in the setting of peripheral neutropenia (24). Damage to the
alveolar-capillary complex allows for leakages of red blood cells
into the alveolar space and further potentiates the inflammatory
response. (2, 8, 25). In the setting of acute GVHD, alloreactivity
of the donor cytotoxic T-cells contribute to endothelial damage
in the lungs (17, 25). In human and murine models, there is
an increase in neutrophils and microthrombi in the alveolar
capillaries, and alterations in the type 2 pneumocytes are also
seen (26).

Aside from the direct pulmonary effects, the release of
cytokines such as TNF-α can lead to myocardial depression
(27). The inevitable transfusion of blood products to correct
coagulopathy/thrombocytopenia in the peri-HCT period can
result in transfusion-related circulatory overload (TACO) (28).
The combination of fluid overload and depressed myocardial
function worsen leakage of blood and fluid through the already
damaged alveolar capillary endothelium (29).

RISK FACTORS

Prior to its description as a complication following HSCT,
alveolar hemorrhage was described in various systemic disease
processes associated with direct injury or secondary to indirect
inflammatory damage to the pulmonary vasculature. Among
these were systemic vasculitides, collagen vascular diseases,
mitral valve disease, infections, and medications such as
penicillamine, abciximab, nitrofurantoin, propylthiouracil, and
amiodarone (2, 8, 30). Since then, several factors have been
implicated in the development of DAH post-HCT. Initial
reports of DAH were described in patients > 40 years old
who underwent autologous HCT for an underlying solid
malignancy. The onset of symptoms was at time the time of
engraftment and associated with fever and severe mucositis (3).
Intensive pre-transplant conditioning with total body irradiation
or thoracic radiation, severe graft-vs.-host disease (GVHD),
second transplant, dimethyl sulfoxide used as a cryopreservative,
and acquisition of neutrophil, T cell, and B cell immunologic
deficits secondary to the underlying disease process or primary
treatment have subsequently been identified as risk factors for
the development of alveolar hemorrhage (7, 16, 17, 20, 31–33).
Additionally, the use of certainmedications such as sirolimus and
defibrotide to treat GVHD and sinusoid obstruction syndrome,
respectively, have also been associated with the development
of pulmonary/diffuse alveolar hemorrhage post-HCT (34, 35).
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FIGURE 1 | Pathogenesis cycle of DAH. (A) The initial injury to the lung alveoli is caused by condition regimens or other disease processes such as infection, TMA, or

GVHD leading to (B) influx of inflammatory cells and molecules into the alveoli and (C) a dysregulated pattern of cytokine release. This response leads to (D) damage

of the capillary endothelium, which can be worsened by supportive therapies, such as TRALI and TACO. Disruption of the capillary endothelium, and thus the

alveolar-capillary complex, furthers lung injury and leads back into a vicious cycle. GVHD, graft vs. host disease; TMA, thrombotic microangiopathy; Th1, type 1 helper

T-cell; Th2, type 2 helper T-cell; IFN-γ, interferon-gamma; IL, interleukin; TNF-α, tumor necrosis factor-alpha; CTL, cytotoxic T-lymphocyte; ROS, reactive oxygen

species; RNS, reactive nitrogen species; NISHOT, non-infectious serious hazards of transfusions; TRALI, transfusion-related acute lung injury; TACO,

transfusion-associated circulatory overload.

The overall incidence of DAH is similar between autologous
and allogeneic HCT (2) with reported incidence of 0.9–21%
and 2.3–12.2% following autologous (3, 6, 36) and allogeneic
(4–6, 32, 33, 37) transplantation, respectively. Use of umbilical
cord blood graft was associated with a higher incidence of DAH
compared to use of peripheral blood or bone marrow grafts
(32, 37). In patients transplanted with peripheral blood or bone
marrow grafts, delayed neutrophil engraftment and graft failure
were identified as risk factors for development of DAH (32).

Renal insufficiency is associated with the development of
DAH. The association was thought to be secondary to uremia-
induced platelet dysfunction or fluid overload (3). However,
as more is understood about transplant associated thrombotic
microangiopathy (TMA), it is thought TMA is more likely the
link between DAH and renal failure.

In pediatrics, there is a trend toward increased DAH in
patients who received allogeneic HCT for non-malignant diseases
rather than malignancies (4). In these patients, age< 1 year, early
WBC recovery and fever are associated with the development of
DAH (4, 37). The role of thrombocytopenia in the development

of DAH is unclear. Most patients are thrombocytopenic at
the onset of DAH and prolonged thrombocytopenia may be
associated with development of DAH (4, 5, 32). However,
neither the platelet nadir nor platelet transfusions appears to
affect disease outcome (3, 4, 17, 38). As thrombocytopenia is a
component of thrombotic microangiopathy (TMA), which can
lead to DAH, it could be the link in certain cases. Coagulopathy
in uncommon and does not appear to play a significant role in
DAH (32, 33, 39).

CLINICAL PRESENTATION AND
DIAGNOSIS

While the onset of DAH is typically within the first 30 days post-
HCT, it has been reported after the first month of transplant
(2, 4, 8, 40). There are no standardized clinical, radiographic,
or laboratory markers to make the diagnosis. Due to the
lack of standardization, there is significant heterogeneity in
diagnostic criteria. Historically, various clinical criteria have
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been used to diagnose alveolar hemorrhage, including a high
percentage(≥ 20%) of hemosiderin-laden alveolar macrophages,
Golde score > 100, indicating a high hemosiderin content
within macrophages, and progressively bloodier BAL fluid on
bronchoscopy (8, 41). It is now classically characterized as a
constellation of findings including dyspnea, hypoxemia, diffuse
pulmonary infiltrates on chest radiography, and progressively
bloodier bronchoalveolar lavage return on bronchoscopy (2, 4,
5, 8, 14, 31). There should be evidence of widespread alveolar
injury and abnormal pulmonary physiology associated with an
increased alveolar to arterial oxygen gradient and restrictive
ventilatory defect (2). While patients often present with fever,
cough, and dyspnea, hemoptysis is surprisingly uncommon in
adults (5, 8, 20) but is more commonly reported in children
(4). Abnormalities in chest radiography can be seen prior to
the clinical symptoms of DAH (36). Radiographic findings
are initially non-specific and often characterized by diffuse
pulmonary infiltrates, most pronounced in the bilateral perihilar
areas and lower lobes (4, 20, 36, 42). As the disease progresses,
worsening of the chest radiograph to a diffuse, severe reticular
alveolar pattern is appreciated (36). Findings on computed
tomography are similar to those seen on plain radiography, with
predominately ground glass opacities and/or a reticular pattern
of injury, consistent with acute alveolar/interstitial disease (42).
Oftentimes, respiratory compromise or a new infiltrate on
chest radiography leads to bronchoscopy (6), which is used
in these patients to establish the diagnosis and exclude other
causes for these symptoms such as infection or recurrence of
malignancy. During bronchoscopy, there should be progressively
bloodier fluid returned or hemosiderin-laden macrophages on
bronchoalveolar lavage samples with sequential instillation of
saline (4, 14, 43). However, an early study called into question the
utility of BAL in the diagnosis of DAH (15), demonstrating that
7/13 patients with hemorrhagic BAL fluid did not have histologic
evidence of DAH on post-mortem exam while 4/8 with DAH
did not have hemorrhagic BAL fluid. Agusti et al. hypothesized
that these findings may be explained by processes that cause
hemorrhagic exudates in the alveolar spaces such as CMV
pneumonitis or pulmonary aspergillosis and that bronchoscopy
may not have explored the area of DAH, respectively (15).
While pulmonary infections can lead to alveolar hemorrhage,
the diagnosis of diffuse alveolar hemorrhage in the post-HCT
period is reserved for alveolar hemorrhage from a non-infectious
etiology (2, 8). As such, many studies exclude those with signs of
infection such as with a recent positive bronchoalveolar lavage
culture or localized pulmonary hemorrhage from other causes
such as chronic bronchitis, bronchiectasis, or tumors (2, 5, 8, 31).

OUTCOMES

Outcomes of DAH following HCT have historically been dismal,
with most with in-hospital mortality commonly cited between 64
and 100% (3, 4, 9, 36, 44, 45). Most, if not all, patients require
intensive care and mechanical ventilatory support (4–8, 31, 32,
43, 45, 46). Poor prognostic factors include allogeneic transplant,
umbilical cord blood as the graft source, infection-related alveolar

hemorrhage, and need for mechanical ventilation (1, 8, 32).
Factors associated with improved outcomes include early onset
(<30 days after HCT) of DAH, which is also associated with
an improved response to systemic glucocorticoids, and DAH
occurring during the periengraftment period (+/– 5 days from
neutrophil engraftment) (8, 31). The improvement in survival
periengraftment is hypothesized to be secondary to the transient
nature of engraftment and potential for improvement following
the resolution of the periengraftment cytokine storm (31).

MANAGEMENT

Supportive Measures
The approach to management of DAH should reflect this
entity’s diverse and complex pathogenesis. Most patients with
DAH require care in an intensive care unit and invasive
mechanical ventilation (8). Mechanical ventilation strategies
include maintaining a high positive end-expiratory pressure
(PEEP) in effort to tamponade capillary bleeding and on
occasion escalation to high frequency oscillatory ventilation
(HFOV) (13, 39). Supportive measures such as optimization of
fluid and electrolyte balance, correction of coagulopathies and
prophylactic antibiotics are a mainstay of treatment for DAH (6).

Transfusion of Blood Products
Most patients are thrombocytopenic at time of DAH onset.
However, outcomes have not been shown to be affected by either
the nadir platelet count or its correction by platelet transfusions
(3, 4, 38). Coagulopathy associated with abnormalities in
prothrombin time (PT), international normalized ratio (INR),
and activated partial thromboplastin time (aPTT) is uncommon
in patients with DAH (32, 33, 39). While transfusion of blood
products, particularly platelets, is common in the management
of DAH, the unrestrained use of platelet transfusions is not
without risks. Platelet and red blood cell (RBC) transfusions
are independently associated with a higher risk of venous
thromboembolisms, arterial thromboembolisms, and in-hospital
mortality in hospitalized oncology patients (47). Platelet
transfusions have been implicated in transfusion reactions such
as allergic reactions, febrile non-hemolytic reactions, transfusion-
associated sepsis, and transfusion-related acute lung injury
(TRALI) (48). The potential for injury is further elevated in these
patients as HCT has been identified as risk factor for developing
TRALI, and; during periods of inflammation, such as is seen in
DAH, platelet transfusions may increase vascular permeability
and thereby worsening capillary leak (48–50).

As traditional transfusion practices have not shown to
impact outcomes in DAH, thromboelastography (TEG) and
rotational thromboelastometry (ROTEM) TEG/ROTEM-guided
transfusion may be considered and is an area for future
research. They have been used to assess global clotting function
in various bleeding disorders, during cardiac surgery, liver
transplantation, and traumas (51). In patients with hemophilia,
TEG/ROTEM assay results correlated well with phenotypic
disease severity. They are useful for monitoring response to
bypassing agents, such as recombinant activated FVII (51).
Furthermore, a Cochrane Review of TEG/ROTEM use in cardiac
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surgery showed a trend toward improved mortality and an
overall significant reduction in pooled red blood cell, fresh frozen
plasma, and platelet requirements using TEG/ROTEM-guided
transfusions (52).

Anemia is also a common finding in the critically-ill
pediatric population, occurring in 74% of these patients with
49% receiving one or more RBC transfusions during their
PICU course (53). While RBC transfusions can correct severe
anemia, thus increasing the oxygen content of blood, it does
not necessarily increase tissue oxygen delivery and oxygen
consumption (54). Furthermore, they have been associated with
non-infectious serious hazards of transfusions (NISHOTs) such
as TRALI/TACO, and mortality (53–55). In 2007, Lacroix et al.
showed that in hemodynamically stable patients, a restrictive
strategy of RBC transfusions, defined as a hemoglobin threshold
of 7 gram/deciliter, did not result in an increase in new
or progressive multiple-organ dysfunction syndrome and that
patients received 44% fewer transfusions than those in the
liberal-transfusion, defined as a hemoglobin threshold of 9.5
gram/deciliter, group (56). In 2018, the Pediatric Critical Care
Transfusion and Anemia expertise Initiative (TAXI) published
good practice guidelines and recommendations for the use of
RBC transfusions. The guidelines supported Lacroix’s restrictive
transfusion threshold of 7 g/dl in hemodynamically stable
patients and urged clinicians to regard the need for transfusion
in the context of the patient’s broader clinical picture rather than
simply looking at a threshold number (54, 56, 57).

Glucocorticoids
Glucocorticoids (GC) have been used for many years in various
inflammatory and autoimmune disorders. Cases of DAH which
coincide with marrow recovery are thought to be due to an
inflammatory diffuse alveolar damage potentially responsive to
glucocorticoids. This has made glucocorticoids the mainstay of
treatment (2, 4, 8, 24). First demonstrated by Metcalf et al.
patients treated with high dose steroids, defined as a daily dose
of methylprednisolone 30mg or equivalent, had an increase
in overall survival and decreased need for invasive mechanical
ventilation without an increase in rates of systemic bacterial
or fungal infections when compared to patients treated with
low-dose steroids or supportive care alone (24).

The mechanism by which glucocorticoids modulate
inflammation occurs through genomic and non-genomic
pathways (Table 1). Within the cytoplasm, glucocorticoid
receptors (GCR) bind to free glucocorticoids with high affinity
(58). The glucocorticoid-glucocorticoid receptor complex enters
the nucleus and binds to specific DNA sequences known as
either positive or negative glucocorticoid-responsive elements
(GREs). When bound to positive GREs, the glucocorticoid-GCR
complexes exerts a direct genomic effect through activating
the transcription of anti-inflammatory proteins such as IL-
10, Annexin-1, mitogen-activated protein kinase (MAPK)
phosphatase-1, and inhibitors of nuclear factor NF-kB (59, 60).
Annexin-1 blocks the release of arachidonic acid and its
conversion to various eicosanoids such as prostaglandins,
thromboxanes, prostacyclins, and leukotrienes (58). The
glucocorticoid-GCR complex induces indirect genomic effects

TABLE 1 | Comparison between genomic and non-genomic effects of

glucocorticoids.

Genomic Non-genomic

Dose Low dose resulting in

saturation of the cytoplasmic

GC receptors

>100mg, up to 1 g

Duration of

onset

>30min Seconds to minutes

Actions Direct: forms GC/GCR

complexes in cytoplasm

which enter the nucleus and

binds to/regulates

transcription of GRE’s

Indirect: suppress expression

of pro-inflammatory molecules

through competitive

binding/protein-

protein interactions

Reduce intracellular free

calcium through inhibition of

calcium/sodium cycling, thereby

inhibiting neutrophil

degranulation

Increase proton leak and inhibit

oxidative phosphorylation in

mitochondria thereby

decreasing ATP production

Promote integrity of

alveolar-capillary complex

through activation of eNOS,

decrease exudative leakage into

the airways

GC, glucocorticoid; GCR, glucocorticoid receptor; GRE, glucocorticoid-responsive

elements, ATP, adenosine triphosphate, eNOS, endothelial nitric oxide synthase.

by competitive binding with (NF)-kB and activator protein 1
(AP-1) thereby suppressing the expression of pro-inflammatory
molecules (COX-2, cytokines such as IL-2, TNF-α, IFN-γ,
chemokines, cell adhesion molecules, complement factors, and
their receptors) (58–62). It is thought that most of the desired
anti-inflammatory effects are secondary to the suppressive effects
on gene transcription (60). Another genomic effect by which
glucocorticoids inhibit inflammation is through decreasing
mRNA stability for inflammatory proteins such as vascular
endothelial growth factor and cyclooxygenase 2 (63). The
genomic effects of glucocorticoids can be appreciated at lower
doses but require a longer onset of action, at least 30min but
sometimes taking up to hours or days, than the non-genomic
effects (58, 60, 63, 64). The non-genomic effects occur quickly,
within seconds to minutes following administration of a
glucocorticoid (58, 63, 65).

Glucocorticoids inhibit the cycling of sodium and calcium
across the plasma membrane, reducing the availability
of intracellular free calcium, which inhibits neutrophil
degranulation (58, 60, 66). Within the mitochondria, they
increase proton leak and inhibit oxidative phosphorylation,
decreasing production of ATP, an essential energy source of
cytokine synthesis and antigen processing/presentation by
macrophages (60). Additionally, glucocorticoids contribute to
the integrity of the alveolar-capillary complex through activation
of the phosphatidylinositol-3-hydroxykinase (PI3K/Akt)
signaling pathway which leads to the production of nitric oxide
(NO), a mediator of vascular integrity with anti-inflammatory
properties (58, 67, 68). Glucocorticoids promote vasoconstriction
of the airway vasculature via alpha adrenergic effects and by
potentiating angiotensin II (58) and inhibits platelet activating
factor and in turn decreases exudative leakage in the airways
(69, 70).
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TABLE 2 | Glucocorticoid use in adult patients with DAH.

Author/year Number of

transplants

Cases of

DAH, N (%)

Age in years,

median (range)

HCT reason, N Type/source,

N

DAH onset after

HCT, median

(range), in days

Infectious

agenta, N

Glucocorticoid regimen, (N) Adjunctive

directed

therapies, (N)

Mortality, N

(%)

Cause of

death, (N)

Complications

of therapies

Adults

Afessa et al.

(8)

1,215 48 (4) Mean: 47.7

SD: 12

Malignancy (hematologic):

42

Malignancy

(non-hematologic): 1

Non-malignant: 5

Allo: 23

Auto: 25

BM: 16

PBSC: 32

23.5 (4–1,330) None b Initial dose (44): IV MP 60mg –

2 g/day X 1-14 days, median

3d

Total treatment duration 2–117

days, median 22d

None Hosp: 23 (48) RF (15)

Sepsis (4)

MOF (1)

Other c (3)

None noted

Chao et al. (7) 77 4 (5.2) (28–50) Malignancy (hematologic):

4

Malignancy

(non-hematologic): 0

Non-malignant: 0

Allo: 0

Auto: 4

Source UNS

(14–20) None Initial dose (4): IV MP 1

gram/day X 3 days

Dose reduced by 50% every 3

days until 60mg daily dose;

then, transitioned to a

prednisone taper over

2 months

None Hosp: 0 (0) N/A No infectious

Gupta et al.

(1)

UNS 87 48 (22–76) Malignancy (hematologic):

79

Malignancy

(non-hematologic): 1

Non-malignant: 7

Allo: 74

Auto: 13

BM: 29

PBSC: 54

UCB: 2

3 (0–105) +BAL, total: 34

Fungal: 18

Bacterial: 6

Viral: 7

Parasitic: 3

Initial dose (87): IV MP ≥ 250

mg/day (or equivalent),

unspecified duration of

treatment

rFVIIa (24)

Desmopressin

(4)

ACA (3)

6-month: (62.2) RF (28)

MOF (14)

Other d (16)

None noted

Keklik et al.

(32)

1,228 59 (4.8) 32 Malignancy (unspecified):

50

Non-malignant: 9

Allo: 59

Auto: 0

BM: 9

PBSC: 10

UCB: 40

30 (3–168) Systemic

infection: 27%

+BAL: 19%

Initial dose (52):

-Adults: IV MP 1 gram/day,

divided BID, X 3 days

-Pediatrics: 500 mg/m2/day,

divided BID, X 3 days

Dose reduced by 50% every 3

days until 60mg daily dose;

then, tapered over 2 months.

Pediatrics similar taper to

adults

Anti-TNF (7) e

-Etanercept (6)

-Infliximab (1)

60-day: (55.8) UNS None noted

Lewis et al. (6) 922 23 (2.5) 36 (24-62) Malignancy (hematologic):

23

Allo: 19

Auto: 4

BM: 18

PBSC: 5

19 (5–34) None Initial dose (15): IV MP 250mg

- 2 g/day, unspecified duration

of treatment

None 60 day: 17

(73.9)

RF (3)

Sepsis (3)

MOF (11)

None noted

Majhail et al.

(31)

1,919 116 (6) 40 (0.6–71) Malignancy (hematologic):

100

Non-malignant: 16

Allo: 103

Auto: 13

BM: 48

PBSC: 42

UCB: 26

28 (3–785) Total: 71

+BAL: 50

+BCX: 12

+BAL& BCX: 9

Initial dose (96): IV MP 1

gram/day X 3 days

Dose reduced by 50% every 3

days until 60mg daily dose;

then, tapered over 2 months

None 60-day: 86

(74.1)

UNS None noted

Metcalf et al.

(24)

603 65 f Adults > 18

years

Malignancy (hematologic):

38

Malignancy

(non-hematologic): 24

Non-malignant: 3

Allo: 8

Auto: 57

BM: 65

UNS None Low dose (10): < 30mg MP

equivalent/day

High dose (43): > 30mg MP

equivalent /day

Typical initial high dose: IV MP

500-1,000 mg/day (divided

q6h) X 4–5 days, tapered over

2–4 weeks

None Hosp:

-No GC: 11

(91.7)

-Low dose: 9

(90)

-High dose: 29

(67.4)

UNS for 60

day mortality

High dose

without increase

in development

of infections

Raptis et al.

(33)

74 4 (5.4) (23–43) Malignancy (hematologic):

4 Allo: 4

Auto: 0

BM: 2

PBSC: 2

(0–23) None
Initial dose (4): IV MP 500mg –

2,000 gday X 1–5 days

Subsequently tapered,

unspecified duration

of treatment

None 60 day: 2 (50) RF&MOF (2) CMV + on

repeat BAL (1)

(Continued)
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Glucocorticoid dosing varies widely and can range up to
a 200-fold difference depending on the indication for use
(64, 71, 72). The genomic effects of glucocorticoids can be
elicited with usage of relatively lower doses, as low as 7.5–
100mg prednisone equivalent a day used in maintenance
therapy for rheumatologic conditions saturating <50% of the
glucocorticoid receptors (64). However, in order for them to
have maximal genomic and non-genomic anti-inflammatory
effects, very high doses, defined as over 250mg prednisone
equivalent a day, are required (64). Even higher doses of up
to 1,000–2,000mg of methylprednisolone equivalent per day,
referred to as pulse dosing, are used in treatment of acute
rheumatologic disease exacerbations in adults (73). This dosing
in adults translates to ∼15–30 mg/kg/day methylprednisolone
equivalents in children (73). While methylprednisolone is
most often used for pulse-dosing and has the advantage of
faster penetration into the cellular membrane and thus onset
of action, dexamethasone, another corticosteroid with high
glucocorticoid effects, has been used in a pulse-dose manner
(73, 74). When administered at 4–5 mg/kg up to 20 mg/dose,
dexamethasone is a more potent anti-inflammatory agent due
to its increased affinity for glucocorticoid receptors and non-
genomic effects when compared to methylprednisolone (73–
75). At these doses, not only is there 100% saturation of the
cytosolic glucocorticoid receptors, thus exerting full genomic
effects, there is also full elicitation of the more immediate, non-
genomic effects (64). It is likely that the addition of the non-
genomic effects of glucocorticoids contribute significantly to
the termination of acute exacerbations in these inflammatory
processes (64).

Many adverse effects of glucocorticoid therapy have been
described including hemodynamic changes (hypertension,
bradycardia) associated with intravenous infusions, loss
of bone mass, suppression of the HPA axis, weight gain,
hyperglycemia/diabetes mellitus, cardiovascular disease,
myopathy, cataracts, psychiatric disturbances, growth
suppression in children, and increased infection risk (73, 76). The
dosing over which these adverse effects develop have not been
defined but appear to be related to both average and cumulative
dose (76, 77). The rationale for pulse dosing is to maximize the
immediate non-genomic effects leading to faster recovery of
clinical symptoms, minimize the inflammatory damage from
disease, and limit the adverse effects associated with long term
glucocorticoid use (73). Treatment at these doses are limited in
duration of therapy and require either discontinuation or rapid
decreases after a maximum of 5 days (64, 73, 76).

Glucocorticoid dosing in the treatment of adult DAH patients
has not been standardized (Table 2). While the initial report
by Metcalf et al. supported the use of over 30mg of MP
equivalent per day, there is a paucity of studies comparing
different treatment doses. Rathi et al. compared low, medium,
and high dose, defined as <250, 250–1,000, and >1,000
mg/day of MP, respectively, and found a significantly lower
ICU and hospital mortality in patients treated with lower
dose steroids compared to those treated with medium or high
doses (45). However, this study was limited by its retrospective
nature. Furthermore, while there was no significant difference
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in mortality predictive indices between the treatment groups
at time of admission, the sicker patients at time of DAH
diagnosis may have been placed on higher doses of steroids,
thereby confounding the results (45). In other case series
and reports, high doses of glucocorticoids have been used-
methylprednisolone 30 mg/kg/day to a max of 2 gram day is
used for 3–5 days which is followed by a slow taper over 2–4
weeks (2, 6, 8).

Reports of glucocorticoid use of DAH following HCT in the
pediatric population are limited to small, retrospective reports
(Table 3). Ben-Abraham et al. reported a series of 6 children
who were treated with moderate glucocorticoid doses (6 mg/kg
methylprednisolone) in which only 1 survived the initial injury
(4). Heggen et al. reported better overall survival (4/7) but
no significant difference between patients treated with 1,000
mg/day (3/4) and <500 mg/day (1/3) of methylprednisolone
(5). While one cannot draw definite conclusions between
these two studies, it appears that there is a trend toward
improved survival with use of higher glucocorticoid doses.
Prospective studies are greatly needed to develop treatment
regimens as mortality for DAH remains high. At this time,
in cases of DAH thought to be caused by inflammation-
induced alveolar damage, we advocate for the use of high dose
glucocorticoid therapy to achieve maximal genomic and non-
genomic effects and minimize side effects. In circumstances
where underlying infection is suspected, we recommend weaning
over 4–8 weeks.

Aminocaproic Acid
Aminocaproic acid (ACA) is an antifibrinolytic agent that
has been used with mixed results in the treatment of DAH
following HSCT (43, 45). In the original study conducted by
Wanko et al. in 2006, there was a significant decrease in
100 day DAH mortality from 83 to 44% in those patients
who were treated with a combination of methylprednisolone
(250mg q6h followed by taper of 50% every 3 days) and
aminocaproic acid (1,000mg IV q6h) compared to those who
were treated with methylprednisolone alone. There was no
major clinically apparent side effect from the addition of
aminocaproic acid. Notably, 6/14 patients in this series had an
infectious organism identified with bronchoscopy. The authors
acknowledge that classically, DAH occurs in the absence of
infectious agents, though question the clinical significance of
detection of these agents on the development and progression
of DAH (43). However, a follow-up study performed by Rathi
et al. in 2015, found no significant difference in mortality (30,
60, 100 day, ICU, hospital), number of ventilator days, ICU
length of stay, or hospital length of stay between groups who
received a combination of steroid and aminocaproic acid (4
gram IV bolus followed by 1 gram/h infusion) or steroids
alone. Again, there was no increase in side effects attributed
to aminocaproic acid in the cohort of patients who received
combination therapy. The authors argue that the discrepancy
in efficacy of ACA may be due to a higher severity of
illness in this study as compared to the previous one (69%
requiring ICU care as opposed to 28% classified as critically
ill) (45). T
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TABLE 4 | Activated human recombinant factor VII use in adult patients with DAH.

Author/Year Cases

of DAH

Cases of DAH

post-HCT, N (%

total cases)

Age range, median

(range), in years

HCT

type/source

Infectious agent

identified, N

rFVIIa regimen Adjunctive therapies,

(N)

Cessation of

bleeding, N

(%)

Mortality, N

(%)

Cause of

death, (N)

Thromboembolic

complications

Adults

Baker et al.

(10)

6 2 (33.3) (23–84) Allo: 1

Auto: 1

Source UNS

None Intrapulmonary rFVIIa

30-60 mcg/kg daily X

1-2 dose(s)

All received systemic

glucocorticoids

ACA (3)

Other a (1)

5 (83.3) DAH episode:

1 (16.7)

RF (1) None

Estella et al.

(46)

2 0 (0) (39–46) N/A None Intrapulmonary rFVIIa

50 mcg/kg X 1 dose

None 2 (100) ICU: 0 (0) N/A None

Gupta et al.

(1)

87 87 (100) 48 (22–76) Allo: 74

Auto: 13

BM: 29

PBSC: 54

UCB: 2

Total: +BAL: 34

Fungal: 18

Bacterial: 6

Viral: 7

Parasitic: 3

rFVIIa dosing UNSb All received systemic

glucocorticoids

Desmopressin (4)

ACA (3)

UNS 6-monthc:

(62.2) out of all

AH

RF (28)

MOF (14)

Otherd (16)

None

Henke et al.

(85)

3 1 (33.3) (23–53) Allo: 1

BM: 1

None rFVIIa (unspecified

route) 120 mcg/kg q3h

X 3 doses

rFVIIa (unspecified

route) 90 mcg/kg X 2

days

rFVIIa (unspecified

route) 120 mcg/kg X 1,

180 mcg/kg 6 h later;

90 mcg/kg for rebleed 5

days later

All received MP

Plasmapheresis (2)

Othere (1)

3 (100) DAH episode:

0 (0)

N/A None

Heslet et al.

(38)

6 2 (33.3) (34–63) Allo: 2

Source UNS

+BAL: 1 (bacterial)

UNS pulmonary

infection: 1

Systemic CMV: 1

Intrapulmonary/

nebulized rFVIIa 50

mcg/kg X 1–3 dose(s)

Standard care including

IV/endotracheal TXA and

aprotinin infusion

IV rFVIIa (1)

IV desmopressin (1)

IV MP (1)

6 (100) Overall: 3 (50) Sepsis (3) None

Hicks et al.

(86)

1 1 (100) 35 Allo: 1

BM: 1

None Initial: Intravenous rFVIIa

90 mcg/kg q3h X 8

doses

Recurrence:

Intravenous rFVIIa 90

mcg/kg IV q6h X

16 doses

IV MP/desmopressin/ACA

(1)

1 (100) DAH episode:

0 (0)

N/A None

Patores et al.

(87)

1 1 (100) 48 Allo: 1

Source UNS

None Intravenous rFVIIa 90

mcg/kg q2h X 2 doses

Systemic GC (1) 1 (100) Hosp: 0 (0) N/A None

Pathak et al.

(11)

23 7 (30.4) Mean 47

SD 19

Type: UNS

BM: 7

Not noted Intravenous rFVIIa

35-120 mcg/kg q2h (4

doses/day) until

hemostasis achieved or

inadequate response

All received IV MP

Plasmapheresis (15)

IVIG (1)

Cytotoxic drugsf (13)

22 (95.7) Overall: 8 (34.9) Sepsis,

MOF,

progression

of

underlying

disease

None

DAH, diffuse alveolar hemorrhage; HCT, hematopoietic stem cell transplant; rFVIIa, activated human recombinant factor VII; allo, allogeneic; auto, autologous; UNS, unspecified; ACA, aminocaproic acid; RF, respiratory failure; BM, bone

marrow; PBSC, peripheral blood stem cell; UCB, umbilical cord blood; BAL, bronchoalveolar lavage; CMV, cytomegalovirus; MP, methylprednisolone; MOF, multiple organ failure; TXA, tranexamic acid; ETT, endotracheal tube; IVIG,

intravenous immunoglobulin; VZV, varicella zoster virus; a Intravenous immunoglobulin/ Cyclophosphamide/ Rituximab/ Plasmapheresis; b 24 cases treated with rFVIIa; c Mortality percent of all 87 cases; d Disease progression (8), graft

vs. host disease (2), unspecified (4); e Mycophenolate mofetil/ Cyclophosphamide; f Rituximab or Cyclophosphamide.
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Nebulized Tranexamic Acid
Tranexamic acid (TXA), also a antifibrinolytic agent acts by
binding to plasminogen and inhibits its binding to fibrin and
activation to plasmin (78). It has been used in the treatment
or prevention of bleeding in hemophilia, ITP, and in operative
procedures (79). In patients requiring systemic anticoagulation
undergoing dental procedures, the local application of TXA
through use of a mouthwash resulted in significantly less post-
procedural bleeding without elevated levels of TXA in the serum
(80). In a case series reported by Solomonov et al. of six patients
with pulmonary hemorrhage of varying etiology treated with
direct delivery of TXA either through direct instillation during
bronchoscopy or nebulized showed cessation of bleeding in
all patients (79). In a cohort of pediatric patients who were
diagnosed with DAH, Nebulized TXA alone led to complete
or near cessation of bleeding in 10/18 and the addition of
nebulized rFVIIa led to hemostasis in an additional 6 patients
(12). In this series, a documented respiratory infection was
negatively associated with response to nebulized TXA, suggesting
that nebulized TXA may not target pulmonary hemorrhage
secondary infectious processes (12). O’Neil et al. recently
published a case series of 19 pediatric patients with pulmonary
hemorrhage who were treated with inhaled or endotracheally
instilled TXA in which 18/19 patients had cessation of bleeding
(81). No adverse effects related to nebulized TXAs were reported
in these series (12, 79, 81).

Recombinant Activated Factor VII
Intravenous (IV) recombinant activated factor VII (rFVIIa) was
initially developed for use in patients with hemophilia A/B with
presence of an inhibitor. Under these conditions, an increase
in concentration of activated factor VII (FVIIa) produced an
increase in the rate of thrombin generation, suggesting that FVIIa
is able to bypass the intrinsic coagulation pathway to directly
generate thrombin (82, 83). It has since been used in various
situations in the pediatric population outside of hemophilia, such
as congenital factor VII deficiency, hepatic dysfunction, post-
operative bleeding following cardiac surgery, qualitative platelet
disorders, and traumatic hemorrhage (84). In recent years,
rFVIIa has been used in the treatment of DAH, both in adults
(Table 4) and pediatrics (Table 5). It is hypothesized that there
are inhibitors of tissue factor, tissue factor pathway inhibitors
(TFPI) in inflamed alveoli. These inhibitors prevent FVIIa-tissue
factor formation and factor X activation, making the inflamed
lungs more susceptible to bleeding (10). Local administration of
rFVIIa overcomes the TFPI and restores thrombin generation
(10). Few case reports on the use of intravenous rFVIIa have
demonstrated cessation of hemorrhage in DAH; however, it often
requires higher and more frequent dosing (86, 87).

In effort to decrease systemic effects of rFVIIa, most
notably thromboembolic complications, rFVIIa has been
delivered directly to the lungs during bronchoscopy or through
nebulization (10, 12, 13, 38, 46, 88, 89). Treatment regimens
including rFVIIa and dosing are very variable. It has been used
as initial therapy in combination with systemic corticosteroids
+/− aminocaproic acid or as rescue therapy in cases that
are refractory to treatment with other therapies such as T
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corticosteroids, tranexamic acid, aprotinin, aminocaproic acid,
plasmapheresis, or desmopressin (10, 38, 85, 86). Heslet et al.
first reported the successful intrapulmonary use of rFVIIa in
a case series of six patients who developed DAH and failed
to respond to other therapies. They received one to three
doses of either intrapulmonary or nebulized rFVIIa with all
achieving hemostasis and improvement in hypoxia (38). Baker
et al. subsequently reported a series of 6 patients treated with
intrapulmonary rFVIIa in which 5 patients achieved hemostasis
(10). In a trial using rFVIIa for DAH refractory to treatment
with nebulized TXA, 6/8 patients showed clinical response to
nebulized rFVIIa (12). Park et al. reported a series of 6 pediatric
patients with DAH treated with rFVIIa in conjunction with
glucocorticoids in which all patients had cessation of bleeding
with no adverse events due to medication administration (13).
Our institution has used intrapulmonary rFVIIa to treated 13
patients diagnosed with DAH, of which 6 survived the acute
event (90). In these cohorts of patients who had cessation of
DAH, there were no reported treatment related complications
such as thromboembolic events or recurrence of DAH following
treatment (10, 12, 38). While use of intrapulmonary rFVIIa to
achieve hemostasis in DAH is encouraging, further prospective
studies to evaluate its use and standardize dosing are needed.

Extracorporeal Membrane Oxygenation
(ECMO)
The presence of severe bleeding is often considered a
contraindication for use of extracorporeal membrane
oxygenation (ECMO) due to the need for systemic
anticoagulation; however, there have been several reported
cases of its successful use in DAH due to systemic vasculitides
as a rescue therapy (91). Morris et al. reported a case of the
successful use of VA ECMO for DAH following HCT in a
patient with Hurler Syndrome. The patient was systemically
heparinized and was also treated with methylprednisolone and
aminocaproic acid without further hemorrhage. He was able
to be decannulated and survived to hospital discharge (92). In
our institution, we also had a case of pulmonary hemorrhage
following HSCT that was successfully supported on ECMO (93).
Given reports of the successful use of ECMO for DAH as well
as our experience, we advocate for its consideration in certain
patients and propose that pulmonary hemorrhage and HSCT are
not absolute contraindications for ECMO support.

SPECIAL CONSIDERATIONS

Thrombotic Microangiopathy
While uncommon, DAH has been reported in association with
transplant-associated thrombotic microangiopathy (TA-TMA)
(94). TA-TMA is as subset of the thrombotic microangiopathies
characterized by Coombs negative hemolysis, proteinuria,
increase in serum LDH, renal and/or neurologic dysfunction, and
systemic serositis (95). Treatment options for TA-TMA include
plasma exchange, the anti-CD20monoclonal antibody rituximab,
and the complement inhibitor eculizumab (96). Etanercept, a
TNF-α antagonist, has also been suggested as a therapy option for
TA-TMA (97). TA-TMA carries a significant mortality up to 75%

alone, or higher when present with DAH (94, 96). Thus, in cases
of suspected TA-TMA associated with DAH, the careful addition
of one of these therapies should be considered.

Idiopathic Pneumonia Syndrome
Idiopathic pneumonia syndrome (IPS) is a non-infectious
pulmonary complication of HCT which shares many clinical
similarities with DAH, albeit without hemorrhage. It presents
with findings of diffuse alveolar injury in the absence of lower
respiratory tract infection, cardiac dysfunction, acute renal
failure, or iatrogenic fluid overload (98). IPS is characterized
by elevated levels of cytokines including IL-6, IL-8, Ang-2, and
TNFR1, a surrogatemarker for TNF-α (99). Etanercept, a TNF-α-
binding protein, has been successfully used in combination with
glucocorticoids (2 mg/kg/day MP equivalent) for the treatment
of IPS in the pediatric population (99). In the DAH subset of IPS,
higher doses of glucocorticoids may be considered.

Infection
While DAH is classically considered a non-infectious
complication of HSCT, the presence of an occult infection
must be considered in cases of recurrent hemorrhage or lack
of response to treatment. Agusti et al. reported a high rate
(6/11) of concurrent infections on post-mortem exam in areas
separate from hemorrhage, including herpes pneumonia, CMV
pneumonitis, bacterial pneumonia, and aspergillosis, though
BAL studies were negative for infectious etiologies in the 7
patients who had a bronchoscopy within 7 days of death (15).
In a report by Heggen et al. post-mortem exam of one patient
who died from DAH-associated progressive respiratory failure
showed lung cultures positive for both yeast and bacteria
despite BAL culture negative for infectious organism at time
of DAH diagnosis (5). Thus, we recommend a low threshold
for antimicrobial coverage of occult infections in cases of DAH
even when BAL studies do not identify an infectious etiology.
In cases of diagnostic dilemma despite less invasive means such
as CT and bronchoscopy, we recommend early consideration of
lung biopsy.

Myelogenous Leukemia
Nanjappa et al. reported a case series of 5 patients with
AML, two of whom had undergone allo-HCT, who developed
DAH (100). While respiratory compromise in leukemia patients
is recognized, it is likely that pulmonary hemorrhage is
underestimated. On post-mortem exam of patients with
leukemia, pulmonary hemorrhage was present in 74% of cases
(101). Additionally, in patients with AML and acute respiratory
failure of unknown etiology, pathologic findings of DAD/DAH
were present in ∼22% of cases (102). In a series of patients
initially hospitalized for respiratory failure and subsequently
diagnosed with M5 AML, BAL fluid was hemorrhagic in 7/15
patients undergoing bronchoscopy (103). In acute and chronic
myelogenous leukemia, a pattern of DAD characterized by
endothelial cell hyperplasia, interstitial edema, and the presence
of interstitial lymphocytes, has been described following the
initiation of chemotherapy. Lung injury occurs from lysis of
leukemic cells and release of intracellular enzymes such as
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collagenases, cathepsin G, and lysozymes (104). In the setting of
acutemyelogenous leukemia, this mechanismmay be responsible
for the initial lung injury seen in the development of DAH.

CONCLUSIONS

Diffuse alveolar hemorrhage continues to be a recognized
complication of HCT which has historically carried significant
morbidity and mortality. While survival has seemingly improved
with newer therapeutic options, there remains ample opportunity
for optimization in the holistic care of these patients. In
our institution, early recognition, a standard approach to
diagnosis and treatment, and protection against additional
organ dysfunction/endothelial damage are cornerstone to our
treatment approach. Further research is needed to better
understand the pathogenesis of this complex disease process,

evaluate current treatment options, and develop new therapies
in order to continue to improve outcomes.
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Pediatric allogeneic hematopoietic cell transplant (HCT) survival is limited by the
development of post-transplant infections. In this overview, we discuss a clinical
approach to the prompt recognition and treatment of fever and hypotension in pediatric
HCT patients. Special attention is paid to individualized hemodynamic resuscitation,
thorough diagnostic testing, novel anti-pathogen therapies, and the multimodal support
required for recovery. We present three case vignettes that illustrate the complexities
of post-HCT sepsis and highlight best practices that contribute to optimal transplant
survival in children.
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INTRODUCTION

Infections following allogeneic hematopoietic cell transplantation (HCT) are common and
negatively impact transplant outcomes (1). Defects in donor-derived immune reconstitution (IR)
increase infection risk throughout the peri- and post-transplant periods (Figure 1). As a result,
pediatric HCT patients are at significant risk for developing infection and subsequent sepsis.
The spectrum of pediatric sepsis can be divided into systemic inflammatory response (SIRS),
sepsis, severe sepsis, and septic shock (2). SIRS is defined by the presence of two of the following
four criteria, one of which must be abnormal temperature or leukocyte count: core temperature
>38.5

◦

C or <36
◦

C; depressed or elevated leukocyte for age; and tachycardia or tachypnea per
standard definitions (3). Sepsis is defined by SIRS with a suspected or proven underlying infection,
while severe sepsis requires cardiovascular organ dysfunction, acute respiratory distress syndrome
or two other organ system involvement (3). Lastly, septic shock is cardiovascular dysfunction
refractory to initial fluid resuscitation.

Hematopoietic cell transplantation patients with severe sepsis have a 4-fold increase in hospital
mortality versus non-HCT children with severe sepsis (4). Therefore, early recognition and
implementation of therapeutic strategies are critical to improving outcomes for severe sepsis,
especially in high-risk patient populations (1). To this end, key emerging clinical issues for an
allogeneic HCT patient presenting with fever and hypotension include: (1) practical use of new
diagnostics for diagnosing infection and sepsis, (2) consideration of multi-drug resistant (MDR)
pathogens in certain clinical settings, (3) judicious use of empiric antimicrobial therapies to prevent
and to treat MDR pathogens as well as the appropriate duration and de-escalation in antimicrobial
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FIGURE 1 | Immune reconstitution following allogeneic HCT. (Left panel) Immune reconstitution gradually recovers following allogeneic HCT with donor-derived
innate immune cell numbers and function preceding adaptive immunity. (Right panel) Kinetic and functional immune recovery in the allogeneic HCT recipient are
affected by donor (age, immune function), graft (HSC source, cell content), and recipient (age, presence of co-morbidities and thymic involution or damage,
underlying disease and associated previous therapy, type of conditioning regimen, organ dysfunction, changes in microbiome, occurrence of GvHD and associated
use of immunosuppression, infection and use of supportive care pharmaceutical agents) factors. In addition, disparities in donor (D) and recipient (R) CMV
serostatus, gender and HLA matching also affect donor-derived immune recovery. Defects and delays in immune reconstitution strongly associate with decreased
overall survival and increased transplant-related morbidity and mortality. αβT, alpha beta T cell; B, B-cell; CMV, cytomegalovirus; DC, dendritic cell; γδT, gamma delta
T cell; GvHD, graft-versus-host disease; HLA, human leukocyte antigen; HSC, hematopoietic stem cell; M8, macrophage; Mono, monocyte; NK, natural killer; PMN,
polymorphonuclear cell; Pro, progenitor cell; Treg, T regulatory cell.

therapy, and (4) intensive care support for the septic HCT patient
in the context of severe organ dysfunction. We discuss these four
aspects in the following clinical vignettes.

CLINICAL VIGNETTE #1

Initial Clinical Presentation
A 5-year-old male with FLT3 internal tandem duplication
(ITD)-positive acute myeloid leukemia (AML) in
first complete remission (CR1) develops fever and
hypotension 12 days following matched unrelated donor
(MUD) bone marrow transplant (BMT) with targeted
busulfan/cyclophosphamide/antithymocyte globulin (ATG)
conditioning. He receives methotrexate (MTX) and tacrolimus
for graft-versus-host disease (GvHD) prophylaxis and
levofloxacin, acyclovir, fluconazole, and pentamidine for
antimicrobial prophylaxis. Vital signs are as follows: Temperature
40
◦

C despite acetaminophen, RR 28, HR 136, BP 80/34, SpO2
97% on room air. Physical exam demonstrates a pale, irritable,
but responsive child with tachycardia and oral mucositis. His
double-lumen tunneled catheter site has mild erythema at the

insertion site but is otherwise without discharge or tenderness.
Laboratory studies from earlier in the day are as follows:
WBC < 0.1 × 103/µL (reference 6–17 × 103/µL), Hgb 8.2 g/dL
(11.5–13.5 g/dL), platelets 15 × 103/µL (140–440 × 103/µL), Cr
0.4 mg/dL (0.2–0.4 mg/dL), ALT 83 U/L (<40 U/L), AST 125
U/L (<50 U/L), total bilirubin 1.2 mg/dL (0.1–1.0 mg/dL), and
direct bilirubin 0.2 mg/dL (<0.6 mg/dL).

What Additional Clinical and Laboratory
Information Would Be Useful at This
Time?
Sepsis is a clinical diagnosis, and this patient meets diagnostic
criteria for sepsis. Sepsis and septic shock must be the top
diagnostic consideration in HCT recipients presenting with
SIRS criteria. Other potential non-infectious etiologies include
engraftment syndrome, anaphylaxis, transfusion reaction and
hemophagocytic lymphohistiocytosis (HLH). These potential
etiologies should be considered in parallel with sepsis, but
their consideration should not delay sepsis treatment. Rapid
staging of multi-organ injury (MOI) can help set the tempo
of resuscitation and guide downstream management. Further
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workup should include a blood gas with lactate and procalcitonin
as sepsis biomarkers (5, 6), comprehensive metabolic panel
to assess for progressive renal and hepatic injury, coagulation
studies, fibrinogen, and d-dimers to assess for disseminated
intravascular coagulopathy (DIC) and repeat CBC to guide
potential need for transfusion. Physical exam looking for a
potential source of infection should be performed promptly.
Blood cultures from all lumens of indwelling central venous
catheters (CVCs) should be obtained but should not postpone
empiric antibiotic administration.

Take Home Message
Sepsis is a clinical diagnosis and a low-level of clinical suspicion is
warranted in an immunocompromised patient in whom multiple
infectious etiologies are possible.

What Are the Most Important First Steps
in Clinical Management?
Recognition of neutropenic sepsis should be followed by empiric
antibiotic coverage (Table 1) and aggressive fluid resuscitation
within the first hour of clinical presentation (7). Prompt empiric
antimicrobial therapy in the neutropenic patient should include
a broad-spectrum agent with activity against Pseudomonas spp.
such as 3rd- or 4th-generation cephalosporins or combination β-
lactam and β-lactamase inhibitors (e.g., piperacillin-tazobactam)
(8). If mucosal barrier injury (MBI) is present or suspected,
anaerobic coverage should also be provided with metronidazole,
particularly if an extended-spectrum cephalosporin is used
as empiric therapy. Methicillin-resistant Staphylococcus aureus
(MRSA) coverage with a glycopeptide would be added based
on patient risk-factors, including clinical instability or evidence
of skin or soft tissue infection (8). In addition, pediatric
HCT patients receiving levofloxacin prophylaxis are at risk for
bacteremia from viridans group Streptococcus (9). Therefore, the
current patient should receive empiric vancomycin.

Fluid resuscitation should focus on prompt restoration of
intravascular volume status using available crystalloids (10). Data
supporting the use of balanced (PlasmaLyte, Ringer’s lactate,
RL) vs. unbalanced (normal saline, NS) crystalloid solutions
in pediatric sepsis are equivocal at this time (11). Therefore,
fluid resuscitation should be initiated without delay and up to
60 mL/kg of IV fluid should be given in the first hour, with
frequent clinical assessment for resolution of tachycardia and
impaired perfusion. Red blood cell (RBC) transfusion may be
considered; but in the absence of severe anemia or bleeding,
should not be administered in lieu of the first 60 mL/kg of
crystalloid resuscitation (12). Platelet transfusions may also be
considered, particularly if the patient has DIC either with active
mucosal bleeding with a platelet count ≤50× 103/µL or without
active bleeding and a platelet count ≤20× 103/µ L (13).

Take Home Message
Early empiric antibiotics and fluid resuscitation should be
prioritized in patients with sepsis.

TABLE 1 | Considerations for infectious pathogens associated with sepsis in
pediatric allogeneic hematopoietic cell transplant recipients.

Gram-positive bacteria Yeasts

Clostridium septicum Candida albicans*

Enterococcus faecalis Candida krusei

Enterococcus faecium Candida glabrata*

Enterococcus spp., vancomycin resistant Candida lusitaniae

Staphylococcus, coagulase negative* Candida parapsilosis*

Staphylococcus aureus, methicillin resistant* Candida tropicalis

Staphylococcus aureus, methicillin sensitive* Cryptococcus neoformans

Streptococcus, Group A* Histoplasma capsulatum

Streptococcus, Group B

Streptococcus pneumoniae*

Viridans Streptococcus*

Gram-negative bacteria Molds

Acinetobacter spp. Aspergillus flavus

Bacteroides spp. Aspergillus fumigatus*

Capnocytophaga spp. Aspergillus niger

Citrobacter freundii Aspergillus terreus

Escherichia coli* Fusarium spp.*

Enterobacter cloacae* Scedosporidium spp.

Fusobacterium spp. Zygomycetes*

Klebsiella oxytoca

Klebsiella pneumonia* Viruses

Pseudomonas aeruginosa* Adenovirus*

Pseudomonas spp. Cytomegalovirus*

Serratia marcescens Herpes simplex virus

Stenotrophomonas maltophilia Varicella zoster virus

spp., species. *Most common pathogens within indicated class causing sepsis.

Clinical Update #1
Broad-spectrum antimicrobials (cefepime, metronidazole, and
vancomycin) are initiated, and three NS boluses (each 20 ml/kg)
are given followed by intravenous acetaminophen. A large
diameter peripheral catheter is placed to ensure that fluid
resuscitation is not delayed. After fluids and antibiotics, the
child remains febrile with persistent tachycardia (HR 158) and
hypotension (BP 70/30). Progressive tachypnea (RR 62) and
oxygen requirement (5L vent mask) develop, and the child is
transferred to the Pediatric Intensive Care Unit (PICU) for
further management.

What Additional Evaluations Should Be
Undertaken at This Time?
The patient now meets criteria for septic shock, as evidenced by
persistent hemodynamic dysfunction despite appropriate prompt
fluid resuscitation. In addition to continuous assessment of
vital signs, perfusion, and physical exam, ongoing evaluation
of MOI should include repeat arterial blood gas (ABG), CBC,
comprehensive metabolic panel, and coagulation studies. The
patient should also have a chest radiograph to evaluate his
new onset of respiratory distress. Further imaging may be
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warranted including computed tomography (CT) imaging given
its increased sensitivity for detecting parenchymal disease in
the context of neutropenia (14), but only after hemodynamic
stability is achieved.

Take Home Message
After rapid resuscitation, comprehensive clinical reassessment is
needed to determine response to therapy and to monitor for
potential clinical deterioration.

What Further Management Should Be
Considered?
Treatment of septic shock should focus on improving oxygen
delivery, reducing metabolic demand, and reversing the
underlying trigger. Fluid resuscitation can augment cardiac
output and therefore is a key method to improve oxygen
delivery. Vascular access should not limit the ability to provide
aggressive fluid resuscitation in a timely manner, and placement
of peripheral intravascular catheters are often necessary. Many
patients with septic shock may require more than 60 mL/kg
of fluid resuscitation. Measuring intravascular volume status
with physical exam, central venous pressure and respiratory
variability in the arterial pulse pressure waveform can help
differentiate patients who are adequately fluid resuscitated from
those whom are not. While intravascular volume repletion
is critically necessary, the capillary leak associated with
myeloablative conditioning and sepsis may lead to pulmonary
edema and anasarca.

Oxygen delivery can also be improved by providing
supplemental oxygen (non-invasively or through endotracheal
intubation) and increasing oxygen carrying capacity through
RBC transfusions. In the absence of severe anemia or bleeding,
transfusions should be used after initial crystalloid resuscitation.
Oxygen delivery can also be augmented by improving cardiac
output with vasoactive infusions. Pediatric HCT patients
with sepsis may have hyperdynamic cardiac function, but
concomitant myocardial depression due to prior anthracycline
exposure, total body irradiation, or cytokine storm (15, 16)
should prompt the use of vasoactive infusions (typically
epinephrine or norepinephrine). Metabolic demand can be
reduced with endotracheal intubation and sedation. Lastly, some
pediatric HCT patients may have acquired adrenal insufficiency
due to long-term exposure to glucocorticoids, so stress-dose
hydrocortisone with a gastric acid protectant may be warranted.

Persistent sepsis should also warrant consideration for
broadening antimicrobial therapy, particularly to provide
coverage for MRSA and/or invasive fungal infection (IFI) like
candidemia and molds, especially in the context of persistent
fever and neutropenia (8). However, the presence of MOI will
impact the type of empiric antimicrobial therapy given. For
example, echinocandins or the triazole posaconazole can be
administered in the context of hepatic and renal insufficiency
(17), but interactions with immunomodulatory agents and
potential for QTc prolongation should be noted with the azole
agents (18). In contrast, vancomycin should be used with
caution in the context of acute kidney injury (AKI) and dosed
by trough if other alternative agents like linezolid are not

available (19). Lastly, caution should be exercised with certain
combinations of antimicrobial agents like vancomycin and
piperacillin-tazobactam, which increases the risk of AKI (20).

Take Home Message
Individualized cardiopulmonary support and antimicrobial
therapy are crucial in managing post-HCT septic shock.

Clinical Update #2
In the PICU, CXR reveals bilateral pleural effusions (R > L)
with increased interstitial markings. The child’s work of
breathing increases and he becomes more lethargic, necessitating
endotracheal intubation with mechanical ventilation. Given
his continued hypotension (BP 75/28) and the high rate
of peri-intubation cardiac arrest (21), he is also started on
an epinephrine infusion (0.1 mcg/kg/min). Repeat labs show
continued profound neutropenia (ANC < 200/µL), Hgb 7.2 g/dL,
platelets 14× 103/µL, Cr 1.1 mg/dL, ALT 145 U/L, AST 179 U/L,
INR 1.9, PTT 46 s (reference 24–36 s), fibrinogen 100 mg/dL
(170–410 mg/dL), d-dimers 13.2 µg/mL (<0.5 µg/mL), lactate
5.6 mmol/L (<2.2 mmol/L), and procalcitonin 23 ng/ml
(<5 ng/ml). RBC and platelet infusions are administered to
support oxygen carrying capacity and to prevent bleeding. After
hemodynamic stabilization, CT sinus, chest, abdomen and pelvis
are performed. CT sinuses reveal opacification of the maxillary
and ethmoid sinuses with air-fluid levels. CT chest shows
opacification and air bronchograms in the left lower lobe with
associated micronodules throughout both lungs and bilateral
pleural effusions (R > L). CT abdomen/pelvis is negative for
colitis or pneumatosis.

How Can We Determine the Cause for
This Patient’s Septic Shock?
Even in patients receiving broad-spectrum antimicrobial therapy,
additional diagnostic microbiologic testing should be strongly
considered in the setting of progressive septic shock and
negative, indeterminate, or pending diagnostic tests. Standard
clinical microbiologic diagnostics fail to identify a pathogenic
organism in approximately one-third of suspected infectious
cases (22) and delayed or missed microbial detection is
associated with significant mortality (23–25). In addition to
identifying an etiology for septic shock, diagnostic testing
can identify plausible co-pathogens requiring treatment and
determine antimicrobial susceptibilities, allow for cessation of
unneeded nephro-, hepato-, and myelotoxic antimicrobials, and
locate infected tissue that may require debridement for source
control. Strategies for invasive testing should be guided by
physical exam and imaging. Of note, chest x-ray alone has
very poor sensitivity compared to chest CT in identifying
potential pulmonary infections (26, 27). Bronchoalveolar lavage
(BAL) can facilitate detection of pulmonary pathogens via direct
sampling of infiltrates or consolidations when accessible (28)
and particularly when performed early after symptom onset
and radiographic confirmation (29). Lung biopsy should be
reserved for lesions or pulmonary nodules not accessible by
BAL, as complications associated with lung biopsy are greater
than BAL, particularly in pediatric patients (30). Investigation
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should also consider the following: (a) rhinocerebral infection
in patients with longstanding glucocorticoid use, neutropenia,
or T-cell impairment, (b) colitis in patients with intestinal
MBI or pre-transplant history of inflammatory bowel disease,
(c) thrombophlebitis in patients with high-risk CVCs, (d)
pyelonephritis in patients with urinary retention or indwelling
catheters, (e) cellulitis in patients with pressure ulcers, (f)
and cholecystitis in patients with chronic hemolysis. Novel
testing methods using culture-independent techniques such as
metagenomics sequencing have shown early utility in identifying
pathogens in HCT and non-HCT patients with sepsis (31, 32).

Take Home Message
Pediatric HCT patients with septic shock should undergo
extensive microbiologic testing in order to improve the likelihood
of successful infectious diagnosis and treatment.

Clinical Update #3
The following day, the patient undergoes bronchoalveolar lavage
and samples are sent for culture, cytology, and PCR. ENT
also performs nasal endoscopy and sinus samples are sent for
culture and PCR. Preliminary gram stain of the BAL fluid shows
numerous gram-negative rods. Blood cultures obtained at the
time of initial fever remain negative. BAL and sinus cultures
are positive for an extended-spectrum β-lactamase (ESBL)-
producing Pseudomonas aeruginosa. Additional lab results
include tacrolimus level was 17.2 ng/mL (reference 5–20 ng/mL),
serum Aspergillus galactomannan (GMN) is 0.3 (positive >0.5).
The patient continues to require vasopressors and remains
profoundly neutropenic and transfusion dependent.

What Further Management Is Required
to Stabilize This Patient?
Blood stream infections (BSI) are the most common infection
following allogeneic HCT (33) and associated with the greatest
mortality risk in HCT patients (34), particularly when
MDR organisms are involved (35) and insufficient empiric
antimicrobial therapy is administered (36). Attributable risk
factors for BSI include presence of central venous catheter (CVC)
placement including CVC type (37), MBI (38), and GvHD
(39) as well as use of immunosuppressive therapy (IST) (40)
(Figure 2). Pneumonia is also a common cause of infection
after allogeneic HCT and associates with increased mortality in
the first 100 days after transplant (41). Of note, HCT recipients
often have multiple infections, which may be caused by different
pathogens. Therefore, thorough diagnostic investigation and
acquisition of diagnostics from sites of infection are warranted.

Once the pathogen is identified and antimicrobial sensitivities
are defined, therapy targeting the specific pathogen(s) should
be administered. However, additional considerations for the
antimicrobial therapy include: location of the infection and
the ability of the agent(s) to achieve adequate concentrations,
presence of organ dysfunction affecting the metabolism of
selected agent(s), drug interactions between antimicrobial and
immunosuppressive therapies, and the clinical context in which
a pathogen is identified and the antimicrobial therapy is
administered. In this clinical case, the patient remains septic

and with pancytopenia, requiring broad-spectrum antibiotic
and antifungal therapies in addition to therapy targeting
his ESBL-producing Pseudomonas aeruginosa (42). To this
end, meropenem and caspofungin are started as empiric
antimicrobial therapy.

In addition to administering proper antimicrobial therapy,
other therapeutic interventions should be considered in
this patient. First, removal of CVCs should be considered
when there is evidence of refractory shock caused by MDR
pathogens (43, 44). Second, salvage therapies aimed at restoring
immunity should be considered and include reduction in
or even withdrawal of immunosuppression, use of colony
stimulating factors (G-CSF and GM-CSF) (45), and granulocyte
transfusions (46). Augmenting immune recovery is key to best
outcomes, but both cytokines and granulocyte transfusions
have potential adverse effects like worsening inflammation,
bone pain, and hypoxemia. Lastly, discontinuing medications
with high toxicity profiles that are unlikely to help the patient
may prevent further acute kidney injury (AKI). Other efforts to
prevent or mitigate the development of organ toxicity should
also be investigated. Pediatric HCT patients frequently receive
multiple nephrotoxic medications, including antibiotics like
glycopeptides and aminoglycosides, calcineurin inhibitors
(e.g., tacrolimus, cyclosporine), and antivirals (e.g., acyclovir,
foscarnet, ganciclovir, cidofovir). So early withdrawal or dose
reductions in these medications to prevent advancing AKI is
prudent. Other supportive care considerations to maintain
organ function includes lung-protective mechanical ventilation,
hemodynamic and transfusion support, thromboprophylaxis,
careful fluid management, and sedation and analgesia.

Take Home Message
Reversing septic shock in pediatric HCT patients may require
proper antimicrobial therapy, source control, and potential use of
immunomodulatory therapies. Maintaining multiorgan function
is critical to facilitate recovery.

Clinical Update #4
After CVL line removal and appropriate antimicrobial therapy
is administered, epinephrine is able to be weaned and ultimately
discontinued on PICU day 4. The patient is extubated on PICU
day 5 and transitioned to CPAP during the day and BiPAP at
night for the next 3 days. The child begins dexmedetomidine and
fentanyl weaning following extubation. Oxygen supplementation
is weaned to 0.5L nasal cannula on PICU day 9. After a
10-day PICU stay, the child is transferred to the BMT unit
to complete a 14-day course of antimicrobial therapy and to
continue sedation wean. He received physical, occupational,
and recreational therapies in the BMT unit. He has neutrophil
engraftment (ANC 880/µl) on transplant day 21, and platelet
engraftment on transplant day 37. He is discharged from the
hospital on transplant day 42.

What Is the Best Way to De-Escalate
Therapy and Promote Recovery?
Pediatric HCT patients who survive septic shock may
require weeks to recover from the immediate sequelae.
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FIGURE 2 | Risk factors for blood stream infection in allogeneic hematopoietic cell transplant recipients. (Left column) Transplant, donor, allograft and recipient
factors are associated with risk for bloodstream infection (BSI). Higher risk patients should be monitored closely for the development of BSI in order to initiate prompt
treatment aimed at preventing progression to severe sepsis or septic shock. GvHD, graft-versus-host disease; MBI, mucosal barrier injury; IST, immunosuppressive
therapy; PICC, peripherally inserted central catheter.

Immunosuppression necessary for GvHD prophylaxis should
be restarted and levels monitored in the context of continued
but resolving organ dysfunction. Gradual reduction in sedation
and analgesia is required to prevent withdrawal. A multimodal
approach to prevent, detect, and treat delirium should be
implemented (47). Long-term effects on renal, hepatic, and
lung function should be monitored as survivors frequently
have prolonged impairment (48). Lastly, many survivors
have prolonged functional impairment that may benefit from
rehabilitation services (49).

Take Home Message
Pediatric HCT patients who survive sepsis require continued
supportive care to promote recovery, including monitoring for
delirium, withdrawal and deconditioning.

Patient #1 Summary
This case describes a pediatric HCT patient with fulminant
bacterial septic shock due to resistant Pseudomonas aeruginosa
prior to engraftment. Allogeneic HCT patients are at very high
risk for bacterial sepsis in the pre-engraftment period (42).
Prompt recognition, early empiric therapy, and hemodynamic
resuscitation guided by physical exam and laboratory data are
vital to ensuring survival (10). Chances for best clinical outcome
require immune recovery, source control, and appropriate
antimicrobial therapy (7). Duration of antimicrobial therapy is
predicated upon overlap with immune recovery and documented
eradication of infection by culture and/or radiographic resolution
as clinically appropriate (50). Lastly, significant deconditioning
associated with prolonged hospitalization, increases risk for

infection and resource utilization, for which clinical therapy
services to increase strength and stamina have been proven
effective (51, 52).

CLINICAL VIGNETTE #2

Initial Clinical Presentation
A 16-year-old female diagnosed with idiopathic severe
aplastic anemia received an allogeneic BMT following
fludarabine/cyclophosphamide/alemtuzumab (FCC)
conditioning from a 12/12 HLA-matched unrelated donor
40 days ago. Her transplant course was unremarkable, and
she was discharged on from the hospital on day +27 on
tacrolimus as GvHD prophylaxis along with other supportive
care medications including voriconazole, acyclovir and
trimethoprim-sulfamethoxazole. She now presents to the
emergency room with fever, hypotension, diffuse rash, cough
and diarrhea. Sick contacts are notable at home with upper
respiratory tract symptoms, including rhinorrhea and cough.
Vital signs in the emergency department are as follows: 38.9

◦

C,
HR 116, RR 22, BP 74/45, SpO2 95% on room air. Physical
exam is significant for diffuse, blanching maculopapular rash
involving torso, legs and arms sparing palms and soles, crackles
mostly in the bilateral bases, and mild abdominal tenderness
with palpation. Her double-lumen tunneled catheter site is
without erythema, discharge or tenderness. Blood cultures
are obtained from both catheter lumens, and respiratory viral
PCR, CBC and metabolic panels are sent. CXR is obtained
that demonstrates bilateral interstitial markings. Two NS fluid
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boluses are given, and empiric antimicrobial therapy with
piperacillin-tazobactam is started.

What Additional Clinical and Laboratory
Information Will Be Useful?
This patient meets all SIRS criteria and is at high-risk for infection
without a clear alternate etiology; therefore, the diagnosis of
sepsis should be suspected. Although this patient has achieved
some level of innate immunity due to being post-engraftment,
adaptive immunodeficiency persists through at least the first year
post-HCT and is compounded by ongoing immunosuppression
from GVHD prophylaxis, placing engrafted pediatric HCT
patients at risk for sepsis (Figure 1). The differential diagnosis
for the type of sepsis remains broad; so bacterial, viral, and
fungal etiologies should be investigated. Comprehensively staging
the patient’s organ dysfunction is needed both to determine if
the patient meets criteria for severe sepsis and to anticipate
upcoming need for multiorgan support. Because the etiology
of this patient’s abrupt decline is not clear at this time, other
potential diagnoses, including acute GvHD and hemophagocytic
lymphohistiocytosis (HLH), should be considered, particularly if
the patient remains critically ill and initial diagnostic work-up is
negative, indeterminate, or pending.

Take Home Message
A pediatric HCT patient with fever and hypotension without a
clear etiology merits rapid comprehensive diagnostic evaluation
and intervention.

How Should This Patient Be Managed?
Fluid resuscitation should be guided by physical exam and
laboratory data. Specifically, this patient’s persistent tachycardia
and hypotension without evidence of acute heart failure (i.e.,
peripheral edema and hepatomegaly) suggest ongoing need for
volume expansion. As with the patient in clinical vignette #1,
oxygen delivery can be improved through supplemental oxygen
and vasoactive infusions. Empiric antimicrobials should be
initiated promptly and include a broad-spectrum antimicrobial
like piperacillin-tazobactam or cefepime. Gram-positive coverage
would be warranted if the patient has a focus of infection
(e.g., catheter site soft tissue/skin infection) or continues to be
hemodynamically unstable. Broader empiric antifungal coverage
would similarly be considered for continued clinical instability.

Take Home Message
All pediatric HCT patients with suspected sepsis, severe sepsis,
or septic shock should receive prompt fluid resuscitation and
empiric antibiotics while diagnostic evaluation is ongoing.

Clinical Update #1
Initial laboratory results are as follows: WBC 15.9 × 103/µL,
ANC 12,250, ALC 189, Hgb 12.1 g/dL, platelets 95 × 103/µL,
Cr 2.6 mg/dL (reference 0.6–1 mg/dL), ALT 452 U/L, AST 675
U/L, and total bilirubin 3.4 mg/dL, direct bilirubin 3.2 mg/dL,
CRP 24.9 mg/dL (reference <1.2 mg/dL), lactate 5.7 (0.5–
2.2 mmol/L), procalcitonin 5 ng/mL (<0.5 ng/mL). While still
in the emergency department, the patient receives two more NS

boluses due to persistent hypotension (BP 60/30) and is started
on epinephrine (0.1 mcg/kg/min) prior to transfer to the PICU.

Do These Findings Change This Patient’s
Risk Stratification?
Initial laboratory findings show significant multiorgan injury
(MOI). Assuming a baseline creatinine of <1 mg/dL, this
patient’s Cr has more than doubled, suggesting greater than
50% reduction in glomerular filtration and sufficient to already
qualify for a diagnosis of AKI (53). In addition, the patient
demonstrates transaminitis consistent with liver injury as well as
an elevated lactate suggesting end-organ dysfunction. Persistence
of cardiovascular dysfunction refractory to fluid resuscitation
qualifies this patient for a diagnosis of septic shock. RBC
transfusions are not indicated with a hemoglobin of 12 g/dL.

Take Home Message
This patient met criteria for severe sepsis on presentation and
quickly escalated to fluid-refractory septic shock.

Clinical Update #2
In the PICU, the patient develops tachypnea and hypoxemia,
for which she is placed on 10L ventilation mask. Repeat CXR
reveals bilateral pleural effusions with persistent interstitial
markings. Given hypercapnia and continued tachypnea with
persistent work of breathing, she is intubated and positive
pressure ventilation is initiated. In addition to respiratory
failure, the patient continues to have significant hypotension (BP
65/30) despite epinephrine. Therefore, norepinephrine is started
(0.2 mcg/kg/min) and hydrocortisone 100 mg/m2 is administered
for presumed adrenal insufficiency.

The patient is noted to have bloody diarrhea and frank blood
is suctioned from her endotracheal tube (ETT). Coagulation
studies reveal INR 3.2, PTT 60 s, and fibrinogen 58 mg/dL. GI
film array is negative. Other labs are as follows: ferritin 580
ng/mL (reference 31–294 ng/mL), triglycerides 190 mg/dL (29–
200 mg/dL), tacrolimus 28.2 ng/mL (5–20 ng/mL) and serum
Aspergillus galactomannan (GMN) 0.4 (positive >0.5).

What Diagnostic Management
Considerations Are Required at This
Point?
Fulminant respiratory failure can frequently occur in the setting
of post-HCT sepsis. It may not be initially clear if the lungs
are the primary source for the sepsis (direct lung injury) or
have become injured as sequelae of sepsis (indirect lung injury).
Prompt endotracheal intubation with aggressive attempts to
maintain functional residual capacity through adequate mean
airway pressure may be required in the face of ongoing
loss of pulmonary compliance. Pediatric HCT patients with
respiratory failure frequently meet criteria for acute respiratory
distress syndrome (ARDS), which is associated with >60%
mortality in this population (54). Pulmonary hemorrhage is a
disastrous complication of post-HCT lung injury and requires
prompt restoration of hemostasis. Intravenous or inhaled
anti-fibrinolytics (e.g., tranexemic acid) or clotting factors
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FIGURE 3 | Invasive viral infection in allogeneic hematopoietic cell transplant recipients. Risk factors (left), target organs and clinical manifestations (center) and
post-transplant outcomes affected by DNA viruses (right) are depicted. Patients at risk for dsDNA viremia should be monitored closely for the development of DNA
reactivation or de novo infection and should be treated promptly in order to prevent progression to severe multi-organ injury (MOI). A, ADV, adenovirus; αCD52,
anti-CD52 monoclonal antibody (alemtuzumab); ATG, antithymocyte globulin; B, BK virus; C, CMV, cytomegalovirus; D/R, donor/recipient; E, EBV, Epstein-Barr
virus; GvHD, graft-versus-host disease; H6, HHV-6, human herpesvirus 6; H, HSV, herpes simplex virus; HLA, human leukocyte antigen; UCB, umbilical cord blood;
V, VZV, varicella zoster virus; ↑, increases; ↓, decreases.

(e.g., recombinant factor VII) may be administered for short
term hemostasis while the underlying etiology is addressed.
Adrenal insufficiency should be considered in patients with
vasopressor-refractory shock and echocardiography should be
used to assess myocardial dysfunction. Strategies to reduce
metabolic demand should be promptly employed, including
sedation, paralysis, cessation of enteral feeding, and anti-pyresis.
Nephrotoxic medications like tacrolimus should be discontinued
to prevent further renal injury and levels should be followed
daily to determine when dosing can be safely resumed. While
supportive care is ongoing, additional diagnostics should include
broad assessment for viral infection, including qualitative PCR
from plasma, stool, nasal, and ETT aspirate for adenovirus,
cytomegalovirus, herpes simplex virus, and other herpesviruses.
Reflex plasma quantitative PCR should be obtained if qualitative
PCR is positive.

Take Home Message
Pediatric HCT patients with septic shock and MOI require
aggressive intensive care aimed at stabilizing organ function,
which should occur in parallel with an exhaustive diagnostic
work-up to identify underlying etiology and to direct treatment.

Clinical Update #3
Blood cultures and plasma qualitative PCR for CMV, EBV, and
HHV-6 are negative. However, qualitative adenovirus (ADV)
PCR from urine, stool, and ETT secretions are positive; and reflex
quantitative plasma ADV PCR shows 757,630 DNA copies/mL.
Skin biopsy obtained after correction of systemic coagulopathy
is negative for GvHD, but qualitative PCR is positive for ADV.

However, repeat laboratory tests show persistent lactic acidosis
and further elevation in creatinine to 3.5 mg/dL.

How Can Disseminated Adenovirus Be
Effectively Treated in This Patient?
Disseminated adenovirus (ADV) is a cause of viral sepsis that
can quickly escalate to MOI and death following allogeneic
HCT, especially in the context of either high ADV loads (55)
or co-infection with other double-stranded DNA viruses (56).
ADV can cause myocarditis, pneumonitis, cystitis, hepatitis,
enteritis, and meningoencephalitis in the immunocompromised
host (57) (Figure 3).

The patient has numerous risk-factors for presumed ADV
reactivation (as pre-transplant serology was not performed),
including alemtuzumab-based serotherapy, recent lymphocyte
reconstitution, and ongoing T-cell targeted immunosuppression
(58) (Figure 3). Treatment of disseminated ADV includes
intravenous cidofovir and rapid tapering of immunosuppression
(59). Novel investigational therapies for disseminated
adenovirema include virus-specific T-cells (VSTs), which
are available “off the shelf ” from unrelated donors or generated
from a related donor (60). As the patient is greater than 28 days
from serotherapy, does not have GvHD, and is not receiving
steroids, consideration for VSTs is reasonable at this time.

Since obtaining VSTs may take time depending upon how
they are manufactured (61), organ function preservation is
crucial while potential therapies are mobilized. Specifically, the
patient has significant AKI that would likely be worsened by
intravenous cidofovir at standard dosing (5 mg/kg/week) despite
the use of probenecid. Therefore, the patient may be a candidate
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for thrice weekly cidofovir at reduced dosing (1 mg/kg/dose)
and continuous veno-venous hemodialysis (CVVHD) in order
to maintain extracorporeal renal function and facilitate fluid
removal while salvage cell therapies are initiated.

Take Home Message
Disseminated viral infections in pediatric HCT patients can
cause MOI and requires aggressive antiviral and consideration
for experimental therapies. Strategies to treat post-HCT viral
infections are constantly evolving and BMT, ICU, and ID
physicians should work collaboratively to obtain investigational
therapies for their patients.

Clinical Update #4
On PICU day 4, the patient is started on cidofovir 1 mg/kg/dose
thrice weekly. Given the severity of disease and renal
insufficiency, the patient undergoes placement of a dialysis
catheter and receives CVVHD. She receives haploidentical ADV-
specific T-cells enriched using a commercial cytokine capture
system via eIND on PICU day 10. The patient’s quantitative
plasma ADV PCR decreases to 15,250 and 585 DNA copies/mL
7 and 10 days after VST infusion, respectively. She is extubated
on PICU day 22 and ultimately transferred to the BMT floor on
hospital day 25 while supplemental oxygen via 2L nasal cannula
and undergoing sedation wean.

With Adenovirus Responding to VST
Therapy, What Future Care
Considerations Are Needed?
After two consecutive plasma qualitative ADV PCR separated
by 72 h are negative, antiviral pharmaceutical therapies can be
discontinued, but close monitoring is needed for signs of viral
recrudescence, including serial plasma and stool ADV PCR,
end organ laboratory monitoring, and close physical exam. In
addition, patients with dsDNA viral infections after HCT are
at high risk for delayed IR (62), bone marrow suppression
and potential development of gastrointestinal GvHD (63). This
patient should be followed closely for these complications
while re-initiating GVHD prophylaxis and monitoring for
organ dysfunction.

Patient #2 Summary
This clinical case describes a pediatric HCT patient with
fulminant viral septic shock in the setting of incomplete
lymphocyte functional reconstitution. Pediatric HCT patients are
at high-risk for viral syndromes including viremia, end organ
infection (pneumonitis, enteritis, and meningoencephalitis) and
disseminated sepsis. Prompt recognition, early empiric therapy,
and hemodynamic resuscitation guided by physical exam and
laboratory data are crucial to ensuring survival.

CLINICAL VIGNETTE #3

Initial Clinical Presentation
An 8-year-old boy with relapsed T-cell acute lymphocytic (T-
ALL) received a 10/10 HLA-matched unrelated PBSC transplant

67 days ago using cyclophosphamide/total body irradiation (TBI)
conditioning and methotrexate/tacrolimus GvHD prophylaxis.
He is receiving oral voriconazole, acyclovir and trimethoprim-
sulfamethoxazole as antimicrobial prophylaxis. He is currently
admitted for severe (Grade 3), skin (Stage 3) and gastrointestinal
(Stage 2) GvHD. For his GvHD, he was started on 2 mg/kg
methyl-prednisolone. However, after 5 days of steroids, his
GvHD was deemed steroid-refractory (SR). Therefore, he was
started on infliximab (64) and remains on a weaning dose of
steroid and tacrolimus. On hospital day 17, he has a fever and
vomiting and complains of nausea and abdominal pain. Vital
signs are as follows: 39.9

◦

C, HR 159, RR 28, BP 62/30, SpO2
95% on room air. Physical exam is significant for white plaques
on his buccal mucosa, diffuse maculopapular rash involving
torso, legs and arms and mild abdominal tenderness with deep
palpation. His double-lumen tunneled catheter site is without
erythema, discharge or tenderness. Blood cultures are obtained
from both catheter lumens, CBC and metabolic panels are sent.
CXR is obtained that demonstrates no acute cardiopulmonary
process. Two NS fluid boluses are given. He is started on empiric
vancomycin and meropenem and transferred to the PICU for
further management.

What Additional Clinical Considerations
Arise?
Acute GvHD is a significant risk factor for infection and
infection-related mortality in allogeneic HCT patients (65). In
particular, risk for invasive fungal infection (IFI) is especially
high in patients with SR GvHD (66), likely reflecting underlying
pathophysiology and use of immunomodulatory agents that
hinder donor-derived antifungal immunity. Such increased risk
in infection even occurs with the use of newer immune therapies
for SR GvHD like ruxolitinib (67). While the patient had been
receiving voriconazole prophylaxis, he is at significant risk for
break-through IFI given his SR gastrointestinal GvHD and is
hemodynamically unstable. Therefore, consideration for starting
empiric liposomal amphotericin is warranted.

Take Home Message
Graft-versus-host disease and its associated therapy significantly
increase risk for IFI in allogeneic HCT recipients by
compromising antimicrobial immunity and damaging mucosal
barrier integrity, enabling transmigration of gut flora into
the blood stream as well as hindering absorption of oral
antifungal prophylaxis.

Clinical Update #1
Initial laboratory results are as follows: WBC 23 × 103/µL,
ANC 18,850, ALC 120, Hgb 10.1 g/dL, platelets 65 × 103/µL,
Cr 2.2 mg/dL (reference 0.6–1 mg/dL), ALT 78 U/L, AST
90 U/L, total bilirubin 1.2 mg/dL, direct bilirubin 0.6 mg/dL,
CRP 6 mg/dL (reference <1.2 mg/dL), lactate 2.3 (0.5–
2.2 mmol/L), procalcitonin 7.8 ng/mL (<0.5 ng/mL), beta-
D-glucan 80 pg/mL (>60 pg/mL). The patient receives two
additional NS boluses due to persistent hypotension (BP
62/35) and is started on epinephrine (0.1 mcg/kg/min). He is
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FIGURE 4 | Invasive fungal infection in allogeneic hematopoietic cell transplant recipients. Risk factors (left), target organs and clinical manifestations (center) and
post-transplant outcomes affected by representative fungi (right) are illustrated. Keys to best outcomes following IFI include adequate source control, proper
antifungal therapy and most importantly restoration in antifungal immunity. ASP, Aspergillus spp.; ATG, antithymocyte globulin; BM, bone marrow; CAN, Candida
spp.; GvHD; graft-versus-host disease; HLA, human leukocyte antigen; MAb, monoclonal antibody; PB, peripheral blood; UCB, umbilical cord blood; ↑, increases;
↓, decreases.

started on liposomal amphotericin, and his previous antibiotic
therapies are maintained.

How Reliable Are Serum Biomarkers for
Diagnosis of IFI in Pediatric HCT
Recipients?
Proven diagnosis of IFI requires isolation of the fungus from a
sterile site in a patient suspected of having a fungal infection (68).
Fungal biomarkers like galactomannan (GMN) and (1,3)-beta-D-
glucan (BDG) can aid in the diagnosis of probable IFI, but alone
lack the definitive diagnostic capability given their variability in
sensitivity, specificity and positive predictive value in the clinical
setting of pediatric HCT (69).

Clinical Update #2
Nine hours after collection, blood cultures from both catheter
lumens are reported positive for yeast. The isolate is ultimately
identified as Candida parapsilosis, and susceptibility testing
shows the strain to be sensitive to voriconazole, posaconazole,
and amphotericin. The patient’s central line is removed within
24 h after the blood cultures were positive for yeast, and
both catheter lumens growing C. parapsilosis. The patient
remained hemodynamically stable and is ultimately weaned off
his epinephrine on PICU day 3. However, he remains febrile
despite line removal and persistent negative daily blood cultures.

What Is the Diagnostic Work-Up for
Fungemia in an Immunocompromised
Patient?
An immunocompromised patient with candidemia warrants
a work-up for invasive candidiasis (70, 71), particularly

an allogeneic HCT recipient with SR GvHD with recent
candidemia and persistent fever (Figure 4). The work-
up involves ocular examination, echocardiogram and
liver/spleen imaging to determine if the patient has retinitis,
endocarditis, or hepatosplenic candidiasis, respectively.
Other diagnostic considerations include lumbar puncture,
chest imaging, and endoscopy if the patient has signs or
symptoms of meningoencephalitis, pneumonia, or esophagitis,
respectively. Urine culture and imaging of the kidneys should
also be considered.

Take Home Message
Fungemia and persistent fever in an immunocompromised
patient necessitates further diagnostic work-up to identify
potential source for infection.

Clinical Update #3
The patient’s transthoracic echocardiogram and ophthalmology
exam are negative for infection. In addition, CT sinus and
chest are also negative. However, CT abdomen/pelvis reveal
multiple hypodense lesions in the liver and spleen consistent
with hepatosplenic candidiasis. The patient is transferred back
to the BMT unit where he is maintained on liposomal
amphotericin until improvement in his GvHD, after which time
he is transitioned to oral voriconazole and has therapeutic
voriconazole levels confirmed (72).

Patient #3 Summary
This case illustrates a pediatric HCT patient with SR aGvHD,
which predisposes him to IFI manifesting as candidemia and
hepatosplenic candidiasis. Breakthrough IFI can occur despite
antifungal prophylaxis, especially in the setting of malabsorption
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causing sub-therapeutic levels. In addition to source control
through the removal of central venous catheter, determination for
other potential sites of fungal infection was needed. Outcomes
for IFI in immunocompromised patients are most favorable
when source control is achieved, proper antifungal therapy is
administered, and immune recovery occurs.

CONCLUSION

Pediatric allogeneic HCT patients who present with fever and
hypotension are at high risk of developing sepsis from a
variety of organisms with progression to septic shock. Early

individualized multiorgan support is critical to prevent the
progression of organ injury. Broad diagnostic testing is crucial
so that tailored anti-pathogen therapies can be implemented
before irreversible MOI develops. Ultimately, close collaboration
between transplant, intensive care, and infectious disease teams
remains a cornerstone of successful patient outcomes.
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Introduction: Respiratory complications due to engraftment syndrome (ES) in the

post-hematopoietic stem cell transplant (HSCT) setting can lead to acute respiratory

failure (ARF). Outcomes of children developing ARF due to engraftment are unknown.

Methods: We conducted a retrospective analysis of 1,527 pediatric HSCT recipients

and identified children who developed ARF due to ES over a 17-year period. Thirty

patients that developed ARF and required invasive mechanical ventilation (IMV) due to

ES were included in this study.

Results: The survival rate for our cohort was 80% [alive at intensive care unit (ICU)

discharge]. The most common underlying primary disease was hematologic malignancy,

and 67% of children underwent allogeneic HSCT. Further, 73% required vasopressor

drips and 23% underwent dialysis. Survivors had a shorter median ICU length of stay than

did non-survivors (15 vs. 40 days, respectively, p = 0.01). Survivors had a significantly

lower median cumulative fluid overload % on days 4 and 5 after initiation of IMV than did

non-survivors (2.8 vs. 14.0 ml/kg, p= 0.038 on day 4, and 1.8 vs. 14.9 ml/kg, p= 0.044

on day 5, respectively).

Conclusion: Our results suggest that children who develop ARF during engraftment

have better ICU survival rates than do those with other etiologies of ARF post-HSCT.

Furthermore, fluid overload contributes to mortality in these children; therefore, strategies

to prevent and address fluid overload should be considered.

Keywords: engraftment syndrome, acute respiratory failure, hematopoietic (stem) cell transplantation (HCT),

critically ill, pediatrics

INTRODUCTION

Pulmonary complications after hematopoietic stem cell transplant (HSCT) are relatively common
in children and can result in significant morbidity and mortality. Pulmonary injury occurs in
25–55% of pediatric patients receiving HSCT, and transplant-related mortality is as high as 64%
(1–3). Such pulmonary complications after HSCT may be attributed to infectious and/or non-
infectious lung injury (4). Soon after HSCT, during the period of neutrophil recovery, engraftment
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syndrome (ES) is one such non-infectious complication that may
result in acute respiratory failure (ARF) (5).

Engraftment syndrome has been described in both autologous
and allogeneic HSCT (5–18). Although clinical findings of
ES may vary, non-specific signs and symptoms commonly
associated with ES include non-infectious fever, rash, non-
cardiac edema with pulmonary fluid retention, and hypoxia
(4). Symptoms usually appear before neutrophil engraftment
and have been attributed to a pro-inflammatory condition as
a result of the release of cytokines and other inflammatory
mediators. This systemic pro-inflammatory state results in
the manifestation of clinical findings before the appearance
of circulating neutrophils in the peripheral blood. Pulmonary
complications during engraftment occur secondary to this
cytokine release and capillary leak, which leads to acute lung
injury and hypoxia. As a result, respiratory distress with hypoxia
can occur and progress to ARF, which requires an escalation of
respiratory support to non-invasive mechanical ventilation or
invasive mechanical ventilation (IMV).

Pulmonary infiltrates and hypoxia can occur in up to 57%
of children with peri-ES post-allogeneic HSCT (19). An earlier
report described peri-engraftment respiratory distress and poor
survival of adult patients who required IMV (20). Outcomes of
pediatric patients receiving HSCT and developing ARF due to
engraftment are unknown. The aim of our study is to describe
the outcomes of children post-HSCT who experienced ARF and
required IMV secondary to engraftment. We also determined the
risk factors associated with mortality in this population.

PATIENTS AND METHODS

Study Population
All patients who underwent autologous or allogeneic HSCT and
developed ARF requiring IMV between January 2002 and April
2019 were evaluated. The study was approved by the St. Jude
Children’s Research Hospital Institutional Review Board.

Patients were included if they developed ARF and required
IMV during the peri-engraftment period, which included the
7 days preceding and the 7 days after neutrophil engraftment.
Neutrophil engraftment was defined as the first day of the
3 consecutive days with an absolute neutrophil count (ANC)
≥0.5× 109/L. Patients with engraftment syndrome were defined
as those with fever, rash, and diffuse non-cardiac pulmonary
edema that occurred within 7 days of the neutrophil engraftment
date. Patients receiving transplantation after 21 years of age,
those with documented pulmonary infection at the time of
engraftment, or those with cardiac dysfunction were excluded
from this study. Transplantation data collected included the
patient’s primary diagnosis that required transplant, conditioning
regimen, graft source, diagnosis of hepatic veno-occlusive
disease, total nucleated cell (TNC) and CD34+ cell dose, and
administration of colony stimulating factors. Pediatric intensive
care unit (PICU) course data abstracted included age, gender,
Pediatric Risk of Mortality score, length of IMV, length of
PICU stay, use of renal replacement therapy, use of vasopressor
support, use of high-frequency oscillatory ventilation (HFOV),
use of non-invasive positive pressure ventilation such as bilevel

positive airway pressure (BIPAP) or continuous positive airway
pressure (CPAP) or high flow oxygen before or after the course
of IMV, PICU survival, as well as the 6-month survival. The
first week of IMV was examined. Day of initiation of MV was
defined as D0 and data were collected within 7 days. Data
collected daily included worst PaO2/FiO2 ratio, worst positive
end-expiratory pressure, and worst mean airway pressure (MAP).
In addition, daily ANC, C-reactive protein (CRP), albumin,
and bilirubin serum levels, as well as daily fluid balance were
recorded. Percentage fluid overload was calculated using the
following formula: [(Total Fluid Intake in Liters–Total Fluid
Output in Liters)/ICU Admission Weight in Kilograms]× 100.

Statistical Analysis
Descriptive statistics were calculated for demographic and
treatment characteristics of patients by intensive care unit (ICU)
survival status. Fisher’s exact tests and exact Wilcoxon rank-
sum tests were used to compare demographic and treatment
characteristics between ICU survivors and non-survivors. A two-
sided significance level of p< 0.05 was used for all statistical tests.
The SAS version 9.4 was used for all statistical analyses.

RESULTS

A total of 1,527 children underwent 2,168 HSCTs during the
17-year period: 878 patients underwent allogeneic transplants
and 649 underwent autologous transplants or high-dose
chemotherapy followed by stem cell rescue. In these 1,527
patients, 325 episodes of ARF occurred that required IMV
in the PICU. Thirty children developed ARF secondary to
engraftment and were included in data analysis. ARF secondary
to engraftment accounted for 9% of episodes requiring IMV in
our PICU, with an incidence of 2% in all children receiving
transplants (2.2% in allogeneic vs. 1.5% in autogenic).

Patient Diagnosis
The patient’s primary diagnosis did not have a significant effect
on outcomes (Table 1). The most common primary diagnosis
in our cohort was hematologic malignancy (50%). Of these 15
patients, seven had acute lymphoblastic leukemia, four had acute
myelogenous leukemia, two had lymphoma, and one each had
biphenotypic leukemia and juvenile myelomonocytic leukemia.
Ten (37%) children underwent transplants for solid tumors
(seven had neuroblastoma, two had Ewing sarcoma, and one had
medulloblastoma) and five (13%) for non-oncologic diagnosis
(two patients had severe aplastic anemia, one patient had Hurler’s
syndrome, one patient had osteopetrosis, and one patient had
severe combined immunodeficiency).

Transplant Characteristics
The type of transplant (allogeneic or autologous), TNC dose, or
CD34+ cell dose did not have a significant effect on survival
outcomes of patients with ES in this cohort. The majority
(67%) of patients underwent allogeneic HSCT, with nine patients
undergoing matched unrelated donor HSCT, eight undergoing
haploidentical transplant, and three undergoing a matched
related donor transplant. Fifteen (50%) patients received
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TABLE 1 | Clinical characteristics of ARF cohort with ES.

Characteristic Survivors

(n = 24)

Non-survivors

(n = 6)

Entire cohort

(n = 30)

P-value

GENDER 1.000

Male 12 (50%) 3 (50%) 15 (50%)

Female 12 (50%) 3 (50%) 15 (50%)

RACE 0.713

Caucasian 18 (75%) 6 (100%) 24 (80%)

African-American 4 (17%) 4 (13%)

Other 2 (8%) 2 (7%)

PRIMARY DIAGNOSIS 0.831

Hematologic

malignancy

11 (46%) 4 (67%) 14 (50%)

Solid tumor 9 (38%) 2 (33%) 11 (37%)

Other 4 (17%) 4 (13%)

BMT TYPE 1.000

Allogeneic 16 (67%) 4 (67%) 20 (67%)

Auto 8 (33%) 2 (33%) 10 (33%)

G-CSF/GM-CSF 17 (71%) 2 (33%) 19 (63%) 0.156

CONDITIONING REGIMEN 1.000

Myeloablative 16 (67%) 5 (83%) 21 (70%)

Reduced Intensity 6 (25%) 1 (17%) 7 (23%)

Non-Myeloablative 2 (8%) 2 (7%)

TBI 5 (21%) 1 (17%) 6 (20%) 1.000

TNC × 108/kga 2.97 (0.01–79.6) 4.94 (1.5–81) 3.2 (0–81) 0.321

CD34 × 106/kga 7.48 (1.28–103.8) 9.21 (3.18–57.5) 8.4 (1.3–103.8) 0.860

VOD 5 (21%) 3 (50%) 8 (27%) 0.300

Antifungals 22 (92%) 5 (83%) 27 (90%) 0.501

Antibiotics 24 (100%) 6 (100%) 30 (100%) 0.120

Corticosteroids 20 (83%) 6 (100%) 26 (87%) 0.557

aValues are expressed as median with interquartile range.

ARF, acute respiratory failure; ES, Engraftment syndrome; BMT, bone marrow transplant;

TBI, total body irradiation; TNC, total nucleated cell; VOD, veno-occlusive disease; G-

CSF, granulocyte colony stimulating factor; GM-CSF, granulocyte-macrophage colony

stimulating factor.

peripheral blood stem cells and nine patients undergoing
allogeneic HSCT received peripheral blood stem cell as the
graft source. Most of our cohort (70%) received a myeloablative
conditioning regimen, and the transplant conditioning regimen
or receipt of total body irradiation had no significant effect
on the outcomes of ES survivors. The administration of
granulocyte colony-stimulating factor/granulocyte-macrophage
colony stimulating factor, antimicrobials, or corticosteroids did
not differ between survivors and non-survivors.

ICU Course
Of the 30 children intubated secondary to engraftment, 24 (80%)
survived to ICU discharge. The 6-month survival of patients
was 62%. Vasopressor support was needed for 73% of patients
in our cohort (Table 2). Seven (23%) patients received renal
replacement therapy, six were started on CRRT, and one patient

TABLE 2 | ICU course.

Survivors

(n = 24)

Non-survivors

(n = 6)

P-value

Vasopressor support 16 (66.7%) 6 (100.0%) 0.1550

Dialysis 4 (16.7%) 3 (50.0%) 0.1201

PRISMa 13 13.5 0.5512

INO 2 (8.3%) 4 (66.7%) 0.0072

BIPAP/CPAP pre-IMV 1 (4.2%) 2 (33.3%) 0.0936

High flow pre-IMV 13 (54.2%) 1 (16.7%) 0.1686

Duration of ICU staya(d) 15 (7–271) 34 (20–49) 0.03

Duration of IMVa (d) 8 (3–30) 33 (5–55) 0.86

D 0

Worse PaO2/FiO
a
2 117 (55–363) 55 (50–93) 0.105

Worse FiOa
2 80 (40–100) 100 (60–100) 0.177

Worse PEEPa 8 (4–16) 8 (5–15) 0.876

Worse MAPa 15 (7–28) 18 (14–24) 0.1

D +1

Worse PaO2/FiO
a
2 164 (72–363) 115 (72–149) 0.105

Worse FiOa
2 50 (30–80) 70 (50–100) 0.026

Worse PEEPa 9 (4–15) 10 (6–15) 0.758

Worse MAPa 18 (9–31) 22 (19–45) 0.012

D +2

Worse PaO2/FiO
a
2 177 (87–279) 182 (144–230) 0.9

Worse FiOa
2 40 (30–100) 50 (40–100) 0.21

Worse PEEPa 8 (4–15) 10 (6–15) 0.497

Worse MAPa 14 (8–27) 21 (17–45) 0.024

D +6

Worse PaO2/FiO
a
2 175 (98–444) 98 (53–136) 0.082

Worse FiOa
2 40 (27–60) 60 (45–100) 0.054

Worse PEEPa 6 (4–12) 7 (6–12) 0.226

Worse MAPa 12 (6–22) 24 (20–25) 0.003

D +7

Worse PaO2/FiO
a
2 175 (103–465) 103 (48–131) 0.039

Worse FiOa
2 40 (25–100) 60 (50–100) 0.045

Worse PEEPa 5 (5–12) 11 (7–14) 0.081

Worse MAPa 11 (8–22) 23 (20–25) 0.1

Cumulative FO % D3a 4.1 (−16.6–15.0) 9.5 (2.5–19.9) 0.101

Cumulative FO% D4a 2.8 (−17.3–18.5) 14.0 (2.5–30.7) 0.038

Cumulative FO% D5a 1.8 (−12.3–19.8) 14.9 (2.5–23.4) 0.044

CRPa 18 (0.6–49) 29 (9–34) 0.259

Bilirubina 1.7 (0.2–23.4) 5.5 (1.5–22.4) 0.051

Albumina 3 (2.4–3.6) 3.1 (2.8–3.7) 0.515

aValues are expressed as median with interquartile range.

PRISM, Pediatric Risk of Mortality Score; INO, inhaled nitric oxide; BIPAP, bilevel positive

airway pressure; CPAP, continuous positive airway pressure; d; days; IMV, invasive

mechanical ventilation; PEEP, positive end expiratory pressure; MAP, mean airway

pressure; FO, fluid overload; CRP, C-reactive protein; ICU, intensive care unit.

was on intermittent hemodialysis that was initiated before the
patient developed engraftment-associated ARF.

Before intubation, 17 (57%) patients required non-invasive
MV (three were on BIPAP and 14 on high-flow oxygen). HFOV
was used in three patients, of whom two (67%) survived.
Survivors had a shorter median length of stay in the ICU than did
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FIGURE 1 | Daily fluid overload % in survivors vs. non-survivors.

non-survivors (15 vs. 40 days, p = 0.010). In addition, survivors
tended to have a shorter course of IMV than did non-survivors
(median of 8 days in survivors vs. 33 days in non-survivors,
p= 0.059).

Fluid Balance Status
Figure 1 depicts the daily fluid status in survivors and non-
survivors. Survivors had a lower median cumulative fluid
overload % on D4 and D5 of their IMV course than did non-
survivors on D4 and D5 (2.8 vs. 14%, p = 0.038 on D4; 1.8 vs.
14.9%, p = 0.044 on D5) (Table 2). Children with cumulative
FO > 20% on D4 as well as D5 had a 7-fold increased risk of
dying (RR,7; 95% CI, 2.8–17.3 on D4 and RR,7; 95% CI, 2.7–17.3
on D5).

Ventilator Settings and Blood Gas Values
On the day of IMV initiation, median MAP in survivors was
15 compared to 18 in non-survivors (p = 0.1). During their
course of IMV, MAP was significantly higher in non-survivors
on D1, D2, and D6 (Table 2). Median PaO2/FiO2 ratio was 117
in survivors vs. 55 in non-survivors at the time of initiating IMV
(p = 0.1). The PaO2/FiO2 ratio was significantly lower in non-
survivors than in survivors on D7 (103 vs. 175, p = 0.039). Use
of inhaled NO was significantly higher in non-survivors than
in survivors.

Lab Values
Median CRP was 18 in survivors vs. 29 in non-survivors (p =

0.259). Median bilirubin level was higher in non-survivors than
in survivors (5.5 vs. 1.65, p = 0.051; Table 2). Rate of ANC
recovery was not significantly different between survivors and
non-survivors (Figure 2).

DISCUSSION

ARF can occur in 25% of pediatric patients receiving HSCT
due to heterogeneous etiologies that may be infectious or
non-infectious, such as idiopathic pneumonia syndrome,
bronchiolitis obliterans, and cryptogenic organizing pneumonia.
Peri-engraftment respiratory distress syndrome is a non-
infectious pulmonary complication that occurs in the early
post-transplant period at the time of neutrophil engraftment and
can progress to ARF. We describe herein the largest pediatric
cohort that developed ARF with engraftment. The survival rate
of 80% in these children is encouraging, considering that the
overall survival of children with ARF post-HSCT is reported
to be 40–60%. Neutrophil recovery may have contributed to
better outcome in our cohort. In a pediatric cohort of intubated
HSCT patients, children without neutrophil recovery at the
time of intubation who subsequently achieved recovery had
ICU survival rate of 61.5% compared to 26% in children whose
ANC didn’t recover (21). A recent study by Rowan et al. (3)
reported a mortality rate of 60.4% in the PICU in a cohort
of 222 children with ARF post-HSCT. Impaired oxygenation
and higher ventilator pressures were associated with mortality.
Similarly, non-survivors in our cohort had higher MAP than
did survivors during their IMV course. Previous studies on
ARF in the context of engraftment have reported low patient
survival rates. Capizzi et al. (20) reported 19 adult patients
who developed peri-engraftment respiratory distress syndrome
post-autologous HSCT (within 5 days of neutrophil recovery), of
whom six patients required IMV and only one patient survived
(survival rate 17%). Cahill et al. (22) reported in their cohort
that all 14 patients who required MV in the engraftment period
died. In our cohort, three patients were put on HFOV, of whom
two survived (survival rate 67%). In contrast, Rowan et al.
(23) reported a survival rate of only 23.5% in post-allogeneic
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FIGURE 2 | ANC recovery in survivors vs. non-survivors.

children who were placed on HFOV. Inhaled NO was used in
25% of patients in our cohort; its use was significantly higher in
non-survivors than in survivors. Our observation is similar to
that of Rowan et al. (23) but it is not clear whether inhaled nitric
oxide (iNO) itself affected survival or this was a mere reflection
of the more frequent use of iNO in children with worsening
hypoxia when other measures failed, and thus may represent a
selection bias. Inhaled nitric oxide is sometimes used for ARF to
improve ventilation perfusion mismatch and results in transient
improvements in oxygenation, but does not reduce the mortality
rates (24). Current evidence does not support the routine use
of iNO for ARF, but it can be helpful in children who develop
pulmonary hypertension during their course of ARF.

Furthermore, fluid overload was associated with increased
mortality in our cohort. Cumulative fluid overload % on day
4 or 5 of the course of IMV was higher in non-survivors
than in survivors. This finding is consistent with past reports
demonstrating fluid overload as a risk factor for mortality in
children with ARF (25, 26). Alobaidi et al. (25) reported that
a 1% increase in the percentage of fluid overload resulted in a
6% increase in the odds of mortality in critically ill children.
Fluid overload of 10–20% increased the risk of mortality in
critically ill children requiring CRRT [odds ratio (OR) 3.83] (26).
In addition, more than 20% fluid overload in these critically ill
children on CRRT significantly increased mortality (OR = 5)
(26). Evidence suggests that fluid overload results in worsening
oxygenation and prolonged mechanical ventilation (25). At
the time of engraftment, capillary leaks can occur and can
significantly contribute to intra-vascular volume depletion. Fluid
resuscitation with the ongoing capillary leak subsequently leads
to fluid overload. In addition, renal dysfunction can occur during
engraftment in up to 10% of patients (19). Diuretics are usually
administered intermittently or as a continuous drip to improve
diuresis and fluid removal. However, even with aggressive use
of diuretics, fluid overload may continue. Continuous renal
replacement therapy (CRRT) may be needed to reduce fluid

overload (27). Indeed, 7/30 (23%) children of our cohort required
CRRT, of whom four survived. CRRT can improve oxygenation
in children post-HSCT with ARF and help reduce fluid overload
(28). In a cohort of 161 children treated with CRRT, critically ill
children with onco-hematologic disease had the highest mortality
(78% compared to 36% overall mortality in the entire cohort)
(26). A survival of 57% in our cohort is encouraging.

Factors associated with the risk of ES in allogeneic or
autologous transplant recipients have included female gender,
high graft TNC count or CD34 cell count, underlying
malignancy, and conditioning regimen (5, 10, 11, 15, 16). In
our small cohort, no significant difference between survivors
and non-survivors was seen with regard to these factors or
with the administration of growth factors and antimicrobials.
Additionally, autologous or allogeneic HSCT did not appear to
affect PICU outcomes in this limited patient cohort (20 vs. 25%
non-survivors, respectively).

The majority of our cohort (87%) received steroids; therefore,
it is difficult to determine whether steroids affected the outcomes.
Steroids are thought to reduce the inflammatory response and
the resultant capillary leak and often used in the setting of
engraftment syndrome. A short course of steroids for 3–5 days
was effective in children post-autologous transplant and did not
increase the risk of infection (29).

The limitations of our study include its retrospective design,
small population, and absence of a control group. However, our
study describes the largest cohort of 30 children post-HSCT who
developed ARF secondary to engraftment over a span of 17 years.
Prospective multi-center studies analyzing specific etiologies of
ARF after HSCT are warranted, given the heterogeneity in
courses, outcomes, and factors influencing survival.

CONCLUSION

Our findings show better survival rates for children with ARF
secondary to engraftment post-HSCT. Fluid status is particularly
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important and requires attention during this phase. Our findings
suggest that fluid overload can increase the risk of mortality in
this population, and measures to prevent fluid overload may help
improve outcomes.
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The Organ Trail: A Review of
Biomarkers of Organ Failure
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Kris M. Mahadeo1 and Shulin Li1*

1 Department of Pediatrics, The University of Texas MD Anderson Cancer Center, Houston, TX, United States, 2 Division of
Pediatric Nephrology, University of Texas Health Science Center Houston, Houston, TX, United States

Pediatric organ failure and transplant populations face significant risks of morbidity and
mortality. The risk of organ failure itself may be disproportionately higher among pediatric
oncology patients, as cancer may originate within and/or metastasize to organs and
adversely affect their function. Additionally, cancer directed therapies are frequently toxic
to organs and may contribute to failure. Recent reports suggest that nearly half of
providers find it difficult to provide prognostic information regarding organ failure due to
unknown disease trajectories. Unfortunately, there is a lack of uniform methodology in
detecting the early symptoms of organ failure, which may delay diagnosis, initiation of
treatment and hinder prognostic planning. There remains a wide array of outstanding
scientific questions regarding organ failure in pediatrics but emerging data may change
the landscape of prognostication. Liquid biopsy, in which disease biomarkers are
detected in bodily fluids, offers a noninvasive alternative to tissue biopsy and may
improve prompt detection of organ failure and prognostication. Here, we review
potential liquid biopsy biomarkers for organ failure, which may be particularly useful
among pediatric oncology patients. We synthesized information from publications
obtained on PubMed, Google Scholar, clinicaltrials.gov, and Web of Science and
categorized our findings based on the type of biomarker used to detect organ failure.
We highlight the advantages and disadvantages specific to each type of organ failure
biomarker. While much work needs to be done to advance this field and validate its
applicability to pediatric cancer patients facing critical care complications, herein, we
highlight promising areas for future discovery.

Keywords: oncology, organ failure, liquid biopsy, biomarkers, diagnostics
INTRODUCTION

Remarkable therapeutic advancement in pediatric oncology may be limited by long-term toxicity,
and in particular, acute and/or chronic organ dysfunction/failure (1, 2). The most common reason
for intensive care unit (ICU) admission in pediatric cancer patients is acute organ failure (3). While
the definition of multiple organ dysfunction syndrome in pediatric patients (p-MODS) remains to
be sufficiently determined, there is growing recognition that decrements in organ function may
reliably predict stepwise increases in mortality rate and current binary descriptors of normal
function versus dysfunction may hinder opportunities for earlier intervention (4, 5).
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Dao et al. Organ Failure Biomarkers
Among critically-ill pediatric oncology patients, overall ICU
mortality ranges from 12-15 % in those with solid and
hematologic malignancy, and can be as high as 60% in stem
cell transplant (SCT) recipients (6, 7). Organ failure may occur
acutely, sub-acutely or progress to chronic disease, and
numerous studies have shown early detection may lead to
critical timely intervention and improved outcomes. Currently,
the gold standard diagnostic criteria for organ failure are organ
specific and are based on laboratory, clinical or a combination of
both parameters as summarized in Table 1 (8–15). Although
these tests are widely used to diagnose organ failure, they are not
predictive. Multiple scoring systems have been developed to
attempt to predict the likelihood of developing single as well as
multi-organ failure (Table 1). However, these are based on
clinical evidence when organ dysfunction is already present.

In this review, we evaluate currently available biomarkers,
their diagnostic accuracy, clinical applicability and potential
impact on the prediction and early detection of organ failure.
The role of chemokine and cytokine expression in the
progression of organ failure has been more extensively
characterized and are not included in this review (16–19).
Here, we review various noninvasive biomarkers including
microRNA, cell free DNA, histones, exosomes, circulating
mitochondria and circulating endothelial cells as promising
potential biomarkers of organ failure (Table 2).
CELL FREE DNA

Cell-free DNA are small degraded fragments of DNA, derived
from the apoptosis of nucleated cells and circulate freely in the
blood plasma (36). Under normal physiological conditions,
healthy subjects have lower levels of cfDNA compared to
patients with systemic illnesses, making them a possible
biomarker of organ failure (37).

CfDNA has been studied in the blood of patients undergoing
cardiac surgery to predict late acute kidney injury (AKI). The
Frontiers in Oncology | www.frontiersin.org 265
ROC generated from cfDNA of patients had improved detection
of AKI (AUC = 0.804) compared to the ROC generated from the
serum creatinine of patients (AUC = 0.688) (28). Karlas et al used
total plasma cfDNA to assess hepatic fibrosis in comparison to
current methods such as transient elastography. Plasma cfDNA
concentrations did indeed correlate with degree of hepatic
fibrosis and severity in non-alcoholic fatty liver disease
(p value < 0.001) (38).

While the above studies utilize total plasma cfDNA, a recent
study has shown that in the plasma of lung transplant patients,
donor-derived cfDNA (ddcfDNA) could be identified and
quantified, with patients with increased levels of ddcfDNA
having a higher risk of allograft failure (39). Thus, ddcfDNA
can be used as a tissue specific biomarker to determine the
likelihood of organ failure due to allograft rejection. DdcfDNA
has also been utilized in the risk stratification of organ rejection
post heart transplant in pediatrics and adults as reported by
North et al. (40).

While these studies highlight the potential of cfDNA as a
novel biomarker for organ dysfunction, further work is required
to identify tissue-specific DNA which would more reliably
diagnose organ failure in children.
MICRO RNA

Micro RNAs (miRNA) are small, single-stranded, non-coding
ribonucleotides that negatively regulate gene expression at the
post-transcriptional level and play a role in cell proliferation,
differentiation, repair and apoptosis (41). While each miRNA
may regulate hundreds of genes, multiple miRNAs may work
cooperatively to target one gene and despite their vast
heterogeneity, miRNAs can display tissue-specific expression
patterns (41, 42). MiRNAs are actively released into circulation
as well as extracellular spaces including saliva and urine in
response to toxic cellular insults either as extracellular vesicles
or bound to RNA-binding proteins. This protein bound complex
TABLE 1 | Diagnostic Criteria for Organ Failure (8–15).

Organ Laboratory
Test

Clinical Parameter Grading System Prognostic Scoring System

Heart (8, 9) NT-pro BNP Exercise Tolerance NYHA-functional classification based on clinical
parameters

Lung paO2

paCO2

None

Liver (10, 11) ALT
AST

MELD(based on bilirubin, creatinine,
INR)
PELD(based on bilirubin, albumin, INR)

Kidney (12) Creatinine Urine output KDIGO
Multiorgan (13–15) Creatinine

Bilirubin
Platelet count
paO2

GCS
Mean arterial pressure
Need for mechanical
ventilation
FiO2

SOFA
pSOFA
APACHE
Novemb
NYHA, New York Heart Association; paO2, arterial partial pressure of oxygen; paCO2, arterial partial pressure of carbon dioxide; ALT, alaninine aminotransferase; AST, aspartate
aminotransferase (changed order); MELD, model for end-stage liver disease; PELD, pediatric model for end-stage liver disease; KDIGO, Kidney Disease Improving Global Outcomes; GCS,
Glasgow Coma Scale; SOFA, Sequential Organ Failure Assessment; pSOFA, Pediatric Sequential Organ Failure Assessment; APACHE, Acute Physiologic Assessment and Chronic
Health Evaluation.
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TABLE 2 | Summary of Studies Examining Organ Failure.

Clinical significance

NA-182 is a potential prognostic marker for systolic
rt failure

NA profiling combined with the LIPS score can
rove the risk estimate for ARDS

s combination of miRNAs is a potential biomarker for
erity of lung disease in IPF

cleosomes in patients with IPF are a potential
gnostic as well as treatment response biomarker

mbined miRNA-125b-5p and miRNA-122 was a
erior predictor of outcome of ACLF in patients with
patitis B

NA-130a alone is not superior to the MELD score in
dicting outcomes in liver failure

NA allowed for earlier and more sensitive
crimination of acute rejection in patients post liver
splant as compared to conventional LFTs

NA in combination with fibroscan techniques is can
entially discriminate between stages of liver fibrosis
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Organ Author (year) Setting Biomarker Gold standard
control used in

the study

Sample size and Study
Design

Result

Heart Cakmak et al. (20)
2015

Chronic congestive heart
failure

miRNA-182 NT-pro BNP Prospective Study
Age: ≥ 18 years
n=42
HF patients grade II, III, and
IV
n = 15
Healthy controls

AUC
NT-pro BNP :0.35
miRNA- 182: AUC
0.695

mi
he

Lung Zhu et al. (21)
2017

ARDS miRNA-181a
miRNA-92a
miRNA-424

LIPS Case control Study
Age: ≥ 18 years
n= 78
Patients with ARDS
n= 78
Critically ill matched controls

AUC
LIPS: 0.708
LIPS + miRNA-181a +
miRNA-92a + miRNA-
424: 0.723

mi
im

Njock et al. (22)
2019

IPF miRNA in Sputum
exosomes

DLCO/VA Prospective Study
Age: ≥ 18 years
n= 16 patients with IPF
n= 14 healthy subjects

miRNA-33-a-5p + Let-
7d-5p + miR-142-3p
AUC: 0.978
Sensitivity: 93.75%
Specificity :80%

Th
se

Guiot et al. (23)
2019

IPF Nucleosomes DLCO/VA Prospective Study
Age: ≥ 18 years
n= 23 patients with IPF
n= 27 patients with IPF
treated with antifibrotic
therapy
n=27 healthy volunteers

Nucleosomes
AUC: 0.93
Sensitivity: 91%
Specificity: 80%

Nu
dia

Liver Tao et al. (24)
2019

Liver dysfunction in
patients with chronic
hepatitis B

miRNA-125b-5p
miRNA-122

MELD score Prospective Study
Age: ≥ 18 years
n=136 ACLF
n=90 moderate to severe
liver damage
n= 100 normal hepatic
function

AUC
MELD score : 0.799
miRNA-125b-5p +
miRNA-122 : 0.898

Co
su
He

Zheng et al. (25)
2016

HBV related ACLF miRNA-130a MELD score Prospective study
Age: ≥ 18 years
n=39 patients with ACLF
n=20 healthy controls

AUC
MELD score: 0.86
miRNA-130: 0.74

mi
pr

Schutz et al. (26)
2017

Liver transplant cfDNA AST Prospective Study
Age : ≥ 18 years
n= 107 patients post liver
transplant with no evidence
of graft rejection
n= 17 patients
posttransplant with acute
liver rejection

AST
AUC: 0.957
Sensitivity: 82.1%
Specificity: 95.7%
cfDNA
AUC: 0.971
Sensitivity: 89.3%
Specificity: 95.7%

Cf
dis
tra

Liver fibrosis in patients
with HBV or HCV

miRNA Fibroscan Prospective Study
Age: ≥ 18 years

miRNA in exosomes
HBV: 0.8421-0.9802

Mi
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TABLE 2 | Continued

Clinical significance
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is a potential predictor of AKI post AMI that is
erior to serum NGAL

ary exosomes are a potential biomarker for detecting
al fibrosis

ary mtDNA was superior than serum creatinine in
dicting AKI
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Design

Result

Lambrecht et al.
(27)
2015

n= 39 patients with early
stage liver fibrosis with HBV
or HCV
n= 14 healthy subjects

HCV:AUC: 0.8745-
0.9841

Kidney Merkle et al. (28) AKI post cardiac surgery cfDNA Creatinine Prospective Study
Age: ≥ 18 years
n= 21 patients post cardiac
surgery with AKI
n= 37 patients post cardiac
surgery without AKI

Creatinine
AUC: 0.688
Sensitivity: 87.5%
Specificity: 56.8%
cfDNA
AUC: 0.804
Sensitivity: 87.5%
Specificity: 64.9 %

CfD
ca

Aguado-Fraile et al.
(29)
2015

AKI miRNA-26b-5p
miRNA-27a-3p
miRNA-93-3p
miRNA-127-3p

Cystatin C* Prospective Study
Age: ≥ 18 years
n= 35 ICU patients with AKI
n= 41 patients undergoing
cardiac surgery
n = 20 healthy controls

AUC
Cystatin C: 0.73-0.76
miRNA-26b-5p: 0.908
miRNA-27a-3p: 0.888
miRNA-93-3p: 0.887
miRNA-127-3p:.863

Th
mi
pre
un

Fan et al. (30)
2019

AKI post MI miRNA-24
miRNA-23a
miRNA-145

Serum NGAL Prospective Study
Age: ≥ 18 years
n= 108
patients admitted to the
CCU

AUC
NGAL: 0.735
miRNA-24 + miRNA-
23a+ miRNA-145:
0853

Th
14
su

Sole et al. (31)
2017

Chronic kidney disease Urinary exosomes Healthy patients Prospective Study
Age: ≥ 18 years
n= 32 patients with lupus
nephritis
n= 15 patients with non-
lupus chronic kidney
disease
n= 20 healthy controls

Urinary exosomes
AUC: 0.946
Sensitivity: 94 %
Specificity :82%

Uri
ren

Hu et al. (32)
2018

AKI Urinary mtDNA Creatinine Prospective Study
Age: ≥ 18 years
n= 125 patients admitted to
the Surgical ICU

Urinary mtDNA
AUC: 0.814-0.821
Serum Creatinine
AUC: 0.724

Uri
pre

Pancreas Ha et al. (33) Pancreatitis EPC CRP Prospective Study
Ages ≥ 18 years
n= 30 patients with mild
acute pancreatitis
n= 30 patients with severe
acute pancreatitis
n= 20 health volunteers

CRP:
AUC: 0.86
Sensitivity: 73.3%
Specificity : 96.7%
Endothelial progenitor
cells
AUC: 0.926
Sensitivity: 90%
Specificity : 83.3%

EP
pa

Liu et al. (34)
2018

Histones APACHE II
criteria

Prospective Study
Age: ≥ 18 years

APACHE II criteria
AUC: 0.74
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allows miRNA to persist in a stable form that is resistant to
degradation, making them ideal biomarker candidates.

While the prognostic value of miRNAs has been reported for
the prediction of outcomes for oncology patients as well as the
prediction of multiple types of organ failure, there is a scarcity of
data on its use to predict organ failure in pediatric patients (43,
44). Schneider et al showed that increased levels of miRNA-21,
miRNA-126 and miRNA-423 predicted more favorable
outcomes for patients with heart failure with fewer hospital
readmissions (45). Cakmak et al demonstrated upregulation of
miRNA-182 in patients with heart failure and found that it was
superior to pro-brain type natriuretic peptide (pro-BNP), a
biomarker often used in predicting heart failure. This study
also showed that multiple miRNAs can undergo significant
dysregulation in patients with organ failure and isolated 28
dysregulated miRNAs in patients with heart failure (20). In an
attempt to increase its prognostic significance, Goren et al
showed that multiple miRNA values can be combined into a
single “miRNA score” for heart failure (46). Similarly, Zhu et al
showed the benefit of combining multiple miRNAs with an
already established grading system for the prediction of acute
respiratory distress syndrome (21).

MiRNA profiling has also been shown to be useful in
distinguishing the etiology of organ failure. Patients with acute
liver failure (ALF) as a result of either HCV or cirrhosis were
both found to have elevated levels of miRNA122. (47, 48). Weis
et al also highlighted its potential in differentiating hepatocellular
carcinoma (HCC) from liver dysfunction secondary to cirrhosis
without the need for a biopsy and showed it was superior to
alpha fetal protein, the only currently used biomarker utilized for
HCC (49). Additionally, serummiRNAs have been shown to be a
predictive biomarker in AKI. Aguado-Fraile et al verified that
elevated serum miRNA-26b-5p, miRNA-27a-3p,miRNA-93-3p
and miRNA-127-3p levels in patients with normal kidney
function prior to cardiac surgery predicted AKI development
post-operatively. Furthermore, this change in miRNA levels
occurred days before the serum creatinine increased,
highlighting both its worth as a novel predictor of AKI and the
correlation of miRNA level with disease severity (29).

While the use of miRNA as a biomarker for organ failure is
promising, further work is needed to determine the prognostic
significance of these abnormal miRNAs in order to maximize
their clinical utility in pediatric organ failure.
ENDOTHELIAL PROGENITOR CELLS

Endothelial progenitor cells (EPCs) are a subpopulation of stem
cells that have been identified in the peripheral blood in response
to endothelial damage secondary to insults, including vascular
injury and ischemia. They are believed to be critical to maintain
vascular integrity and endogenously restore and repair damaged
vascular endothelium. Although EPCs have been studied as
biomarkers for organ dysfunction, current studies in regards to
EPCs and their role in cancer focus on their role as prognostic
biomarkers (50).
T
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Increased levels of EPCs are associated with decreased
cardiovascular mortality amongst patients with coronary artery
disease (51). Moazzami et al also showed that decreased levels of
a subpopulation of EPCs known as circulating progenitor cells
(CPCs) are associated with a worse prognosis and is a stronger
factor in outcomes than the presence of stress-induced
myocardial ischemia in patients with coronary artery disease
(52). More recently, Lieu et al demonstrated the use of EPCs in
predicting persistent organ failure in patients with severe acute
pancreatitis (SAP) and showed the level of EPCs correlate
negatively to clinical scores that are used to grade SAP
including the Ranson and acute physiology and chronic health
evaluation (APACHE) scores (53). Interestingly, patients with
persistent organ failure had lower levels of EPCs, though still
elevated from the healthy volunteers than those with transient
organ failure. Tapia et al showed that though there was an
increase in the number of EPCs, the protein expression of
endothelial growth factor receptor-2 (VEGFR-2) and CD34 in
the CEPCs (CD133+) was lower in critically ill patients with
septic or non-septic shock and lowest in patients that did not
survive (35).

In a pediatric study, EPCs were reported to be highly
correlated with pulmonary arterial hypertension in pediatric
patients with congenital heart disease (54). EPCs have also
been reported to stratify risk in adult patients with chronic
kidney disease (CKD),however the same did not hold true for
pediatric patients with predialysis CKD (55).

While the role of EPCs as a biomarker for organ failure is
promising, these cell levels are altered by multiple other factors
including age, underlying chronic diseases such as diabetes
mellitus, frequency of dialysis and the use of immunosuppressive
drugs thus limiting its current value and application to pediatrics (56).
EXOSOMES

Exosomes are micro vesicles, roughly 30-100 nm in diameter,
released from cells after fusion with an intermediate endocytic
compartment (57). These microvesicles contain various
biomolecular cargo that are transported across cell membranes.
Under physiological conditions, exosomes are present and
widely distributed in bodily fluids and are often treated as
therapeutic targets or diagnostic and prognostic biomarkers in
patients with cancer. Their widespread availability also make them
an easily accessible noninvasive potential biomarker (58–60).

Sole et al examined miR-29c in urinary exosomes to
determine whether patients with lupus nephritis would develop
end-stage renal disease. They found that the contents of these
microvesicles correlated with renal chronicity but not with renal
function, suggesting that it could possibly be used as an early
biomarker for development of renal fibrosis (31). Exosomes have
also been used as biomarkers of renal injury within the context of
preeclampsia. Gilani et al found that in women with
preeclamptic podocyte related renal injuries, a significantly
higher ratio of podocin-positive to nephrin-positive extracellular
vesicles was found when compared to the urine of women with
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normotensive pregnancies, indicating proteinuria and renal
injury (61).

Njock et al analyzed exosomes in the sputum to find
biomarkers for idiopathic pulmonary fibrosis. They found
exosomes containing mir-142-3p were negatively correlated
with the diffusing capacity of the lungs and therefore severity
of the disease (22). Lambrecht et al investigated the role of
plasma exosomal miRNAs in distinguishing between healthy
individuals and patients with hepatitis B and C who had early
stage fibrosis. They found that certain exosomal miRNA cargos
could be used to distinguish between healthy patients and HBV
and HCV groups. However, whether these exosomes can
diagnose liver fibrosis of any origin remains unclear (27).
While the aforementioned studies highlight the potential for
exosomes as a biomarker of organ failure in adults, there is
currently a lack of similar research in pediatrics and further
research is needed to evaluate its applicability in children.
NUCLEOSOMES

Nucleosomes are complexes composed of a histone core
surrounded by DNA base pairs. Under normal physiological
conditions, nucleosomes are released during apoptosis. However
in pathological conditions, as in the case of organ failure, the
normal phagocytic clearance mechanisms are overwhelmed
and nucleosomes are released into circulation (62). These
nucleosomes are remarkably stable and can be measured from
the serum using immunoassay techniques. Current studies focus
on their role as biomarkers with which to diagnose patients with
cancers or with which to stratify patients for more tailored
therapy (63).

Nucleosome levels have also been shown to be capable of
differentiating the acuity and pathogenesis of organ failure. In a
cohort of surgical and non-surgical ICU patients, patients who
were septic had higher levels of nucleosomes upon admission
than those who were not. This, however, was comparable to
already established clinical scoring systems and did not provide
additional predictive benefit (64). Craig et al showed that there
are elevated nucleosome levels in patients with ALF in
comparison to patients with chronic liver disease. However,
there was no significant difference in nucleosome levels in
severity of liver dysfunction or outcome (65). Additionally,
nucleosome levels have been shown to be adversely related to
cardiac outcomes and also elevated in familial cardiomyopathy
(66, 67) In pediatrics, elevated levels of nucleosomes were found
to be associated with increased mortality in pediatric acute
respiratory distress syndrome (p<0.001) (68).
CIRCULATING MITOCHONDRIAL DNA

Mitochondria are cellular organelles whose DNA (mtDNA) has
been found to reflect a potential damage-associated molecular
pattern. They are released extracellularly during necrosis in
response to inflammation and have been found to be associated
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with the severity of a variety of diseases. Thus, mtDNA may be a
potential biomarker for organ failure (69, 70). Publications that
have examined the role of mtDNA in cancer focus on both copy
number as a diagnostic and prognostic marker and on mutations
within mtDNA as an additional prognostic marker (71–74).

Timmermans et al found mtDNA levels to be elevated in
patients with septic shock. Di Caro et al additionally
demonstrated this facet in pediatric patients (75). Dhondup
showed low circulating levels of mtDNA to be associated with
greater mortality in chronic heart failure. McGill et al found that
elevated levels of mtDNA are associated with poorer outcomes in
patients with liver failure (76–78). MtDNA can be isolated from
the blood as well as urine and the latter has been explored as a
biomarker for kidney injury. Eirin et al demonstrated elevated
levels of mtDNA in patients with hypertension and its correlation
with renal dysfunction, while Hu et al demonstrated urinary
mtDNA to be a more sensitive predictor of AKI in post-
operative patients than serum creatinine (32, 79). MtDNAs have
also been shown to play a role in organ dysfunction and rejection
post-transplant. Pollara et al demonstrated a correlation between
elevated donor plasma mitochondrial DNA levels and early
allograft dysfunction in liver transplant recipients, suggesting a
role for circulating mtDAMPs in allograft outcomes (80).
HISTONES

Histones are proteins found extracellularly and within the
nucleus that have been found to be elevated in patients with
cancer and are associated with cell death and toxicity (81, 82).
Abrams et al examined circulating histone levels in patients with
trauma-induced lung injuries and found that high levels of
circulating histones were associated with the incidence of acute
lung injury and Sequential Organ Failure Assessment (SOFA)
scores (83). Liu et al demonstrated that histones predicted
disease severity in severe acute pancreatitis with higher
predictive values for persistent organ failure and mortality than
the currently used scoring indices for pancreatitis (34). Elevated
histone levels have also been shown in patients with acute liver
injury, acute kidney damage, and correlate with markers of
disease severity and mortality (84, 85).

Other studies have analyzed the relationship between high
levels of circulating histones and multiple organ failure. In
patients with multiple organ dysfunction syndrome, there was a
strong correlation between circulating histone levels and markers
of organ injury, disease severity and p-SOFA scores. Furthermore,
the authors observed that sera from patients with high histone
levels were non-selectively toxic to primary cells from a variety of
organs, including the lungs, livers and kidneys and therefore a
possible mediator for multiple organ dysfunction syndrome (86).
DISCUSSION

Biomarkers are surrogate indirect indicators of a pathological or
physiological process. In pediatrics, there has been limited progress
in the identification and development of biomarkers to predict
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organ failure, its severity and outcome and its response to therapy.
Identifying suitable biomarkers for organ dysfunction in pediatrics
could potentially help improve risk stratification and possibly
patient outcomes. It may also help to reduce the psychological
stress, patients and their families may experience for more invasive
procedures as well as reduce the health care costs and risks
associated with these procedures which often require sedation.

Currently for biomarkers reported in the literature, there is a
high degree of heterogeneity in the levels amongst patients based
on age, sex and existing comorbidities. Levels of cfDNA for
example are much higher in elderly patients due to decreased
level of clearance by phagocytosis whilst changes in cfDNA
methylation occur rapidly during childhood (87, 88). Limitations
of these reported studies include lack of age-matched controls,
limited sample sizes and lack of studies that included pediatric
patients. These limitations make it impossible to assess age-related
changes of the biomarkers reported and limits its generalizability to
pediatric patients where age and weight specific normal ranges is
unknown. Barriers to development of pediatric biomarkers include
low prevalence of disease in pediatric vs adult patients and parental
reluctance to participate in research, particularly for healthy
controls making sample acquisition challenging (89).

Additionally in order to develop meaningful and clinically
useful biomarkers, further research is needed to establish the
optimal timing and method of sample collection as well as
standardization of laboratory techniques. It should also be
noted that none of these potential biomarkers in this review
are truly organ-specific and may be a marker for multiple
diseases thereby limiting its usefulness. Further work is
therefore needed in distinguishing each biomarker from their
respective molecular or cellular background in order to enhance
its clinical utility. Presently there are multiple ongoing pediatric
clinical trials to identify biomarkers in pediatric patients with
lung, cardiac and renal injury amongst others (90–95).

Current ongoing or planned trials for pediatric oncology
patients include the identification of biomarkers to detect
cardiac injury and renal injury post chemotherapy (96–99).

Although there is still much work to be done, among pediatric
oncology patients, there is promising utility for several of the
biomarkers reviewed. Future studies might examine (i) the use of
cfDNA and mtDNA post hematological or solid organ transplant
in detecting organ rejection (ii) the use of MiRNA to determine
risk of AKI among patients with post-surgical tumor resection (iii)
serial sampling of EPCs in predicting progressive organ failure (iv)
the use of histones as a predictor for multi-organ dysfunction
syndrome and (v) the use of exosomes and nucleosomes to predict
persistent or chronic organ failure in pediatric cancer patients.
CONCLUSIONS

Although many potential biomarkers exist to predict organ
failure among pediatric cancer patients, all come with shared
and unique challenges that limit their clinical value at this time.
Additionally, while much research has been focused on heart
failure and sepsis, a leading cause of multi-organ failure, there
has been little headway in the application of these potential
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biomarkers to lung injury, for which there is currently no
prognostic score or standard severity grading and diagnosis
remains reliant on clinical markers. Despite the need for further
studies, the data is promising. Pediatric oncology and critical care
investigators should be encouraged to investigate these
biomarkers further as they hold great potential for future use.
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Introduction: Diffuse alveolar hemorrhage (DAH) is an early pulmonary complication of

hematopoietic cell transplantation (HCT) associated with severe hypoxemic respiratory

failure and mortality. Extracorporeal membrane oxygenation (ECMO) support is often

used for respiratory failure refractory to conventional interventions; however, its use has

been limited in HCT patients with DAH due to potential for worsening alveolar hemorrhage

and reported high mortality.

Case Presentation: We report two cases of DAH following HCT who developed

refractory hypoxemic respiratory failure despite cessation of bleeding and were

successfully supported with ECMO.

Conclusion: DAH after HCT should not automatically preclude ECMO support; rather,

these patients must be evaluated individually for ECMO within the context of their overall

clinical picture.

Keywords: diffuse alveolar hemorrhage (DAH), hematopoitic stem cell transplantation, extracorporeal mebrane

oxygenation, extracorporeal life support (ECLS), pediatric acute respiratory distress syndrome

INTRODUCTION

Diffuse alveolar hemorrhage (DAH) is a known pulmonary complication following hematopoietic
cell transplant (HCT). It usually occurs within the first 30 days following HCT and is diagnosed
clinically by a constellation of hypoxemic respiratory failure, diffuse pulmonary infiltrates on
chest radiography and progressively bloody bronchoalveolar lavage return on bronchoscopy (1–
3). The pathogenesis of DAH is not clearly understood, but it is thought to develop from
a combination of intrinsic lung injury, dysregulated inflammation, and cytokine release (1).
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It is classically considered a non-infectious process, although it
may be precipitated by occult infections (3, 4). While systemic
glucocorticoids are considered the mainstay of therapy, there is
high variability in dosing, duration of therapy, and a reported
mortality over 40% within the pediatric population (2, 3). More
recently, cohorts of pediatric HCT patients treated with newer
therapeutic agents, such as nebulized tranexamic acid (TXA) and
intrapulmonary recombinant activated human factor VII (IP-
rFVIIa), have demonstrated improved survival to over 65% (5,
6). Interventions such as extracorporeal membrane oxygenation
(ECMO) have been used in non-HCT DAH (7, 8). HCT has
historically been considered a contraindication for ECMO by
some centers; therefore, its use has been limited (9). To our
knowledge, there has only been one case report in the literature
of ECMO use for DAH following HCT in pediatrics (10). We
report two cases of pulmonary hemorrhage following HCT
successfully supported with ECMO and present our approach to
the management of these unique and complex patients.

CASE 1

Case Presentation
An 18-year old female with Diamond-Blackfan anemia
underwent a 10/10 matched unrelated donor (MUD)
HCT, following a conditioning regimen consisting of
cyclophosphamide, busulfan, fludarabine, thiotepa, and
rabbit anti-thymoglobulin. The initial post-transplant course
was complicated by fungal sepsis with Candida parapsilosis and
a large right atrial thrombus for which she underwent open
thrombectomy on cardiopulmonary bypass.

On HCT day 60 (Figure 1), she developed respiratory
distress with bilateral pulmonary infiltrates on chest radiography.
She was transferred to the intensive care unit (ICU) with
worsening hypoxemia progressing to endotracheal intubation
and mechanical ventilation. Bronchoscopy demonstrated many
red blood cells and hemosiderin-laden macrophages consistent
with DAH but no active hemorrhage. Bronchoalveolar lavage
revealed positive aspergillus antigen, for which she was continued
on antifungal therapy for probable pulmonary aspergillosis. She
improved with supportive management and was extubated to
non-invasive positive pressure support. However, on HCT day
69, she developed new bilateral infiltrates on chest radiography
requiring reintubation (Figure 2). A repeat bronchoscopy
showed persistence of hemosiderin-laden macrophages without
evidence of active bleeding.

By HCT day 76, she progressed to severe acute respiratory
distress syndrome (ARDS) with a peak oxygenation index
(OI) of 40. Given her acute deterioration, poor organ reserve,
and high mortality risk, she was transferred to the regional
pediatric ECMO program at Le Bonheur Children’s Hospital
and emergently cannulated onto Veno-Venous (VV) ECMO
with placement of two-21 French Biomedicus (Medtronic,
Minneapolis, MN, USA) cannulas in the right femoral and right
internal jugular veins. She was adequately supported with initial
flows of 2.16 liters per minute (LPM), ∼40 ml/kg/min, and
sweep gas flow of 3 LPM using the Maquet Rotaflow centrifugal
pump and Quadrox-iD adult oxygenator (Maquet, Harlingen,

Germany). She was anticoagulated on our institution’s bleeding
protocol with unfractionated heparin targeting an activated
clotting time (ACT) of 180–200 s and transfused with packed
red blood cells (PRBC) and platelets to keep hematocrit > 35%
and platelet count > 75 × 109/L, respectively. She was treated
with intravenous methylprednisolone 2 mg/kg/day for 7 days
followed by a 6 week wean. She was successfully decannulated
after 7 days of VV ECMO support. There was no recurrence of
pulmonary hemorrhage on ECMO and she was transferred back
to the referring institution 3 days after decannulation.

After decannulation, she hadmultiple pulmonary hemorrhage
episodes treated with methylprednisolone, aminocaproic acid,
and IP-rFVIIa. A lung biopsy on HCT day 90 was indicative
of recent and remote alveolar hemorrhages. Due to her
recurrent pulmonary hemorrhages and evolving practice for early
tracheostomy placement at that time, her tracheostomy was
delayed for more than 60 days following her initial respiratory
failure. She was considered a higher risk for early tracheostomy
due to secondary graft insufficiency. She received a CD34+ cell
boost on HCT day 259. After extensive inpatient rehabilitation,
she was liberated from her tracheostomy and is successfully
surviving 4 years after HCT.

CASE 2

Case Presentation
A 4-year-old male with metastatic neuroblastoma underwent
his second tandem autologous HCT following a conditioning
regimen of melphalan, etoposide, and carboplatin. His medical
history was notable for acute kidney injury secondary to cisplatin
with non-functioning right kidney on imaging. His transplant
course was complicated by fever and severe mucositis and
mild sinusoidal obstructive syndrome (SOS). On HCT day
4 (Figure 3), he was transferred to the ICU with systemic
inflammatory response and worsening respiratory distress
and was found to have Lactobacillus rhamnosus sepsis and
mastoiditis. Despite treatment with broad-spectrum antibiotics
and methylprednisolone 1 mg/kg/day, he had worsening
respiratory distress requiring endotracheal intubation on HCT
day 6. He subsequently developed bloody secretions in his
endotracheal tube (ETT) which led to the discontinuation
of defibrotide. Bronchoscopy showed copious mucopurulent
secretions in the right lower lobe which became bloody with
the second aliquot on BAL and were positive for Aspergillus.
He was therefore treated for presumed fungal pneumonia.
Methylprednisolone 1 mg/kg/day for 4 days and nebulized
TXA (n-TXA) 250mg were used for pulmonary hemorrhage
control. In addition, a mean airway pressure (MAP) > 15 cm
H2O was targeted to tamponade the bleed. He was transfused
to maintain a hemoglobin > 7 gram/dL and a platelet count
over 100 × 109/L, respectively. Hemostasis was achieved,
however, he developed severe ARDS with a peak OI of
25. The ECMO liaison team initiated early joint discussions
regarding ECMO candidacy at this time. The patient developed
renal failure and fluid overload necessitating continuous renal
replacement therapy (CRRT). Further, he had a rising lactate
dehydrogenase, refractory hypertension and thrombocytopenia,
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FIGURE 1 | Timeline of Events for Case 1. HCT, hematopoietic cell transplant; ICU, intensive care unit; ECMO, extracorporeal membrane oxygenation; CD, cluster of

differentiation; G-CSF, granulocyte-colony stimulating factor.
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FIGURE 2 | Serial chest radiographs for Case 1 demonstrating the progression and subsequent improvement of diffuse bilateral interstitial and alveolar opacities. (A)

Initial decline prompting transfer to the ICU, (B) Mild respiratory improvement, (C) Worsening ARDS leading to transfer for ECMO evaluation, (D) ECMO–Cannulation,

(E) Pre-decannulation.

he was treated with eculizumab for suspicion of transplant-
associated thrombotic microangiopathy (TA-TMA).

On HCT day 24, he had an acute hypoxemic event with
copious bloody secretions in his ETT. Chest radiography showed
increased pulmonary opacities (Figure 4). Coagulation factors at
that time included a platelet count of 97× 109/L, and normal PT,
INR, aPTT and fibrinogen levels. Hewas treated with intravenous
TXA 1,000mg bolus followed by 10mg/kg/hr infusion, nebulized
TXA 250mg, and 3 doses of intrapulmonary rFVIIa (IP-rFVIIa)
50 µg/kg. Despite achieving hemostasis following IP-rFVIIa and
escalation of his respiratory support to HFOV, he had progressive
hypoxemia with an OI of 68. All infectious studies were negative.
The added risk of mortality with multiorgan failure and SOS
were discussed between the clinical and ECMO liaison teams
but he was considered a candidate for ECMO due to the
reversibility of his organ dysfunction. Due to his clinical acuity
and high risk of death on the current support, he was transferred
to the regional ECMO program. Upon arrival at the referral
center, he was placed on HFOV while awaiting cannulation.
Due to his small size and the presence of a femoral vascath,
he was cannulated onto VA ECMO with a 14 French arterial
cannula in the right carotid artery and a 15 French venous
canula in the right internal jugular vein (BioMedicus Medtronic,

Minneapolis, MN, USA). He was supported with initial flows
of 1.3 liters per minute (LPM), ∼110 ml/kg/min, and sweep
gas flow of 0.6 LPM using the Maquet CardioHelp centrifugal
pump and HLS Set Advanced 7.0 Oxygenator (Maquet, Rastatt,
Germany). For anticoagulation, he was placed on a bivalirudin
infusion per institutional preference, titrated to maintain aPTT
of 40–60 s. Given the need for systemic anticoagulation, he
was treated with three additional doses of nebulized IP-rFVIIa
50 µg/kg and received IV methylprednisolone 2 mg/kg/day
and n-TXA 250mg every 6 h throughout his ECMO course.
He had no further episodes of DAH or thromboembolic
complications. CRRT was continued for fluid overload. He
was maintained on higher MAP during the course of his
ECMO stay. He was decannulated after 10 days of ECMO
support and transferred back to the referring institution the
following day.

Following return of renal function, CRRT was discontinued.
He underwent tracheostomy placement 11 days following ECMO
decannulation to allow gradual weaning of mean airway pressure
and facilitate rehabilitation. He was weaned off mechanical
ventilation support, transferred to the general medical floor
under the care of the oncology team for continued radiation
and chemotherapy, and successfully discharged to outpatient
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FIGURE 3 | Timeline of Events for Case 2. HCT, hematopoietic cell transplant; ICU, intensive care unit; ETT, endotracheal tube; BAL, bronchoalveolar lavage; ECMO,

extracorporeal membrane oxygenation; CRRT, continuous renal replacement therapy; TA-TMA, transplant-associated thrombotic microangiopathy.
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FIGURE 4 | Serial chest radiographs for Case 2 demonstrating the progression and subsequent improvement of diffuse bilateral interstitial and alveolar opacities (A)

Following intubation, (B) Prior to transfer for ECMO evaluation, (C) Following ECMO cannulation, (D) Prior to ECMO decannulation, (E) Post-transfer back to referring

center.

care on HCT day 109. He remains well 6 months following
hospital discharge.

FAMILY PERSPECTIVES

We asked the families to share their thoughts and experiences
through the course of their children’s illness and hospital course.
As expected, the families’ found the process stressful but were
ultimately relieved and grateful for the outcome.

Perspective From the Mother of Patient 1
“There are things I remember so vividly about my daughter’s
experience on ECMO, and things that I think my mind has
chosen to forget out of self-protection. I remember listening
through the glass doors in the ICU, [the intensivist] arguing for
why my daughter should be [an ECMO candidate]. I remember
watching the team wheel her out [for transfer to the ECMO
referral center], and the look on their faces is what sticks
with me the most. They were trying so hard to be brave for
us, but everyone knew [. . . ] that she may not come back.

I was simply in survival mode at that point. My daughter
doesn’t remember much about ECMO, which is a blessing
considering how difficult the experience was, both clinically and
emotionally. I am forever grateful to everyone that played a
part in saving my daughter’s life, and my sanity during such
trying times.”

Perspective From the Mother of Patient 2
When describing the experience, our patient’s mother’s first
response was that of shock. It was difficult for her to recall
specific emotions or thoughts during this distressing experience.
She expressed appreciation for the support she received from the
medical team. She was particularly grateful for the careful and
thoughtful approach from team members when making difficult
medical decisions. She recognized it was not one individual
deciding her son’s care but a collaborative expert medical team.
One statement she felt was unhelpful but heard repeatedly
was “things will get worse before they get better.” She knew
it was valuable information but hearing it continually became
exasperating. She understood that once her son was on ECMO

Frontiers in Pediatrics | www.frontiersin.org 6 January 2021 | Volume 8 | Article 58760179

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Fan et al. Case Report: Management of DAH

the only thing worse would be losing him. She is extremely
grateful that he is better and doing well-today.

DISCUSSION

Diagnosis and Evaluation
DAH is a known pulmonary complication of HCT with a
historically high mortality rate (2, 3). While there is no
standardized laboratory or radiographic feature pathognomonic
for DAH, it is clinically diagnosed by respiratory failure, diffuse
infiltrates on chest radiography, and restrictive lung disease. It is
confirmed with progressively bloodier BAL on bronchoscopy or
≥20% hemosiderin-laden alveolar macrophages (1). The use of
newer, more specific agents, such as n-TXA and IP-rFVIIa (5, 6),
have improved survival over the last decade, DAH still carries
significant morbidity and mortality. Therefore, we recommend
a holistic, multidisciplinary team approach. At our institution,
treatment of DAH is guided by the principles of early recognition
and diagnosis, achieving hemostasis, decreasing inflammation,
and ultimately allowing for endothelial healing. Post-HCT,
patients are monitored closely in the transplant unit for changes
in respiratory status or new findings on chest radiography. If
these are detected, prompt bronchoscopy is performed to identify

and treat potential infectious sources. Asmost patients with DAH
eventually develop respiratory failure and require intensive care
(2, 3, 11), patients are transferred to the ICU early for continued
monitoring if DAH is suspected. Additional evaluation including
computed tomography of the chest and early lung biopsy is
considered. Our management plan rests on the hypothesis that
endothelial damage underlies many complications of HCT (12).
The diagnosis of TA-TMA is pursued early and eculizumab given
when indicated. We provide supportive treatment to allow time
for the endothelium to heal.

Active Bleeding
Once DAH is diagnosed, our standardized treatment protocol
includes systemic glucocorticoids and nebulized TXA, with
the addition of IP-rFVIIa if there is refractory hemorrhage.
Initially, methylprednisolone is dosed at 2 mg/kg/day with
an accelerated taper over 4–8 weeks, particularly if there is
concern for disseminated viral infection. We strongly consider
the use of pulse dose glucocorticoids, methylprednisolone 15–
30 mg/kg/day or dexamethasone 4-5 mg/kg/day, for 2–3 days
followed by a taper over 4–8 weeks to maximize the genomic
and non-genomic anti-inflammatory effects of glucocorticoids
(13, 14). Nebulized TXA is given every 6 h over the first 18–
24 h. If the bleeding continues, then IP-rFVIIa 50 µg/kg is
added. IP-rFVIIa is initially administered every 15–30min until
hemostasis is achieved and subsequently continued every 4–6 h
for a maximum of 3 days. Respiratory failure is managed with
early endotracheal intubation and mechanical ventilation with
MAP> 15 cmH2O to tamponade the bleeding. Continuous renal
replacement therapy is considered early tomanage fluid overload.
During active bleeding, PRBC and platelet transfusions are used
to maintain hemoglobin over 7 gram/dl and a platelet count
over 50 × 109/L respectively. Rotational thromboelastometry
(ROTEM) is used to further guide therapy.

DAH has been described in the setting of TA-TMA (15),
a subset of thrombotic microangiopathies characterized by
the presence of schistocytes, elevated serum LDH, renal, and
neurologic dysfunction (16). In the setting of TA-TMA, DAH
has a reported mortality rate of up to 100% (15). Eculizumab
is a complement inhibitor that is promising in the treatment
of TA-TMA (17). Therefore, if there is suspicion of TA-
TMA as in our second case, the addition of eculizumab is
considered in collaboration with the transplant team. As occult
infections have later been identified in patients with DAH despite
initial negative cultures, we empirically start patients on broad
spectrum antimicrobials and continue treatment for at least 48 h.
A second bronchoscopy is frequently performed 2 to 5 days after
the development of symptoms for repeat cultures.

Idiopathic pneumonia syndrome (IPS) is another non-
infectious pulmonary complication of HCT and shares many
clinical features with DAH. It is characterized by elevated levels
of specific cytokines, including tumor necrosis factor receptor-
1 (TNFR1), a marker for tumor necrosis factor- alpha (TNF-
α). IPS is treated with glucocorticoids and etanercept, a TNF-α
binding protein (18). Thus, if no infectious process is identified
and IPS is of concern, treatment with etanercept is considered.
For refractory hypoxemic respiratory failure despite cessation of
bleeding, use of ECMO is considered as discussed below.

Recurrent Bleeding
In cases of recurrent bleeding, in addition to the above
treatments, we consider early tracheostomy with the goals of
maintaining a high mean airway pressure with mechanical
ventilation for >4 weeks while endothelial healing occurs and
allowing for early mobilization and rehabilitation.

ECMO Decision
The medical complexity of HCT care inherently raises the
PICU mortality when compared to the general population
(19). As such, underlying malignancy and HCT are considered
contraindications for ECMO support by most centers. In a
review of the Extracorporeal Life Support Organization (ELSO)
database, Gow et al. identified 107 patients with underlying
malignancies supported with ECMO from 1994 to 2007. Of
these, 42% survived to ECMO decannulation and 35% survived
to hospital discharge, suggesting that ECMO use may be a
reasonable support modality in this patient population (20).
Unfortunately, ECMO outcomes in HCT patients have been
worse. In another review of the ELSO database from 1991 to
2004, Gow et al. reported a 21% and 5% survival to ECMO
decannulation and hospital discharge, respectively, in HCT
patients (9). In 2014, DiNardo et al. published an extended
review of ECMO support post-HCT from the ELSO database
from 1991 to 2012 and found that 21% survived to decannulation
and 10% survived to hospital discharge (21). However, since
these publications, there have been significant advancements
in HCT care, including conditioning regimens, donor cell
source selection, HLA matching, preparation and supportive
care (22). Likewise, technological advances in ECMO support
and improvements in the management of mechanical ventilated
patients have resulted in improved ECMO outcomes (23, 24).
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Zinter et al. found a 22% PICU survival in HCT patients
supported with ECMO from 2009 to 2014 (19). Most recently,
in a review of HCT patients supported with ECMO from 2011
to 2018, Steppan et al. found that 4 out of 8 patients survived
to hospital discharge (25). Additionally, successful ECMO after
HCT cases not included in aforementioned reviews have been
reported. Williams et al. reported a 18 month old patient
with acute respiratory failure from rhinovirus infection and
aspiration pneumonia after autologous HCT for neuroblastoma
who was successfully supported with VV ECMO (26). Potratz
et al. reported a 14 year old allogeneic HCT patient with
acute respiratory failure secondary to engraftment syndrome
successfully supported on VV ECMO (27). Morris et al. reported
the successful use of ECMO for diffuse alveolar hemorrhage post-
HCT in a single pediatric patient (10). Together with our patients,
there are now 3 pediatric patients successfully supported for
post-HCT DAH with ECMO support.

Choosing which HCT patient has a reasonable chance of
recovery with ECMO support is challenging. In collaboration
with our regional pediatric ECMO program at Le Bonheur
Children’s Hospital, we have developed a liaison team to
assess ECMO candidacy with the goals of arranging timely
transfer for ECMO evaluation and early ECMO initiation to
limit significant ventilator-induced lung injury. This ECMO
liaison team was instrumental in the process of case discussion
and patient advocacy for transfer and early initiation of
extracorporeal therapy in the cases reported here. The liaison
teams consist of intensivists at both institutions and garners
input from oncologists, HCT physicians and other specialties
as needed on a case by case basis. We also review the
indications, risks, and benefits of ECMO with the patient’s
family to allow them to make an informed decision regarding
transfer for ECMO evaluation during these initial discussions.
We begin ECMO candidacy discussions early—ideally days
before the patient requires transfer for ECMO evaluation. In
general, the criteria for ECMO initiation is similar to that
which is used for our general pediatric population, with a
few considerations specific to oncologic and HCT patients.
HCT patients represent a heterogenous population with various
underlying diseases, conditioning regimens, cell sources and
post HCT comorbidities. These patients must be individually
evaluated for the potential of ECMO benefit. The ECMO liaison
team is invaluable for teasing out the nuances of individual
patient factors.

Our report is limited by an inherent selection bias for
HCT ECMO survivors who had cessation of pulmonary
hemorrhage prior to ECMO initiation since active bleeding
not controlled with medical management is considered an
institutional contraindication for ECMO at this time. As such,
we do not include patients with DAH who were not considered
ECMO candidates in this case series. A concern in the HCT
population has been that while ECMO supports the lungs, it
may worsen other organ dysfunction and increase infection
risk. This concern has limited the use of ECMO in the HCT
population. Our cases highlight that HCT and DAH should

not absolutely preclude patients from ECMO candidacy. HCT
patients should be evaluated within the context of their overall
clinical picture.

CONCLUSION

ECMO support has historically been considered contraindicated
in HCT patients given the complexity of their disease. Through
the development of a multidisciplinary approach in treatment
of DAH post-HCT, as well as an expert ECMO liaison team
to evaluate ECMO candidacy, we successfully supported two
patients with respiratory failure secondary to DAH refractory
with ECMO. Over the last decade, there have been significant
advances made in ECMO technology as well as the field of
HCT, we argue that ECMO use should be considered in select
HCT patients.
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Pulmonary infections are common in hematopoietic cell transplant (HCT) patients of all

ages and are associated with high levels of morbidity and mortality. Bacterial, viral, fungal,

and parasitic pathogens are all represented as causes of infection. The lung mounts a

complex immune response to infection and this response is significantly affected by the

pre-HCT conditioning regimen, graft characteristics, and ongoing immunomodulatory

therapy. We review the published literature, including animal models as well as human

data, to describe what is known about the pulmonary immune response to infection in

HCT recipients. Studies have focused on the pulmonary immune response to Aspergillus

fumigatus, gram-positive and gram-negative bacteria, and viruses, and show a range

of defects associated with both the innate and adaptive immune responses after HCT.

There are still many open areas for research, to delineate novel therapeutic targets

for pulmonary infections as well as to explore linkages to non-infectious inflammatory

lung conditions.

Keywords: hematopoietic stem cell transplant, immune response, invasive aspergillosis, pneumonia, pneumonitis,

lung, pulmonary immunity

INTRODUCTION

Hematopoietic cell transplantation (HCT) is being used for treatment of an increasing number
of malignant and non-malignant disorders in all age groups, but is associated with numerous
complications. Infections are amajor complication due to immune system derangements associated
with HCT. In particular, pulmonary infections make up a large portion of HCT-related infections
in both autologous and allogeneic HCT patients and are associated with significant morbidity
and mortality (1, 2). Pulmonary infections in HCT patients are caused by a range of bacteria,
viruses, fungi, and protozoal agents (2, 3). The most common pathogens change through time
post-transplant as the immune function of the patient slowly recovers (2, 3). The pulmonary
immune response after HCT is not as well-documented as the systemic immune response. We
examine the literature examining pulmonary immune responses to infection after HCT and find
documentation in defects in both the innate and adaptive immune responses to pulmonary
infection with a variety of pathogens.
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PULMONARY IMMUNITY AND
HEMATOPOIETIC CELL TRANSPLANT

The lungs are constantly exposed to a variety of pathogens
and thus have a complex system of immune responses. The
mucociliary elevator provides a first line of defense to trap and
remove infectious agents. Resident alveolar macrophages (AMs)
play an important role in initial recognition of pathogens via
the innate immune response, using pattern recognition receptors
(PRRs) that identify pathogen-associated molecular patterns
(PAMPs) such as bacterial or fungal cell wall components or
viral nucleic acids. Alveolar macrophages also have a critical
function in activating immune and inflammatory responses.
Airway and alveolar epithelial cells are increasingly recognized
to have an important part in recognizing pathogens as well. On
recognition of pathogens, production of inflammatory cytokines
and chemokines leads to the recruitment of neutrophils and
monocytes to the lung for phagocytosis and killing of pathogens.
Antigen-presenting cells that include AMs as well as resident
dendritic cells provide a bridge to activate the adaptive immune
system by traveling to local lymphoid tissue and presenting
antigens to T cells. The activation of T cell and B cell responses
results in killing of intracellular pathogens, production of
antibodies, development of immune memory, and regulation
of the immune response. The T helper (Th) response can be
polarized toward different pathways, such as Th1, Th2, Th17,
and T regulatory (Treg), with varying effects on the predominant
immune response (4–6).

Immune reconstitution post-HCT is a complex and prolonged
process, with the timing affected by many factors including type
of transplant (autologous vs. allogeneic), conditioning regimen
(myeloablative vs. non-myeloablative), source of transplant
(peripheral blood stem cells, bone marrow cells, umbilical
cord blood stem cells), and presence of graft vs. host disease
(GVHD) (7, 8). The appearance of innate immune cells such as
neutrophils, monocytes, dendritic cells andNK cells in peripheral
blood within the first few weeks after HCT is the first sign
of immune reconstitution. T and B lymphocytes appear later
in peripheral blood, but their function has been reported to
be abnormal for months to years post HCT (9). As most of
the scientific work has focused on numbers and function of
immune cells circulating in the blood, we emphasize specifically
the available literature on pulmonary immune function and
reconstitution after HCT.

Overall, ample data suggest that recipient-derived AMs are
only fully ablated with the most severe total body irradiation
(TBI)-based conditioning, and for patients not receiving TBI-
based conditioning, reconstitution of AMs from the donor
lineage can take weeks. In mice, Matute-Bello et al. found
that reconstitution of AMs of donor origin was slower
than reconstitution of peripheral leukocytes after total body
irradiation and syngeneic HCT (10). At 30 days post-transplant,
87.8 ± 3.9% of peripheral leukocytes were of donor origin,
but AMs were only 74.5 ± 2.4% donor origin at 60 days post
HCT (10). A comparison of different TBI and chemotherapy
regimens for pre-syngeneic HCT conditioning found that TBI-
based conditioning resulted in the highest rate of reconstitution

of AMs with donor cells making up 82 ± 2% of AMs at
5 weeks after TBI (11). In contrast, splenic cells had higher
percentage of donor derived cells (95 ± 1%) (11). TBI-sparing
chemotherapeutic regimens proved to be much less effective
in reconstitution of AMs with donor cells, with only 56 ±

6.2% of AMs of donor origin at 5 weeks post-HCT with a
combined cyclophosphamide and busulfan regimen (11). Hahn
et al. examined AM repopulation after TBI and also found a slow
repopulation of alveolar and lung parenchymal macrophages,
requiring 10 weeks post-transplant to reach∼90% donor derived
cells (as opposed to 14 days for peripheral leukocytes) (12).

However, lung dendritic cells were much more sensitive to
radiation, with more than 90% of CD103+ DCs depleted by day 3
post-irradiation and repleted with more than 90% donor cells by
day 7 post irradiation. CD11b+ DCs were less sensitive, with 60%
depletion by day 5 post-transplant and reconstitution with more
than 90% donor derived cells at 4 weeks post-transplant (12). In
humans, analyses of BAL fluid post HCT showed a significant
increase in the number of AMs starting only at day 50 post HCT.
The AMs after day 50 also had increased expression of markers
of proliferation and appeared to be mostly of donor origin (13).
Another study on BAL fluid post HCT showed reconstitution of
AMs by cells of donor origin by ∼90 days (14). These studies
demonstrate that reconstitution of immune cells in the lungs
proceeds at a slower pace than in peripheral blood, and that there
are differences in reconstitution among different cell populations.

While donor-derived alveolar epithelial cell reconstitution
appears sparse in all but the harshest TBI-based conditioning
(10, 15), patient-derived alveolar epithelial cells, which typically
repopulate from local progenitors, experience a variety of
post-HCT insults including cellular atypia, altered cytokine
production, and loss of surfactant biosynthesis (6, 16). Data on
the efficacy and kinetics of ablation and repopulation of other
lung-specific cells such as resident memory T-cells are lacking at
this time.

Studies have described functional defects post-HCT in both
innate and adaptive immune responses in the lungs, against
a variety of pathogens. The majority of functional studies
have involved mouse models of HCT, the majority of which
involve syngeneic transplants. There are some studies of human
HCT patient bronchoalveolar lavage (BAL) and lung tissue that
provide information on immune response in the human lung.
In addition, studies of genetic polymorphisms predisposing to
infection in human HCT patients have provided suggestions
of the importance of particular components of the immune
response to the response to pulmonary infections in HCT
patients. The primary areas of study have focused on the
following three pathogens or groups of pathogens: Aspergillus
fumigatus, gram-negative and gram-positive bacteria, and viruses
(primarily herpesviruses).

PULMONARY ASPERGILLOSIS

A substantial body of work on pulmonary immune responses
to infection after HCT has focused on the ubiquitous mold
Aspergillus fumigatus. Invasive aspergillosis (IA) most
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commonly involves the lung, is the most common invasive
fungal infection in HCT patients, and has reported case fatality
rates of 29–87% (1, 17). Immune defense against A. fumigatus
requires both innate and adaptive immune responses, and
deficiencies in both arms of the immune response have been
associated with increased vulnerability to and defective response
to IA (17).

Detection and first response to Aspergillus via the innate
immune response and antigen presenting cells is critical to
anti-fungal immunity. The importance of PRRs in activating
the innate response to IA is suggested by a number of studies
associating polymorphisms in human PRRs with susceptibility
to IA in HCT patients. Toll-like receptors (TLRs) comprise a
family of PRRs that play a key role in the innate immune response
by recognizing a range of PAMPs and signaling to produce a
pro-inflammatory response. Donor-derived polymorphisms in
TLR1, TLR4, and TLR6 have been associated with increased
risk of IA in HCT patients (18–20). Conversely, Carvalho et al.
found an association of a donor-derived TLR4 polymorphism
with increased risk of fungal colonization but decreased risk
of fungal infection (primarily caused by Aspergillus spp.)
(21). These studies did not address the mechanisms by
which the polymorphisms would cause increased risk of IA
but emphasize the general importance of the transplanted
innate immune system’s ability to recognize and respond to
Aspergillus antigens.

A polymorphism in another PRR important in recognition
of A. fumigatus, the C-type lectin Dectin-1, which results in an
early stop codon and decreased Dectin-1 activity, increased the
susceptibility to IA when present in either the donor or recipient
of allogeneic HCT (22). In a mouse allogeneic HCT model of IA,
knocking out Dectin-1 had varying effects depending on whether
the knockout was present in the donor or recipient. Recipient
mice with Dectin-1 KO had worsened control of fungal infection
and increased inflammatory response in the lungs characterized
by increased production of IL-17, with the most severe
phenotype seen in Dectin-1 KO mice transplanted with Dectin-
1 KO hematopoietic cells. However, recipient Dectin-1+ mice
transplanted with Dectin-1 KO hematopoetic cells had fungal
susceptibility equivalent to WT mice in the setting of a cytokine
response dominated by IFN-γ and IL-10. This suggests a complex
role for Dectin-1 in immune defense against A. fumigatus, with
Dectin-1 on non-hematopoietic (presumably epithelial) cells
providing control of infection via IFN-γ and IL-10 production
and Dectin-1 on hematopoietic cells driving an IL-17 mediated
response (22).

The intracellular PRR NOD-2 has also been found to have
a polymorphism that, when present in the donor, significantly
increased the risk of IA in allogeneic HCT recipients (23).
Patients with the at-risk polymorphism and IA also had
significantly increased levels of IL-8 and IL-10 in BAL fluid
relative to IA patients without the polymorphism. In addition,
peripheral blood mononuclear cells from patients with the at-
risk polymorphism produced significantly less IL-1β in vitro in
response to A. fumigatus. In a cyclophosphamide treated mouse
model, NOD-2 KOmice had better survival and decreased fungal
burden and lung and sinus inflammation after A. fumigatus

infection (23). These results suggest that NOD-2 contributes to
an inflammatory response to IA that may be detrimental.

The secreted PRR long pentraxin 3 (PTX3), which acts as an
opsonin for A. fumigatus, was described to have a donor-derived
polymorphism associated with increased IA risk in allogeneic
HCT patients. Individuals who received a transplant with this
haplotype had decreased production of PTX3 in BAL fluid and in
lung tissue in the setting of IA. Neutrophils from patients with the
polymorphism demonstrated reduced phagocytosis and killing of
A.fumigatus that was restored by exogenous PTX3 (24).

Defects in anti-A. fumigatus immunity due to impaired
cellular killing have also been identified. Effective clearance
of A. fumigatus with appropriate control of the inflammatory
response involves an autophagy process known as LC3-associated
phagocytosis. IFN-γ activates a signaling response that includes
death-associated protein kinase 1 (DAPK1). A polymorphism
in patient-derived DAPK1 was associated with a significantly
increased risk of IA in allogeneic HCT recipients. HCT recipients
with the at-risk polymorphism in DAPK1 also demonstrated
decreased expression of DAPK1 and increased expression of the
inflammasome component NLRP3 and production of IL-1β in
PBMCs in response to A. fumigatus conidia, consistent with a
phenotype of increased inflammation (25).

Alterations in antigen presentation and the activation of
the adaptive immune system have also been shown to affect
susceptibility to IA. The chemokine receptor CCR7 has a key role
in driving migration of DCs from sites of infection to secondary
lymphoid organs via its ligands CCL19 and CCL2. Hartigan
et al. demonstrated, unexpectedly, that CCR7 deficient mice had
improved survival and decreased lung inflammation compared
to WT mice in a neutropenic model. Neutropenic mice receiving
syngeneic HCT of CCR7 KO cells also had improved survival
and decreased inflammation in Aspergillus infection, associated
with increased dendritic cell recruitment to the lung (26). These
results suggest that CCR7-mediated responses in DCs may be
associated with an excessively pro-inflammatory response that
has detrimental effects on survival.

Further evidence for the importance of dendritic cells in
controlling the infection and inflammatory response in IA came
in a model of syngeneic HCT where mice underwent adoptive
transfer with DC pulsed with A. fumigatus conidia prior to
pulmonary A. fumigatus infection. When transferred DCs were
primed via the TLR9 pathway with thymosin α1 prior to transfer,
there was significantly improved survival, control of fungal
replication, and decreased pulmonary inflammation in mice
with IA. The thymosin α1-primed DCs stimulated a Th1/Treg
response, suggesting this type of T cell polarization is important
for successful defense against IA (27).

Epithelial cells also have an important role in recognizing
pathogens and activating the immune response (5). De Luca et al.
showed in a allogeneic mouse HCT model that lung epithelial
cell response to A. fumigatus is mediated through the Toll-
like receptor 3/Toll/IL-1 receptor domain-containing adaptor-
inducing interferon (TLR3/TRIF)-dependent pathway (28). TRIF
deficiency in either donor or recipient was associated with
increased fungal growth and pulmonary inflammation associated
with upregulation of IL-17 and downregulation of IFN-γ and

Frontiers in Pediatrics | www.frontiersin.org 3 January 2021 | Volume 9 | Article 63456685

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Zinter and Hume Pulmonary Immunity After HCT

IL-10. These findings suggest that a Th1/Treg response, via a
TRIF-dependent pathway, is necessary for effective clearance
and controlled inflammatory response to IA, while a Th17 type
response is detrimental for the response to IA (28).

Finally, further suggestion that Th polarization is important
in the outcome of IA in HCT patients comes from studies of
polymorphisms in IL-17 and IL-23 genes, which are key in
mediating the Th17 pathway. A patient-derived polymorphism
in the IL-23A gene was identified to be associated with decreased
risk of fungal infection (primarily Aspergillus spp.) in a group
of allogeneic HCT recipients (29). Taken together, these data
indicate a significant role for impaired A. fumigatus immunity
post-HCT through impairments in PRR detection, phagocytosis
mechanisms, cytokine signaling, and T-cell response.

BACTERIAL PNEUMONIA

Bacterial pathogens are important causes of pneumonia in
HCT patients, and a substantial body of work shows the
importance of AMs in defending against bacterial infection after
HCT (1, 5). AMs isolated from BAL fluid of HCT patients
showed diminished chemotaxis, diminished phagocytosis and
killing of Candida pseudotropicalis, and diminished killing of
Staphylococcus aureus and Listeria monocytogenes (30). Further
work in a mouse syngeneic HCT model by Dr. Bethany
Moore’s group at the University of Michigan has characterized
defects in AM function in response to bacterial infection after
HCT. Mice receiving syngeneic HCT demonstrated increased
bacterial burden, decreased bacterial phagocytosis by AMs, and
increased mortality after Pseudomonas aeruginosa intratracheal
infection at 21 days post-HCT. The differences in HCT mice
occurred despite reconstitution of peripheral blood leukocyte
populations and recruitment of leukocytes to the lungs equivalent
to control animals (31). Of interest, the defect in phagocytosis
of P. aeruginosa by AMs was present in mice that received
conditioning via TBI as well as those that received conditioning
with a combination of cyclophosphamide and busulfan (11).

In investigation of the mechanisms for the AM defects,
Ballinger et al. showed that mice receiving syngeneic HCT
overproduced PGE2 in BAL fluid and in lung homogenates
relative to un-transplanted mice (32). Inhibition of PGE2
synthesis with indomethacin improved AM phagocytosis of both
opsonized and un-opsonized P. aeruginosa, as did the use of a
COX-2 knockout mouse as a donor for HCT (11, 32). Further
work demonstrated increased vulnerability of syngeneic HCT
recipient mice to S. aureus pulmonary infection. Surprisingly,
phagocytosis of S. aureus by AMs was actually increased after
HCT, but killing of S. aureus was significantly impaired (33).

Further publications from this group have outlined that the
mechanism of PGE2-dependent reduced phagocytosis and killing
by AMs appears to be related to overproduction of prostaglandins
and underproduction of leukotrienes (34). Alveolar epithelial
cells have an important role in producing PGE2 as well as
TGF-β in response to cellular stress related to chemoradiation,
hypoxia, and free radical injury. In AMs, detection of paracrine
TGF-β signaling results in decreased methylation of the COX-2

promoter, leading to further upregulation of PGE2 production
(35) and signaling through the E prostanoid receptor 2
(EP2). Several downstream effects then occur. Production of
the scavenger receptor MARCO decreases and production of
the MyD88-dependent IL-1R/TLR inhibitor IRAK-M increases,
which together contribute to the decreased phagocytosis of P.
aeruginosa (36). PGE2 activation also reduces TNF-α and IFN-γ
production in AMs from syngeneic HCT mice relative to control
(31), while simultaneously increasing production of IL-1β and
GM-CSF. This again contributes to a phenotype of impaired
AM phagocytosis (37, 38). There are correlations reported in
human HCT patients, where elevated AM GM-CSF production
and elevated IL-10 have been identified in post-HCT BAL fluid
and have been associated with post-HCT lung disease including
both suspected and confirmed infections (39). In addition, BAL
total TNF-α levels appear higher in infected HCT patients
(40). Another effector molecule in the PGE2 signaling pathway,
Phosphatase and tensin homolog deleted on chromosome 10
(PTEN), was also increased in mouse syngeneic HCT AMs
secondary to PGE2 stimulation. Inhibition or knock out of PTEN
increased AM phagocytosis and killing of P. aeruginosa with
increased production of TNF-α (41). Of note, PTEN appears to
inhibit Fc receptor mediated phagocytosis of opsonized bacteria,
while IRAK-M inhibits phagocytosis of non-opsonized bacteria
(36, 41). These data strongly suggest that PGE2 is increased in
the lung post-HCT and is responsible for AM dysfunction.

Neutrophils recruited to the lung also have diminished ability
to kill P. aeruginosa after syngeneic HCT, though phagocytosis
was unchanged (32). Impaired killing by neutrophils is also
associated with overexpression of COX-2 and increased PGE2
and linked to increased PTEN activity (32, 41) Further
investigation has shown that neutrophils recovered from the lung
of both allogeneic and syngeneicHCTmice, as well as neutrophils
fromBALs of humanHCT patients, exhibit decreased production
of neutrophil extracellular traps (NETs), which are important in
antimicrobial defense. The defect in NET production is mediated
by PGE2 through the receptors EP2 and EP4 (42).

In total, these findings show the critical role of phagocytes,
both AMs and neutrophils, in defense against bacterial
pneumonia after HCT. The data from syngeneic mouse HCT
models implicate TGF-β and PGE2 as critical mediators in
reducing bacterial phagocytosis and killing. There are also
alterations in the inflammatory milieu, with decreased TNF-α
and IFN-γ and increased IL-1β and GM-CSF. Human studies
have shown analogous data with diminished phagocytic and
killing capacity of AMs from allogeneic HCT patients and
increased GM-CSF in BAL fluid, although TNF-α was shown to
be increased in HCT patients with infection in at least one study.

VIRAL INFECTIONS

Viruses are also important causes of respiratory infection,
whether via reactivation of latent viruses such as members of the
herpesvirus family or from acute infection such as community-
acquired respiratory viruses (1, 43). Cytomegalovirus (CMV)
infection remains a significant problem in HCT patients despite

Frontiers in Pediatrics | www.frontiersin.org 4 January 2021 | Volume 9 | Article 63456686

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Zinter and Hume Pulmonary Immunity After HCT

antiviral prophylaxis, and other latent viruses in the herpesvirus
family such as EBV are also associated with infections and
other complications such as post-transplant lymphoproliferative
disorder (43). Reflecting this clinical reality, the majority of
research on pulmonary immune response to viral infection post
HCT has focused on human and murine herpesviruses.

As with IA, genetic polymorphisms in immune-related genes
have been associated with susceptibility to viral infection in
HCT patients. A donor-derived polymorphism in the TLR9
gene, which is key for recognition of viral PRRs, is associated
with decreased risk of CMV pneumonia in allogeneic HCT
patients (21). Conversely, both patient- and donor-derived
polymorphisms in the IL17A gene were associated with increased
risk of CMV infection (29). To date, we have found no
investigations of the mechanisms for these polymorphisms to
affect susceptibility to viral infection.

BAL samples and lung tissue biopsies from HCT patients
have provided important information about the pulmonary
antiviral immune response in humans. Milburn et al. showed
that allogeneic HCT patients with CMV pneumonitis had lower
numbers of lymphocytes, particularly T cells, in BAL fluid relative
to patients with pneumonitis caused by other organisms, which
may be due to direct cytotoxic activity of CMV against T cells
(44). Studies of postmortem lung tissue biopsies from allogeneic
HCT CMV patients showed infiltration with both CD4+ and
CD8+ T cells as well as upregulated expression of HLA class
II molecules and ICAM-1 on alveolar epithelium suggesting
ongoing T cell responses (45). However, another study of lung
tissue in HCT patients with infective pneumonitis (primarily
CMV) showed increased macrophages and CD4+ T cells in the
lung, but did not find CD8+ T cells or signs of apoptosis (46).
The predominant cytokines produced in the lung were associated
with Th2 responses, which would cause a polarization away from
cytolytic CD8+ T cell activation required for viral clearance
(46). Bowden et al., however, found an overall increased number
of lymphocytes in BAL fluid from HCT patients compared to
control, but no correlation between number of CD4+, CD8+,
or CD16+ lymphocytes and the presence of pulmonary infection
including CMV infection (47). Similarly, Slavin et al. did not find
a significant correlation between CMV reactivation and number
or percentage of lymphocytes in BAL fluid after HCT (48).

Viral pathogenesis in the lung has also been studied in
mouse models. Syngeneic HCT mice infected with murine CMV
developed a lymphocytic infiltrate in their lungs composed
primarily of CD8+ T cells which expressed cytolytic activity
via recognition of viral peptides (49). An allogeneic HCT
mouse model with murine CMV infection also demonstrated
increased recruitment of activated CD8+ T cells to the lung. The
complement regulatory protein decay accelerating factor (DAF)
was downregulated in lung tissue, in association with increased
serum C3a, in infected HCTmice. Knocking out DAF resulted in
worsened survival, increased viral load, increased CD8+ T cells
in lungs, and increased IFN-γ production in CD8+ cells after
allogeneic HCT, suggesting an important role for the complement
system in defense against viral infection (50). Other studies,
however, have shown that functional defects in cytotoxic efficacy
of CD8+ T cells contribute to CMV infection in HCT mice

(51–54). As with pulmonary bacterial infections, the eicosanoid
pathway again seems dysregulated in post-HCT pulmonary
CMV, with evidence supporting leukotriene deficiency as a
mechanism for CMV susceptibility (55).

A mouse gamma herpesvirus, γHV-68, has also been studied
in both syngeneic and allogeneic mouse HCT models. Coomes
et al. examined the pathophysiology of murine γHV-68 in
syngeneic and allogeneic HCT models. Despite a monocyte
influx into the lungs, both syngeneic mice and allogeneic HCT
mice had impaired response to infection as demonstrated by
decreased IFN-γ production as well as increased levels of PGE2,
T regulatory cells (Tregs), and TGF-β1 in the lungs. The defect
in antiviral immunity was shown to be mediated through TGF-
β1 (56, 57). Syngeneic HCT mice infected with γHV-68 had T
cell responses skewed toward the Th17 phenotype which were
associated with increased inflammation and pulmonary fibrosis,
as opposed to the Th1 phenotype associated with viral clearance
in control mice (58). The Th17 phenotype was associated with
the Notch signaling pathway and cellular deficiency of the Notch
ligand DLL4 after HCT (58, 59). In addition, migration of
conventional DCs 1 and 2 (cDCs 1 and 2) to the lungs was
impaired after syngeneic HCT followed by γHV-68 infection, and
Th1 cytokine production including IFN-γ were decreased, which
together contributed to Th17 skewing (60). The pneumonitis
and pulmonary fibrosis seen in this mouse model also resembles
the non-infectious lung disease idiopathic pneumonia syndrome
(IPS), which is a major complication post-HCT (1, 59).

Similar findings have been detected in murine allogeneic HCT
models of herpes simplex virus (HSV) pneumonitis, wherein
elevated levels of TGF-β1 in BAL fluid appear associated with
the severity of HSV pneumonia (61). Interestingly, levels were
highest among transplanted mice with GVHD (which were
not receiving any immunosuppressive therapy for GVHD),
suggesting a particular propensity toward immune dysregulation
and fibrosis. Further, peripheral blood mononuclear cells isolated
from HCT patients with HSV infection show natural killer-like
phenotype with elevated cytotoxic effects toward human vascular
endothelium, which may partly explain the propensity toward
bleeding complications in post-HCT viral infections (62).

Community-acquired respiratory viral infections are frequent
in HCT patients and can be associated with significant morbidity
and mortality (63). The pulmonary immune responses to
these viruses after HCT are less well-described. Gowdy et al.
examined the effect of the respiratory viral pathogen mouse
parainfluenza virus type 1 (mPIV-1), also known as Sendai virus,
in both syngeneic and allogeneic HCT mice (64). Allogeneic
HCT mice had increased viral load, decreased survival, and
increased pulmonary inflammation after Sendai virus infection.
This was associated with decreased recruitment of both total
and virus specific CD8+ T cells to the lungs in allogeneic
HCT mice, and was improved by adoptive transfer of CD8+

cells from un-transplanted mice recovering from Sendai virus
infection. Interestingly, syngeneic HCT mice had similar results
to un-transplanted mice after infection (64). In a mouse
model of adenovirus infection after allogeneic HCT, McCarthy
et al. showed that HCT mice had delayed viral clearance,
and although pulmonary PGE2 production was increased, the
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reduced production of IFN-γ and granzyme B and the delayed
viral clearing noted in pulmonary CD8+ T-cells appeared
independent of elevated PGE2 production (65).

To summarize, the response to viral pulmonary infections
after HCT involves alterations in innate and adaptive immunity.
Data on CMV infection in humans demonstrate recruitment of T
cells (although there are contradictory findings on involvement
of CD4+ vs. CD8+ subsets) and the presence of Th2 type
cytokines in the lungs. Mouse HCT models of murine CMV
showed recruitment of but also defects in cytotoxic efficacy
of CD8+ T cells, as well as involvement of the complement
and leukotriene pathways. Similar to mouse models of bacterial
pneumonia, TGF-β1inHCTmice infected with γHV-68mediates
diminished antiviral effect and skewing toward Th17 cytokine
response. TGF-β1 also appears to be associated with severity of
HSV pneumonia in an allogeneic HCT mouse model. Studies of
HSV pneumonitis in human HCT recipients suggest cytotoxic
effects of leukocytes against vascular endothelium. CD8+ T
cells were also shown to be essential in defense against two
respiratory viruses (Sendai virus and adenovirus) in mouse
allogeneic HCT models.

DISCUSSION

Our review of the literature shows that there are a number of
derangements in pulmonary immune responses associated with
increased vulnerability to infection after HCT. Reconstitution
of AMs in the lung lags behind reconstitution of peripheral
leukocytes after HCT, and dendritic cells in the lung are more
sensitive to radiation than AMs. The timing of reconstitution of
other immune cell types such as T cells in the lung post HCT
is unclear. Effective defense against A. fumigatus involves innate
immune activation via PRRs and post-PRR signaling pathways
as well as polarization of the Th cell response toward Th1 and
Treg responses and away from Th17 responses. Dendritic cells
appear to be key in controlling inflammation and Th response
polarization which has a significant effect on the downstream
immune response and either control of infection with regulated
inflammation or dysregulated inflammation without infection
control. This dysregulated inflammation appears to be associated
with lung injury and mortality. Clearance of bacterial infection
post HCT is compromised by reduced capacity for phagocytosis
and bacterial killing by AMs, a phenotype regulated by TGF-
β1 which is produced by alveolar epithelial cells and causes
increased production of PGE2, which in turn mediates defects
in AM phagocytosis and killing. Neutrophils are also deficient
in bacterial killing and NET production due to PGE2 effects.
Finally, viral infections require the innate immune system as well
as the adaptive immune system for adequate defense, including
the activity of CD8+T cells. The eicosanoid pathway also appears
to have an important role in antiviral responses in the lungs

post-HCT. Skewing toward Th17 responses involving signaling
by TGF-β1 and dendritic cells can have detrimental effects on
virus clearance and cause increased inflammatory response and
result in a phenotype akin to non-infectious inflammatory HCT-
related disorders of the lung such as IPS.

There are limitations to the studies described in this
review. Some of the polymorphisms associated with alterations
in susceptibility to infections have not had a mechanistic
investigation. Studies of HCT patients are limited to BAL fluid
and lung tissue biopsies. The mouse HCT models vary in strain,
conditioning regimen, method of hematopoietic cell isolation,
and dose of hematopoietic cells transplanted, which potentially
affect the reconstitution of the immune response. In particular,
the majority of the mouse models undergo syngeneic transplants
which do not have the alloimmune responses seen in allogeneic
human HCT. For example, syngeneic HCT mouse models
do not get GVHD and are not receiving immunosuppressive
medications for prevention or treatment of GVHD, which
is a significant difference from much of the HCT patient
population. Beyond this, one must also consider the limitations
of mouse models such as genetic differences from humans, lack
of underlying disease for which patients undergo HCT, and
differences in conditioning and post-HCT treatment.

The lungs have a unique immune response that requires
direct sampling for study, as peripheral blood may have
different responses. It is particularly important to understand the
pulmonary immune response after HCT given the frequency of
pulmonary infections and the associated morbidity andmortality
despite aggressive prophylaxis and treatment with a variety
of antimicrobial medications. Existing studies have identified
significant immune changes post-HCT that affect vulnerability
to fungal, bacterial, and viral pathogens. New methods such as
next generation sequencing can produce large microbiological
and transcriptional datasets that can provide large amounts
of information about the host response to infection in the
lung. Better understanding of these immune changes yields new
targets for therapy and may help understand non-infectious
lung disease.
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Pediatric, adolescent and young adult (AYA) patients receiving novel cancer
immunotherapies may develop associated toxicities with overlapping signs and
symptoms that are not always easily distinguished from severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection/clinical sequelae. We describe 2
diagnostically challenging cases of SARS-CoV-2 and Multi-Inflammatory Syndrome-
Adult (MIS-A), in patients with a history of acute lymphoblastic leukemia following
cellular therapy administration and review evolving characterization of both the natural
course of SARS-CoV-2 infection and toxicities experienced in younger cancer
immunotherapy patients. Vigilant monitoring for unique presentations and epidemiologic
surveillance to promptly detect changes in incidence of either condition may be warranted.
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INTRODUCTION

Advancements in cancer immunotherapy have led to recent
approvals by the Food and Drug Administration (FDA) for
chimeric antigen receptor T cell (CAR-T) and immune-
checkpoint inhibitor (ICI) therapies in pediatric, adolescent,
and young adult (AYA) patients with cancer (1–3). These may
be associated with unique and yet poorly characterized severe
immune-related adverse events. Severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) continues to pose a
global health crisis, and its clinical characterization is yet to be
defined. The presentation in children has been generally mild
and/or atypical (4). According to the COVID-19 in Pediatric
Cancer Global Registry Data, almost half of the 924 SARS-CoV-2
positive cases in 41 countries had a cancer diagnosis of acute
lymphoblastic leukemia (ALL) and 5.7% were stem cell
transplant (SCT) recipients (5). Overall, 42.3% of reported
patients were asymptomatic at diagnosis and approximately
5% experienced critical disease, defined as the presence of
organ dysfunction or death due to COVID-19 (5).

By May 2020, multisystem inflammatory syndrome in
children (MIS-C) was characterized by shock, cardiac
dysfunction, abdominal pain, markedly elevated inflammatory
markers and positive SARS-CoV-2 serology or laboratory or
epidemiologic evidence of infection (6, 7). In September 2020,
favorable outcomes were described among SCT and CAR
recipients who experienced SARS-CoV-2 infection (8). In
October 2020, an illness referred to as multisystem
inflammatory syndrome in adults (MIS-A) was described (9).

Because young cancer immunotherapy patients may have a mild/
asymptomatic initial presentation with SARS-CoV-2, associated
clinical sequelae may escape detection. The emerging and yet
unknown characterization of the toxicities associated with cancer
immunotherapies as well as SARS-CoV-2 illness, with potentially
overlapping signs/symptoms, poses a diagnostic challenge.
MATERIALS AND METHODS

We describe (with patients’ consents) SARS-CoV-2 and MIS-A, in
two patients with a history of ALL following cancer
immunotherapies. SARS-CoV-2 qualitative reverse-transcriptase
polymerase chain reaction (RT-PCR) developed for the Roche
COBAS 6800 system was used for nasal swabs (10).
Nasopharyngeal (NP) respiratory PCR utilized a FDA approved
real time PCR methodology that detects the pathogens’ nucleic
acid.The SARS-CoV-2 test which utilizes target enriched multiplex
PCR technology to detect SARS-Cov-2 virus RNA in bronchoalveolar
lavage (BAL), was used (11). The SARS-CoV-2 IgG assay test
developed by Abbott Laboratories, Inc. was also utilized (12).
RESULTS

Case 1
An adolescent 16-year-old male with a history of refractory
B-ALL received CD-19 CAR-T therapy (tisagenlecleucel).
Frontiers in Oncology | www.frontiersin.org 292
Pre- CAR-T therapy NP swab for SARS-CoV-2 was negative.
His post-CAR-T course was complicated by grade 3 cytokine
release syndrome (CRS) for which he received tocilizumab once.
He was discharged from the hospital 2 weeks after CAR T
infusion and achieved complete ALL remission.

On day +70 post-CAR-T, he experienced intermittent
headaches for two days that resolved with acetaminophen at
home. One week later, he reported nasal congestion, persistent
intermittent headaches and generalized fatigue for few days. He
denied exposure to SARS-CoV-2 or fever. Physical examination
was at baseline and laboratory results were significant for
transaminitis. One week later (day +84) he developed mild
cough with no associated fever or dyspnea. Respiratory PCR
and NP swab for SARS-CoV-2 were negative, and his chest x-ray
showed sub segmental atelectasis. Few days later, he reported
tactile fever and malaise. He was afebrile in clinic, well-appearing
and showed improvement of transaminitis. On day +95, he was
hospitalized due to a productive cough now accompanied by
dyspnea, headache, dizziness and fever. Repeat respiratory PCR
and NP testing for SARS-CoV-2 were negative, and a computed
tomography (CT) chest showed bilateral multifocal pneumonia
and suggestion of a reverse halo sign. SARS-CoV-2 IgG and IgM
antibodies were negative (the patient had ongoing B cell aplasia,
consistent with CAR therapy response). He underwent BAL and
received broad spectrum empiric antimicrobial therapy given his
immune compromised status and intravenous immunoglobulin
(IVIG) for hypogammaglobulinemia. A SARS-CoV-2 test result
was not obtained from this BAL. He required oxygen
supplementation with high flow nasal cannula and bilevel
positive airway pressure for progressive dyspnea/hypoxemia.
Repeat CT chest on day +117 showed significant improvement
of bilateral lung opacities but now with new opacities within the
left upper lobe. Lung biopsy showed interstitial pneumonitis. He
clinically improved and was afebrile, with no oxygen
requirement for 8 days prior to discharge.

On day +150 he was re-admitted for evaluation of fever and
persistent cough with CT chest showing interval worsening of
bilateral multifocal pneumonia. Respiratory PCR and SARS-CoV-
2 NP testing were again negative. A repeat BAL was positive for
SARS-CoV-2. The risks and benefits of convalescent plasma (CP)
were discussed, and the patient/caregiver consented to receive this
therapy on a compassionate use basis. However, during his first
infusion on day +154, he developed a possible type I hypersensitivity
reaction and this treatment was aborted and the family declined
further treatment with CP. Given his poor humoral immunity with
B-cell aplasia, he received five doses of remdesivir (200 mg IV on
day 1, followed by 100 mg IV every 24 h on days 2–5) on days +154
to +158 without adverse events. He also received prophylactic dose
low molecular weight heparin 0.5mg/kg on days +154 to +160. He
was discharged on day +160 in good clinical condition and his most
recent chest x-ray is normal. His clinical course and laboratory
parameters are summarized in Figure 1. Unfortunately, he
developed CD19+ ALL relapse on day +179.

Case 2
A 24-year-old male with a history of relapsed B-ALL received
CD19 CAR-T therapy (tisagenlecleucel), which was complicated
February 2021 | Volume 11 | Article 625707
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by grade 3 CRS and grade 2 immune effector cell associated
neurotoxicity syndrome (ICANS) with temporally associated
atrial fibrillation. He received tocilizumab and dexamethasone
and all symptoms resolved. Unfortunately, his post-CAR-T
therapy disease assessment showed CD19 negative marrow
disease. He achieved clinical remission with salvage therapy
and subsequently underwent related haploidentical peripheral
blood SCT (139 days post-CAR-T therapy). Pre-SCT NP swab
for SARS-CoV-2 PCR was negative. His transplant course was
complicated by very severe hepatic sinusoidal obstructive
syndrome (SOS) treated with defibrotide with multi-organ
dysfunction. He was discharged on day +39 in stable condition.

On day +43 post-SCT, he presented to clinic with a papular
pruritic rash over the scalp, ears, neck and upper extremities that
progressed to vesicular eruption (Figure 2). A few days later, he
developed low-grade fever and received empiric anti-microbials.
As part of his leukemia evaluation, cerebrospinal fluid (CSF)
analysis was performed and showed elevated white blood cells
(74 cells/microliter) with polymorphous lymphocytosis (no
leukemia). Infectious studies were negative. On day +59 he
developed confusion and delirium and was transferred to the
ICU. Repeat CSF analysis showed polymorphous lymphocytosis
Frontiers in Oncology | www.frontiersin.org 393
(111 cells/microliter) and human herpes virus-6 (HHV6) was
detected by qualitative but not quantitative PCR; Brain MRI
showed bilateral T2 FLAIR hyperintensity in the corona radiata
suspicious for leukoencephalopathy. He received empiric therapy
with foscarnet for HHV6. His mental status progressively
improved and returned to baseline by day +66.

On day +67, he developed acute respiratory distress with
bilateral pneumonia and pleural effusions. He subsequently
required mechanical ventilation on day +71. BAL samples were
negative for infection. He was extubated on day +81 to high flow
nasal cannula. He developed non-oliguric acute kidney injury
and fluid overload that required renal replacement therapy (days
+76 to +84).

Lung biopsy on day +106 showed capillary hemangiomatosis/
organizing pneumonia. He developed cardiac diastolic dysfunction
with dilated left ventricle, moderate pericardial effusion (required
pericardial window on day +106) and elevated serum troponin-T
and elevated galectin-3 (37.4 ng/ml). He required milrinone from
days +116 to +125, with an ejection fraction of 55–60% and elevated
BNP-max level 9165 pg/ml.

Nasal swab and bronchoscopy evaluations were repeatedly
negative including SARS-Cov-2 PCR and antibody testing, and
FIGURE 1 | Timeline for case 1 presentation in days post-chimeric antigen receptor T-cell therapy.
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the patient did not initially endorse known exposures. Around
week 9 of his illness, the patient acknowledged a household
exposure approximately 2 weeks prior to the initial onset of
symptoms. Review of his clinical history showed multi-system
inflammation affecting his brain, kidney, heart, and lungs with
increased inflammatory markers and some response to
administration of methylprednisolone. With a presumed
diagnosis of MIS-A he received (IVIG 0.5g/kg on day +113)
and anti-cytokine therapy (tocilizumab 8mg/kg once on day
+119) with gradual improvement of his multi-organ dysfunction.
He also received prophylactic dose low molecular weight heparin
0.5mg/kg on days +117 to +135. He is currently weaned to nasal
cannula with no cardiac and renal support and improved
inflammatory markers. His clinical course and laboratory
parameters are summarized in Figure 2.
DISCUSSION

The natural history and characterization of clinical sequelae of
the SARS-CoV-2 in specific sub-populations, such as children
Frontiers in Oncology | www.frontiersin.org 494
and those receiving cancer immunotherapies, continue to be
described. As depicted in Figure 3, differentiation of immune-
related adverse events, such as CRS, ICANS, and COVID-19
infection versus associated multi-inflammatory syndrome
remain a challenge. Multi-disciplinary assessments may
facilitate optimized treatment decisions in challenging cases.

In a meta-analysis of 11 studies that included 3,442
respiratory samples, the reported SARS-CoV-2 detection rate
was 54% (95% CI: 41–67%) for NP swabs, 43% (95% CI: 34–
52%) for oropharyngeal swabs and 71% (95% CI: 61–80%) for
sputum. The rate of detection was highest when performed
between 0 and 7 days from the onset of symptoms and
declined with time. For NP sampling, the estimated percentage
positive was 80% (95% CI: 66–91%), 59% (95% CI: 53–64%) and
36% (95% CI: 18–57%) at 0–7 days, 8–14 days, and >14 days after
symptom onset, respectively (13, 14). Therefore, children and
cancer immunotherapy patients with atypical presentations or
mild initial presentations may escape SARS-CoV-2 detection
based on delayed presentation for testing. Higher rates of SARS-
CoV-2 detection and viral loads have been observed in lower
respiratory samples, such as BAL fluid and endotracheal
FIGURE 2 | Timeline for case 2 presentation in days post-stem cell transplantation.
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aspirates, possibly due to the higher density of the SARS-CoV-2
viral receptor, the human angiotensin-converting enzyme 2
(ACE-2) receptor (15–17). For patients with a high clinical
suspicion for COVID-19 who test negative for SARS-CoV-2
using upper respiratory tract specimens, the World Health
Organization recommends retesting using lower respiratory
samples (18). Patient 1 was tested 14 days after initial
presentation of mild, atypical symptoms and repeated negative
NP testing along with his initial clinical improvement could have
been falsely reassuring. It is possible that this patient’s B-cell
aplasia and therefore insufficient production of protective
antibodies may have contributed to the delayed clearance of
this virus or reinfection (19). The benefit of convalescent plasma
in this scenario remains to be determined.

Immune related adverse events (irAEs) following cancer
immunotherapy and MIS (C/A) may have overlapping clinical
symptoms with increased inflammatory biomarkers that may play
an important role in morbidity and mortality and needs further
controlled studies. Common irAEs include rash, fatigue, nausea,
diarrhea, thyroid abnormalities and pneumonitis. Multi-organ
dysfunction may also occur post-SCT among patients with SOS,
Frontiers in Oncology | www.frontiersin.org 595
endotheliopathies, and infection. While pulmonary findings are
thought to be less common in MIS (C/A), it is important to note
that CT findings of cryptogenic organizing pneumonia, non-specific
interstitial pneumonia, hypersensitivity pneumonitis, bronchiolitis,
pleural effusions, and reverse halo sign, may also be seen with
immune-related pulmonary toxicity. The reverse halo sign appears
as a central ground-glass opacity surrounded by a denser region of
consolidation and is distinct from the halo sign associated
with pulmonary hemorrhage typically seen in angioinvasive
aspergillosis in immunocompromised patients (20). Abnormal T2
hyperintensities and mental status changes may be seen in ICANS,
posterior reversible encephalopathy syndrome, progressive
multifocal leukoencephalopathy, and perhaps, in MIS. Increased
cardiac enzymes, myositis and arrhythmias, renal dysfunction,
encephalitis, hypophysitis, and colitis similarly may be observed
in both conditions.

A known history of SARS-CoV-2 infection or exposure despite
negative NP/antibody testing may help differentiate between
conditions. MIS (C/A) may result from immune mediated injury
and hyper inflammation triggered by SARS-CoV-2. Aberrant
immune responses after cancer immunotherapy or SARS-CoV-2
FIGURE 3 | Considerations for differentiation of toxicities associated with cancer immunotherapies, SARS-CoV-2 infection, and multisystemic inflammatory
syndrome in children and adults (MIS-C/A) secondary to SARS-CoV-2 infection.
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infection (and possibly after vaccination in the future) may be
observed. Vigilant monitoring for novel cancer immunotherapy
toxicity and SARS-CoV-2 clinical presentations, with reporting to
health department and registries is important.

Currently there are no universally accepted guidelines on the
management of SARS-CoV-2 infection or MIS (C/A) with over
2,000 interventional studies for the treatment of COVID 19
registered on clinicaltrials.gov. Common recommendations for
both COVID 19 and MIS (C/A) include a multidisciplinary team
approach that includes the involvement of critical care, infectious
disease, hematology, cardiology, rheumatology as well as
immunology teams. Other recommendations include vigilant
supportive care including fluid resuscitation with intravenous
fluids and vasopressors if hypotension is present, cardiac
monitoring, and anti-coagulation. Treatment guidelines also
include the use of antivirals such as remdesivir for patients who
are in the acute phase of illness where the virus is actively
replicating, corticosteroids and other immunomodulatory agents
such as tocilizumab.

Corticosteroids have been recommended in both SARS-CoV
infection and subsequent MIS (C/A). In the UK RECOVERY trial
—a randomized controlled trial of over 6,000 patients hospitalized
with COVID-19, 2104 patients received dexamethasone in addition
to standard of care (SOC) and 4,321 received SOC only. The use of
dexamethasone resulted in a lower 28 day mortality among those
requiring invasive mechanical ventilation (29.3 vs. 41.4%; rate ratio,
0.64; 95% CI, 0.51 to 0.81) and among those receiving oxygen
without invasive mechanical ventilation (23.3 vs. 26.2%; rate ratio,
Frontiers in Oncology | www.frontiersin.org 696
0.82; 95%CI, 0.72 to 0.94) but not among those who did not require
respiratory support (21). While other studies have also shown a
benefit of corticosteroids on the short term mortality from patients
hospitalized with COVID-19, the optimal initiation, dose, duration,
and indication for corticosteroids require further studies (21–24).
For MIS (C), IVIG (2g/kg) and glucocorticoids (1–2mg/kg/day)
have been recommended as the first line therapy in children and
this treatment has also been used in adults (9, 25).

Tocilizumab (TCZ) an IL-6 receptor antagonist has also been
used as a potential treatment in patients with COVID-19 due to
its ability to block the IL-6 mediated inflammatory response. In a
meta-analysis of 16 studies and 3,641 patients, there was a
statistically significant reduction in the mortality of patients
with severe COVID19 when treated with TCZ, but this
di fference was not significant i f pat ients received
corticosteroids. Given the heterogeneity across studies
however, it is difficult to draw any firm conclusions regarding
the use of TCZ from this meta-analysis (26). Given its ability to
decrease the cytokine storm TCZ has also been included for
consideration for the treatment of refractory or severe MIS (C/A)
(27). Similarly anakinra an IL-1 receptor blocker may also be
considered in severe or refractory cases of MIS (C/A) (27).

In both COVID 19 infection and MIS (C/A) there have been
reports of hypercoagulability and increased risk of thrombosis
leading to the recommendation of prophylactic dosed
anticoagulation-low molecular weight heparin by the National
Institute of Health, European Group for Blood and Marrow
Transplantat ion (EBMT) and American College of
TABLE 1 | Brief overview of current treatment options available for COVID 19 and multisystem inflammatory syndrome in children and adults (14, 25, 28, 32, 33).

Drug Indication Notes

Remdesivir
(antiviral)

Hospitalized patients with COVID19
who require supplemental oxygen

Remdesivir is the only drug FDA approved for the treatment of
COVID 19.
It is approved for patients ≥12 years and weigh ≥40 kg but is also available for
younger children (and those weighing <40 and >3.5 kg) through an FDA EUA

Glucocorticoids (immunomodulator) Hospitalized patients COVID19
who require supplemental oxygen
First line agent for MIS (C/A)

Not specifically FDA approved for COVID 19 infection or MIS (C/A).

IVIG (immunomodulator) First line agent for MIS (C/A) Not specifically FDA approved for COVID 19 infection or MIS (C/A).
Tocilizumab (IL-6 receptor antagonist) May be considered for MIS

refractory to IVIG and/or
glucocorticoids

Not specifically FDA approved for COVID 19 infection or MIS (C/A).
Anakinra (IL-1 receptor antagonist) Not specifically FDA approved for COVID 19 infection or MIS (C/A).

Baricitinib (JAK inhibitor) Available under EUA for the treatment of suspected or laboratory confirmed COVID-19 in hospitalized patients ≥ 2
years of age requiring supplemental oxygen, IMV, or ECMO, in combination with remdesivir

Casirivimab plus imdevimab (SARS-CoV-2
neutralizing antibody)

Available under EUA for non-hospitalized patients ≥12 years of age weighing ≥40 kg with mild to moderate COVID-
19 who are at high risk for progressing to severe disease and/or hospitalization

Bamlanivimab (SARS-CoV-2 neutralizing
antibody)

Available under EUA for non-hospitalized patients ≥12 years of age weighing ≥40 kg with mild to moderate COVID-
19 who are at high risk for progressing to severe disease and/or hospitalization

Investigational drugs/treatment
Anti-SARS Cov-2 T cell infusions for COVID 19
(BATIT) (SARS-CoV2-specific T cells)
NCT04401410

Hospitalized COVID19 patients with high risk of progression to mechanical ventilation.

Convalescent plasma (passive immune therapy) Hospitalized patients with COVID19 infection, indications vary per trial
COVID 19, coronavirus disease 2019; FDA, Food and Drug Administration; EUA, Emergency Use Authorization; Kg, Kilogram; MIS (C/A), multisystem inflammatory syndrome (children/
adults); IVIG, intravenous immune globulin; IL, interleukin; JAK, Janus kinase; IMV, invasive mechanical ventilation; ECMO, extracorporeal membrane oxygenation; SARS-CoV-2, severe
acute respiratory syndrome associated coronavirus.
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Rheumatology (AACR) (13, 25, 28). Given its similarity to
Kawasaki disease, antiplatelet agents such as aspirin have also
been recommended in patients with MIS (C/A) (25).

Of note, the effectiveness and safety of the above mentioned
treatments still remain to be determined by further studies and
large scale randomized controlled trials. Furthermore the
efficacy of the much anticipated COVID-19 vaccination
remains to be determined in patients who are post-
hematopoietic cellular therapy (HCT). In the interim,
multiple other promising therapies continue to be evaluated
including the use of favipravir (antiviral), infliximab (TNF a
monoclonal antibody), convalescent plasma and baricitinib
(janus kinase inhibitor) and anti-SARS-CoV-2 monoclonal
antibodies bamlanivimab and casirivimab plus imdevimab
(28–31). As the data surrounding COVID19 infection and
MIS (C/A) continue to rapidly evolve the above mentioned
treatment and management strategies are subject to change as
data emerges. A broad overview of available treatments is
summarized in Table 1 (25, 28, 32–34).
Frontiers in Oncology | www.frontiersin.org 797
While optimal treatment algorithms of both SARS-CoV-2
related syndromes and cancer immunotherapy adverse events
continue to evolve, prompt differentiation of both should lead to
initiation of definitive treatments as indicated and available. Close
epidemiologic surveillance for an increase in adverse events
(including late events) among cancer immunotherapy patients
above historical rates during the pandemic may be warranted.
AUTHOR CONTRIBUTIONS

DR and SK completed the data collection and wrote the
manuscript. RM, LE, J-BD, LB, JT, NDG, DP, PT, AHA, JC,
SR, KM, RS, WW, LC, JG, WZ, and ND treated the patient and
assisted in editing the manuscript. MB, BS, CG, WT, PK, KR, ES,
and RC assisted in editing the manuscript; KM treated the
patient, assisted in analyzing the data, and wrote the
manuscript. All authors contributed to the article and
approved the submitted version.
REFERENCES

1. Novartis Pharmaceuticals Corporation, KymriahTM(tisagenlecleucel). Package
insert. U.S. Food and Drug Administration website (2017). Available at: https://
www.fda.gov/files/vaccines%2C%20blood%20%26%20biologics/published/
Package-Insert—KYMRIAH.pdf. [Accessed January 19, 2020].

2. Kite Pharma, Inc, Yescarta (axicabtagene). Package insertU.S. Food and Drug
Administration website (2017). Available at: https://www.fda.gov/media/
108377/download. Revised May 2020 [Accessed January 19, 2020]

3. Wedekind MF, Denton NL, Chen CY, Cripe TP. Pediatric Cancer
Immunotherapy: Opportunities and Challenges. Paediatr Drugs (2018) 20
(5):395–408. doi: 10.1007/s40272-018-0297-x

4. Hu Y, Tan Su Yin E, Yang Y, Wu H, Wei G, Su J, et al. CAR T-cell treatment
during the COVID-19 pandemic: Management strategies and challenges.
Curr Res Transl Med (2020) 68(3):111–8. doi: 10.1016/j.retram.2020.06.003

5. St. Jude Global ISoPO. COVID-19 in Pediatric Cancer Global Registry Data
[updated 2020, September 27. St. Jude Global (2020).

6. Riphagen S, Gomez X, Gonzalez-Martinez C, Wilkinson N, Theocharis P.
Hyperinflammatory shock in children during COVID-19 pandemic. Lancet
(2020) 395(10237):1607–8. doi: 10.1016/S0140-6736(20)31094-1

7. Godfred-Cato S, Bryant B, Leung J, Oster ME, Conklin L, Abrams J, et al.
COVID-19-Associated Multisystem Inflammatory Syndrome in Children -
United States, March-July 2020. MMWR Morb Mortal Wkly Rep (2020) 69
(32):1074–80. doi: 10.15585/mmwr.mm6932e2

8. Shah GL, DeWolf S, Lee YJ, Tamari R, Dahi PB, Lavery JA, et al. Favorable
outcomes of COVID-19 in recipients of hematopoietic cell transplantation.
J Clin Invest (2020) 130(12):6656–67. doi: 10.1172/JCI141777

9. Morris SB, Schwartz NG, Patel P, Abbo L, Beauchamps L, Balan S, et al. Case
Series of Multisystem Inflammatory Syndrome in Adults Associated with SARS-
CoV-2 Infection — United Kingdom and United States, March–August 2020.
MMWR Morb Mortal Wkly Rep (2020) 69(40):1450–6. doi: 10.15585/
mmwr.mm6940e1

10. Administration USFaD. Cobas SARS-CoV-2 & Influenza A/B 2020 [updated
September 3, 2020. U.S. Food and Drug Administration (2020). Available at:
https://www.fda.gov/media/141884/download.

11. Administration USFaD. ACCELERATED EMERGENCY USE of
AUTHORIZATION (EUA) SUMMARY SARS-CoV2 RT-PCR Assay.
Huntsville, AL, USA: Diatherix Eurofins Laboratory (2020). Available at:
https://www.fda.gov/media/137255/download.

12. Administration USFaD. SARS-CoV-2 IgG - FDA 2020. U.S. Food and Drug
Administration (2020). Available at: https://www.fda.gov/media/137383/
download.
13. Transplantation ESfBaM. CORONAVIRUS DISEASE COVID-19: EBMT
RECOMMENDATIONS. U.S. Food and Drug Administration (2020).
Available at: https://www.ebmt.org/sites/default/files/2020-06/EBMT%
20COVID-19%20guidelines%20v.9.2%20%20%282020-06-14%29.pdf.

14. Waghmare A, Abidi MZ, Boeckh M, Chemaly RF, Dadwal S, El Boghdadly
Z, et al. Guidelines for COVID-19 Management in Hematopoietic
Cell Transplantation and Cellular Therapy Recipients. Biol Blood
Marrow Transplant (2020) 26(11):1983–94. doi: 10.1016/j.bbmt.
2020.07.027

15. Hamming I, Timens W, Bulthuis ML, Lely AT, Navis G, van Goor H. Tissue
distribution of ACE2 protein, the functional receptor for SARS coronavirus. A
first step in understanding SARS pathogenesis. J Pathol (2004) 203(2):631–7.
doi: 10.1002/path.1570

16. Mohammadi A, Esmaeilzadeh E, Li Y, Bosch RJ, Li JZ. SARS-CoV-2 Detection
in Different Respiratory Sites: A Systematic Review and Meta-Analysis.
EBioMedicine (2020) 59:102903. doi: 10.1101/2020.05.14.20102038

17. WangW, Xu Y, Gao R, Lu R, Han K,Wu G, et al. Detection of SARS-CoV-2 in
Different Types of Clinical Specimens. JAMA (2020) 323(18):1843–4. doi:
10.1001/jama.2020.3786

18. Organization WH. Coronavirus disease (COVID-19) technical guidance:
Surveillance and case definitions. World Health Organization (2020). Available
at: https://www.who.int/emergencies/diseases/novel-coronavirus-2019/technical-
guidance/surveillance-and-case-definitions.

19. Zhou X, Zhou J, Zhao J. Recurrent pneumonia in a patient with new
coronavirus infection after discharge from hospital for insufficient antibody
production: a case report. BMC Infect Dis (2020) 20(1):500. doi: 10.1186/
s12879-020-05231-z

20. Rashdan S, Minna JD, Gerber DE. Diagnosis and management of pulmonary
toxicity associated with cancer immunotherapy. Lancet Respir Med (2018) 6
(6):472–8. doi: 10.1016/S2213-2600(18)30172-3

21. Group RC, Horby P, Lim WS, Emberson JR, Mafham M, Bell JL, et al.
Dexamethasone in Hospitalized Patients with Covid-19 - Preliminary Report.
N Engl J Med (2020). doi: 10.1056/NEJMoa2021436

22. Jeronimo CMP, Farias MEL, Val FFA, Sampaio VS, Alexandre MAA, Melo GC,
et al. Methylprednisolone as Adjunctive Therapy for Patients Hospitalized With
COVID-19 (Metcovid): A Randomised, Double-Blind, Phase IIb, Placebo-
Controlled Trial. Clin Infect Dis (2020). doi: 10.1093/cid/ciaa1177

23. Tomazini BM, Maia IS, Cavalcanti AB, Berwanger O, Rosa RG, Veiga VC,
et al. Effect of Dexamethasone on Days Alive and Ventilator-Free in Patients
With Moderate or Severe Acute Respiratory Distress Syndrome and COVID-
19: The CoDEX Randomized Clinical Trial. JAMA (2020) 324(13):1307–16.
doi: 10.1001/jama.2020.17021
February 2021 | Volume 11 | Article 625707

https://www.fda.gov/files/vaccines%2C%20blood%20%26%20biologics/published/Package-Insert---KYMRIAH.pdf
https://www.fda.gov/files/vaccines%2C%20blood%20%26%20biologics/published/Package-Insert---KYMRIAH.pdf
https://www.fda.gov/files/vaccines%2C%20blood%20%26%20biologics/published/Package-Insert---KYMRIAH.pdf
https://www.fda.gov/media/108377/download
https://www.fda.gov/media/108377/download
https://doi.org/10.1007/s40272-018-0297-x
https://doi.org/10.1016/j.retram.2020.06.003
https://doi.org/10.1016/S0140-6736(20)31094-1
https://doi.org/10.15585/mmwr.mm6932e2
https://doi.org/10.1172/JCI141777
https://doi.org/10.15585/mmwr.mm6940e1
https://doi.org/10.15585/mmwr.mm6940e1
https://www.fda.gov/media/141884/download
https://www.fda.gov/media/137255/download
https://www.fda.gov/media/137383/download
https://www.fda.gov/media/137383/download
https://www.ebmt.org/sites/default/files/2020-06/EBMT%20COVID-19%20guidelines%20v.9.2%20%20%282020-06-14%29.pdf
https://www.ebmt.org/sites/default/files/2020-06/EBMT%20COVID-19%20guidelines%20v.9.2%20%20%282020-06-14%29.pdf
https://doi.org/10.1016/j.bbmt.2020.07.027
https://doi.org/10.1016/j.bbmt.2020.07.027
https://doi.org/10.1002/path.1570
https://doi.org/10.1101/2020.05.14.20102038
https://doi.org/10.1001/jama.2020.3786
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/technical-guidance/surveillance-and-case-definitions
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/technical-guidance/surveillance-and-case-definitions
https://doi.org/10.1186/s12879-020-05231-z
https://doi.org/10.1186/s12879-020-05231-z
https://doi.org/10.1016/S2213-2600(18)30172-3
https://doi.org/10.1056/NEJMoa2021436
https://doi.org/10.1093/cid/ciaa1177
https://doi.org/10.1001/jama.2020.17021
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Ragoonanan et al. Cancer Immunotherapy Toxicities and SARS-CoV-2
24. Angus DC, Derde L, Al-Beidh F, Annane D, Arabi Y, Beane A, et al. Effect of
Hydrocortisone onMortality and Organ Support in PatientsWith Severe COVID-
19: The REMAP-CAP COVID-19 Corticosteroid Domain Randomized Clinical
Trial. JAMA (2020) 324(13):1317–29. doi: 10.1001/jama.2020.17022

25. Henderson LA, Canna SW, Friedman KG, Gorelik M, Lapidus SK, Bassiri H,
et al. American College of Rheumatology Clinical Guidance for Pediatric
Patients with Multisystem Inflammatory Syndrome in Children (MIS-C)
Associated with SARS-CoV-2 and Hyperinflammation in COVID-19.
Version 2. Arthritis Rheumatol (2020). doi: 10.1002/art.41616

26. Boregowda U, Perisetti A, Nanjappa A, Gajendran M, Kutti Sridharan G,
Goyal H. Addition of Tocilizumab to the Standard of Care Reduces Mortality
in Severe COVID-19: A Systematic Review and Meta-Analysis. Front Med
(Lausanne) (2020) 7:586221. doi: 10.3389/fmed.2020.586221

27. Dove ML, Jaggi P, Kelleman M, Abuali M, Ang JY, Ballan W, et al. Multisystem
Inflammatory Syndrome in Children: Survey of Protocols for Early Hospital
Evaluation and Management. J Pediatr (2020). doi: 10.1101/2020.07.29.20164459

28. Health NIo. Therapeutic Management of Patients with COVID-19 2020. U.S.
Food and Drug Administration (2020). Available at: https://www.
covid19treatmentguidelines.nih.gov/therapeutic-management/.

29. Wu R, Wang L, Kuo HD, Shannar A, Peter R, Chou PJ, et al. An Update on
Current Therapeutic Drugs Treating COVID-19. Curr Pharmacol Rep (2020),
1–15. doi: 10.1007/s40495-020-00216-7

30. Immune Modulators for Treating COVID-19. Available at: https://
ClinicalTrials.gov/show/NCT04593940.

31. A Phase 2 Trial of Infliximab in Coronavirus Disease 2019 (COVID-19).
Available at: https://ClinicalTrials.gov/show/NCT04425538.
Frontiers in Oncology | www.frontiersin.org 898
32. Siemieniuk R, Rochwerg B, Agoritsas T, Lamontagne F, Leo YS, Macdonald H,
et al. A living WHO guideline on drugs for covid-19. BMJ (2020) 370:m3379.
doi: 10.1136/bmj.m3379

33. Anti-SARS Cov-2 T Cell Infusions for COVID 19. Available at: https://
ClinicalTrials.gov/show/NCT04401410.

34. Waghmare A, Boeckh M, Chemaly R, Dadwal S, Papanicolaou G, Pergam S.
Interim guidelines for COVID-19 management in hematopoietic cell
transplant and cellular therapy patients . American Society for
Transplantation and Cellular Therapy (2020). Available at: https://www.
astct.org/communities/public-home.CommunityKey=d3949d84-3440-
45f4-8142-90ea05adb0e5.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Ragoonanan, Khazal, Mejia, Ewing, Durand, Bashoura, Tayar,
Dailey Garnes, Petropoulos, Tewari, Bhatti, Ahmad, Cortes, Razvi, McBeth, Swinford,
Shoberu, Waseemuddin, Chi, Gill, Zaky, Daw, Gutierrez, Tereffe, Kebriaei, Rezvani,
Shpall, Champlin and Mahadeo. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
February 2021 | Volume 11 | Article 625707

https://doi.org/10.1001/jama.2020.17022
https://doi.org/10.1002/art.41616
https://doi.org/10.3389/fmed.2020.586221
https://doi.org/10.1101/2020.07.29.20164459
https://www.covid19treatmentguidelines.nih.gov/therapeutic-management/
https://www.covid19treatmentguidelines.nih.gov/therapeutic-management/
https://doi.org/10.1007/s40495-020-00216-7
https://ClinicalTrials.gov/show/NCT04593940
https://ClinicalTrials.gov/show/NCT04593940
https://ClinicalTrials.gov/show/NCT04425538
https://doi.org/10.1136/bmj.m3379
https://ClinicalTrials.gov/show/NCT04401410
https://ClinicalTrials.gov/show/NCT04401410
https://www.astct.org/communities/public-home.CommunityKey=d3949d84-3440-45f4-8142-90ea05adb0e5
https://www.astct.org/communities/public-home.CommunityKey=d3949d84-3440-45f4-8142-90ea05adb0e5
https://www.astct.org/communities/public-home.CommunityKey=d3949d84-3440-45f4-8142-90ea05adb0e5
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Frontiers in Oncology | www.frontiersin.org

Edited by:
Brandon Triplett,

St. Jude Children's Research Hospital,
United States

Reviewed by:
Katia Perruccio,

University of Perugia, Italy
Nirali Shah,

National Institutes of Health (NIH),
United States

*Correspondence:
Kris M. Mahadeo

kmmahadeo@mdanderson.org

Specialty section:
This article was submitted to

Pediatric Oncology,
a section of the journal
Frontiers in Oncology

Received: 28 October 2020
Accepted: 05 January 2021

Published: 24 February 2021

Citation:
Ahmad AH and Mahadeo KM (2021)
Perspective: A Framework to Screen

Pediatric and Adolescent
Hematopoietic Cellular Therapy

Patients for Organ Dysfunction: Time
for a Multi-Disciplinary and

Longitudinal Approach.
Front. Oncol. 11:622630.

doi: 10.3389/fonc.2021.622630

PERSPECTIVE
published: 24 February 2021

doi: 10.3389/fonc.2021.622630
Perspective: A Framework
to Screen Pediatric and Adolescent
Hematopoietic Cellular Therapy
Patients for Organ Dysfunction:
Time for a Multi-Disciplinary
and Longitudinal Approach
Ali H. Ahmad1 and Kris M. Mahadeo2*

1 Pediatric Critical Care Medicine, University of Texas at MD Anderson Cancer Center, Houston, TX, United States,
2 Pediatric Stem Cell Transplantation and Cellular Therapy and CARTOX Program, University of Texas at MD Anderson
Cancer Center, Houston, TX, United States

Hematopoietic Cell Transplantation (HCT) is a potentially curative therapy for children and
adolescent/young adults (AYA) with high-risk malignancies as well as some non-malignant
genetic diseases. However, HCT may be associated with endotheliopathies and/or organ
dysfunction that may progress to pediatric multi-organ dysfunction syndrome (pMODS)
and require critical care intervention. Discipline specific scoring systems may be used to
characterize individual organ dysfunction, but the extent to which they are used to
prospectively monitor HCT patients with mild dysfunction is unknown. Further, separate
scoring systems may be used to define risk of mortality and inform prognostication among
those who require critical care support. Our understanding of the epidemiology, risk
factors, morbidity, mortality, required monitoring, optimal prevention strategies and
appropriate management of children undergoing HCT who develop organ dysfunction,
endotheliopathies and/or progress to pMODS is poor. Discipline-specific registries and
clinical studies have described improving outcomes for children undergoing HCT,
including those who require critical care support; however, longitudinal studies/
prospective registries that capture common data elements among HCT patients with
and without organ dysfunction, endotheliopathies and pMODS are needed to facilitate
inter-disciplinary collaboration and optimally characterize the risk profiles, define screening
and prophylaxis regimens and mitigate toxicity.

Keywords: pediatric stem cell transplantation, pediatric critical care, multiple organ dysfunction, pediatric critical
care illness severity scores, pediatric multi-organ dysfunction syndrome
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INTRODUCTION

Advancements in transplantation and supportive care have led to
marked improvement in outcomes of hematopoietic cell
transplant (HCT) patients who require pediatric intensive care
unit (PICU) support (1). Endothelial cell activation post-HCT
may trigger complications such as capillary leak syndrome,
engraftment syndrome, transplant-associated microangiopathy
(TMA), diffuse alveolar hemorrhage (DAH), idiopathic
pneumonia syndrome (IPS) and sinusoidal obstructive
syndrome (SOS) (2). Clinical manifestations of these disorders
may overlap with each other as well as with other post-HCT
complications such as graft-versus-host-disease (GVHD) (2).
Thus, the individual contribution of these disorders to organ
dysfunction and subsequent failure have been poorly defined.
While some studies have characterized the clinical progression of
HCT patients with pediatric multi-organ dysfunction syndrome
(pMODS) once in the PICU, there is a paucity of information
regarding predisposition, incidence, spectrum of severity and
overall and functional outcomes of HCT patients with organ
dysfunction who do not require critical care support (3–9).

Improved characterization of post-HCT complications that
do not escalate to require PICU admission may facilitate more
precise risk stratification. Use of well-defined screening and
diagnostic criteria may allow for a clear-cut comparison among
HCT patients who do and do not require PICU admission.
Further, application of discipline specific organ screening criteria
may improve inter-disciplinary collaboration to follow the
progression of asymptomatic and/or severe organ dysfunction
over time. Accurate recognition of predisposing factors and
prompt diagnosis of endotheliopathies and organ dysfunction
may mitigate the progression to pMODS and need for critical
care support and/or improve survival following PICU admission
(3–9).

Here, we review existing pediatric screening and diagnostic
algorithms for organ toxicity and provide a framework for
prospective comprehensive screening of pediatric-AYA patients
undergoing HCT, which incorporates the use of internationally
accepted discipline specific standard definitions.

Overview of HCT and Associated
Toxicities
HCT is a potentially curative treatment for children with
malignant and non-malignant diseases (10).Patients receive a
preparative regimen (chemo and/or radiotherapy) that may vary
in intensity based on disease indications and/or host factors that
is followed by infusion of either autologous (patient's own) or
allogeneic (donor's) stem cells. Administration of the preparative
regimen prior to HCT, may result in tissue damage, associated
cytokine release and activation of endothelial cells. Translocation
of endotoxins across damaged mucosa, infections, white blood
cell recovery and engraftment (in particular, allogeneic donor
cell engraftment) all contribute to a pro-inflammatory cytokine
milieu which may exacerbate endothelial dysfunction (11).
Infection is a significant cause of HCT morbidity and
mortality, especially in the early neutropenic phase. Graft-
versus-host-disease (GVHD) is a complication of allogeneic
Frontiers in Oncology | www.frontiersin.org 2100
HCT, where a donor's allo-reactive T-lymphocytes view the
recipient's healthy cells as foreign and damage them. Poorly
controlled infections, GVHD and post-HCT endotheliopathies
have the potential to evolve into multi-organ dysfunction
syndrome (MODS). MODS is defined as the presence of
altered organ function in an acutely ill patient such that
homeostasis cannot be maintained without intervention (12). It
is characterized by the concurrent dysfunction of two or more
organs or systems including respiratory, cardiovascular,
hematological, neurological, gastrointestinal, hepatic and renal
(9, 13–15). An overview of HCT and possible toxicities and
important considerations are presented in Table 1.

Post-HCT Endotheliopathies
Post-HCT endotheliopathies include capillary leak syndrome
(CLS), engraftment syndrome (ES), transplant-associated
microangiopathy (TMA), diffuse alveolar hemorrhage (DAH),
idiopathic pneumonia syndrome (IPS) and sinusoidal
obstructive syndrome (SOS). 2 CLS is characterized by the loss
of intravascular fluids into interstitial spaces and is dominated by
sudden weight gain, generalized edema unresponsive to diuresis
and hypotension, which may eventually lead to cardiovascular
shock with respiratory and pre‐renal insufficiency (16). ES is
characterized by fever, skin rash, pulmonary edema, weight gain,
liver and renal dysfunction in addition to encephalopathy and it
occurs at the time of neutrophil recovery after HCT (17, 18).
TMA may be diagnosed using published diagnostic criteria that
includes (1) lactate dehydrogenase (LDH) elevated above the
upper limit of normal for age (2) de novo thrombocytopenia with
a platelet count <50 × 109/L or a ≥50% decrease in the platelet
count (3) de novo anemia with a hemoglobin below the lower
limit of normal or anemia requiring transfusion support (4)
microangiopathic changes defined as the presence of schistocytes
in the peripheral b lood or histologic evidence of
microangiopathy on a tissue specimen and (5) absence of a
coagulopathy and a negative Coombs test. Laboratory criteria
must occur concurrently, and criteria 1 to 4 should be
documented on at least two consecutive tests to be classified as
positive. ADAMTS13 activity should be measured to exclude a
diagnosis of thrombotic thrombocytopenic purpura (19, 20).
SOS, formerly referred to as hepatic veno-occlussive disease
(VOD), may be diagnosed by modified EBMT Pediatric
Criteria which require two or more of the following:
unexplained consumptive and transfusion-refractory
thrombocytopenia; otherwise unexplained weight gain on three
consecutive days despite the use of diuretics, or a weight gain of
more than 5% above baseline value within 72 h; bilirubin
increasing from baseline on three consecutive days, or bilirubin
2 mg/dl or more within 72; hepatomegaly (best if supported by
imaging) above baseline value; and ascites (best if supported by
imaging) above baseline (21). DAH is a devastating non-
infectious complication following HCT defined as a syndrome
of hypoxia, dyspnea, infiltrates on chest radiograph, and
progressively bloodier bronchoalveolar lavage or the presence
of hemosiderin-laden macrophages on microscopy (22, 23). IPS
is defined as the presence of multi-lobar infiltrates by chest
radiograph or computed tomography scan, need for
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supplemental oxygenation with declining pulse oximetry and no
identifiable pulmonary infection (24).
ORGAN DYSFUNCTION SYNDROMES
POST-HCT

Respiratory
Pulmonary complications post-HCT are common, with
respiratory failure the leading cause of PICU admission among
this population, and a significant source of non-relapse
mortality. Respiratory complications post-HCT can be
categorized into infectious and non-infectious, with imperfect
Frontiers in Oncology | www.frontiersin.org 3101
diagnostic strategies that too often rely upon the presence of a
constellation of overlapping clinical symptoms and diagnoses of
exclusion. The Pediatric Acute Lung Injury Consensus
Conference (PALICC) established criteria for diagnosis and
severity grading of pediatric acute respiratory distress
syndrome (PARDS) in children (25). Among children post-
HCT who develop respiratory illness, there is a very high risk
of developing severe PARDS irrespective of the underlying cause
of pulmonary dysfunction, with a mortality rate of 40% to 60%.
Emerging data suggest that longer duration of respiratory
distress, increased use of non-invasive ventilation, and/or
supplemental use of oxygen prior to intubation are associated
with higher mortality for these children (4, 26).
TABLE 1 | Transplant Associated Complications and Considerations.

Timepoint Possible Complications Considerations

Pre-HCT Confirm eligible malignant or non-malignant disease present
Confirm suitable donor availability
Organ Assessment: Tailored based on prior clinical history and specific pre
HCT diagnosis and planned preparative regimen
Infectious disease screening
Psycho-social screening: emotional support; post-discharge care

Ensure appropriate informed consent/assent discussion.
Transfusion informed consent
Consider critical care introduction to patient/family.
Consider open discussion around goals of care, quality of life considerations
and advanced directives.

Preparative
Regimen

Nausea/vomiting; hair loss; pancytopenia; transaminitis; acute kidney
injury; mucositis; seizures; syndrome of inappropriate antidiuretic hormone
secretion (SIADH)

Establish transfusion parameters for anemia and thrombocytopenia.
Prophylactic anti-microbials; high-vigilance sepsis protocols; appropriate
isolation.
Prophylactic anti-emetics and pain medications and oral care for mucositis.
Assess for enteral feeds and/or total parenteral nutrition.
Monitor for fluid overload with hyper-hydration protocols.
Seizure precautions (anti-epileptics as appropriate, for example with all
patients receiving busulfan and/or patients with sickle cell disease receiving
calcineurin inhibitors)
Psycho-social support

HCT
Infusion

Infusion reactions Pre-medication with anti-pyretic, anti-histamines and/or corticosteroids.
Anaphylaxis precautions.

4–6 weeks
post-HCT

Pancytopenia
Mucositis
Infection
Sinusoidal obstructive syndrome (SOS)
Transplant-associated microangiopathy (TMA)
Diffuse alveolar hemorrhage (DAH)
Idiopathic pneumonia syndrome (IPS)
Engraftment syndrome
Graft-versus-host-disease (GVHD)
Delirium
Posterior reversible encephalopathy syndrome (PRES)
Cerebrovascular accident (CVA)
Seizures
Acute kidney injury (AKI)
Hepatic Impairment
Hemorrhagic cystitis

Monitor for transfusion reactions
Growth factors when indicated
Monitor for viral reactivation.
Sepsis may present without a fever
Refractory thrombocytopenia may be an early indicator of SOS
New infiltrate on chest imaging with hypoxia and drop in hemoglobin may
indicate DAH
Delirium may be iatrogenic (review medications and interactions)
Refractory hypertension may be associated with PRES
AKI may be subtle at presentation and/or related to endotheliopathy, multi-
organ dysfunction and/or medication related
Hepatic impairment may be medication related; high vigilance for SOS

Critical
Care
Admission

Usually respiratory indication
Other indications may include: shock, need for renal replacement therapy,
CVA, uncontrolled seizures

Recommend co-management between ICU and HCT and symptom
management teams
Ensure cross-discipline comprehensive understanding of the patient
Careful and frequent medication reconciliation and renal dosing when
appropriate
Maintain infection precautions (patients usually profoundly immune
compromised)
Monitor for GVHD
Discuss any planned use of steroids between HCT and ICU teams (may
deplete circulating lymphocytes, obscure GVHD)
Therapeutic drug monitoring: Ensure central line lumens for calcineurin
inhibitors are not interchanged with blood draw lines.
Review goals of care at specified intervals and as clinically indicated
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Respiratory insufficiency in children post-HCT may result
from a variety of causes such as post-HCT endotheliopathies,
acute fluid overload and/or infection. The true incidence of
respiratory insufficiency in pediatric HCT patients
encompassing those who do and do not progress to failure is
unknown. Emergency response systems such as the pediatric
early warning system (PEWS) monitor indicators, such as heart
rate, respiratory rate, systolic blood pressure, capillary refill time,
work of breathing, oxygen therapy, and transcutaneous oxygen
saturation (27). Among pediatric oncology and HCT patients,
critical deterioration (defined as unplanned PICU transfer
requiring life-sustaining interventions within 12 h) is preceded
by a long duration of abnormal vital signs, making it potentially
preventable through prompt recognition (28). Understanding
the relative contributions of post-HCT complications to
development of respiratory failure may further improve risk
mitigation strategies.

Cardiovascular
Arrhythmias and cardiac dysfunction are not insignificant post-
HCT complications in children. Known risk factors include
exposure to anthracycline-based chemotherapeutic regimens
and/or prior thoracic or total body irradiation. Prospective
data that assesses the impact of degree of acute fluid overload
and/or blood pressure variations, incidence and significance of
arrhythmias, pericardial effusions as well as the role of potential
biomarkers such as brain natriuretic peptide (BNP) and galectin-
3, with regard to post-HCT outcomes may inform future
monitoring and management strategies (29, 30). The New
York Heart Association (NYHA) Heart Failure classification is
not applicable to most of the pediatric population. The Ross
Heart Failure classification, developed to assess severity in
infants and subsequently modified to apply to all pediatric
ages, provides a numeric score comparable with the NYHA
classification for adults (31).While the general principles of
heart failure management may be similar to adults, there is a
compelling need for larger and higher-quality studies regarding
cardiac failure in children undergoing HCT to provide a more
robust evidence base (32).

Renal
Known risk factors for acute kidney injury (AKI) in the pediatric
HCT population include allogeneic HCT, sinusoidal obstructive
syndrome (SOS), use of nephrotoxic medications thrombotic
microangiopathy (TMA), prior history of AKI, decreased
baseline glomerular filtration rate (GFR), total body
irradiation, and myeloablative chemotherapy conditioning
regimens (33–42). DiCarlo and Alexander described the
evolution of organ dysfunction in pediatric HCT as a result of
a cytokine driven process, which may first manifest as fluid
accumulation (38).Acute fluid overload above specific thresholds
may be associated with high mortality rates in pediatric HCT
patients who require PICU admission and detection of AKI often
occurs well after the window for potentially successful mitigation
strategies have passed (43, 44). The true incidence and precise
impact of acute fluid overload among pediatric HCT patients
who do not require PICU admission remains poorly
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characterized and clinical and physiological studies to date,
demonstrate that the ideal fluid strategy in AKI has not been
developed. Serum creatinine is insufficiently sensitive to detect
“renal angina” and has been especially problematic for clinical
research in pediatric AKI. The Kidney Disease Improving Global
Outcomes (KDIGO) definition and staging of AKI was recently
adopted into the severity staging for pediatric SOS and may be
used to guide clinical care based on consensus of pediatric
nephrology experts (21, 45). The renal angina index (RAI),
determined by a composite of vasopressor use, invasive
mechanical ventilation, percent fluid overload, and estimated
creatinine clearance, may improve prediction of subsequent
severe AKI (KDIGO Stage 2 to 3) in critically ill children when
compared with an increase in serum creatinine alone (46, 47).
These classification systems require prospective validation
among pediatric HCT patients which may inform optimal
strategies for AKI mitigation, fluid management (restrictive
versus permissive), diuresis, thresholds for initiation of renal
replacement therapy and placement of fluid drains.

Hepatic
Pediatric patients undergoing HCT are at risk for liver
dysfunction from exacerbation of pre-existing co-morbidities
such as prior infection, iron overload, SOS and/or hepatotoxic
drugs, preparative regimens as well as allo-reactivity. No reliable
tools exist to predict hepatic injury and overall survival or death
in patients with pediatric acute liver failure. Existing liver failure
scoring systems include the Child-Pugh score, Model for End-
Stage Liver Disease and Pediatric End-Stage Liver Disease score,
and the Liver Injury Unit score (48–51). These scoring systems
incorporate ascites, encephalopathy, bilirubin kinetics, and
coagulopathy and together resemble elements included in the
current severity grading for sinusoidal obstructive syndrome in
pediatric patients now routinely used among pediatric HCT
patients (21). Vigilance for SOS in pediatric HCT patients
based on current diagnostic criteria may facilitate early
recognition of hepatic injury and inform future prophylaxis
and treatment strategies. Sheer wave elastography ultrasound
studies may represent a promising strategy to augment emerging
vigilance protocols (52). Indeed, prospective data regarding the
true incidence and spectrum of hepatic injury in pediatric HCT,
including progression to pMODS are needed.

Neurologic
Neurological complications post-HCT may results from
infection, metabolic derangements (due to medication or organ
dysfunction), anatomical or metabolic abnormalities associated
with the underlying diagnosis, or cerebrovascular events and are
a significant cause of HCT-related mortality (53). Presenting
symptoms may include delirium, seizure, encephalopathy,
altered mental status, headache, or focal neurological signs.
While little is known regarding true predisposition, a history of
a neurological event prior to HCT has been associated with an
increased risk of neurological complications post-HCT. Posterior
reversible encephalopathy syndrome (PRES) may be one of the
most common neurological complications in HCT patients that
prompts transfer to the PICU. PRES may present with headache,
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acute mental status changes, visual changes including cortical
blindness, and seizures, generally in association with an acute rise
in blood pressure. Signal abnormalities on FLAIR imaging in the
posterior regions of the brain, reflective of vasogenic edema may
be present on magnetic resonance imaging (MRI). Cerebral
vascular dysregulation, in response to elevated blood pressure
or to endothelial activation, may cause vasogenic edema,
commonly in the parieto-occipital regions, but may be found
elsewhere. PRES has most commonly been associated with the
administration of calcineurin inhibitors, sirolimus and
dexamethasone. Usually reversible, PRES may be associated
with severe morbidity and mortality if unrecognized. CNS
infections in HCT patients are relatively rare but associated
with potentially severe sequelae (54–56). For example,
progressive multifocal leukoencephalopathy (PML) is a
demyelinating disease due to JC virus infection that is found
late (months to years) post-HCT. Optimal screening algorithms
for neurologic toxicity post-HCT may reduce progression to
severe complications. Screening and other mitigation strategies
for endotheliopathies, GVHD and infection may result in
prompt recognition and appropriate management. Early
clinical signs and symptoms of neurological complications may
be subtle. The Cornell Assessment of Pediatric Delirium (CAPD)
provides a validated screening tool for delirium, which may be an
early symptom associated with neurological complications (57,
58).The CAPD scoring system is a familiar tool used on pediatric
HCT units since it has been incorporated into diagnostic and
severity grading criteria for immune-effector cell associated
neurotoxicity (ICANS) as well as SOS severity grading (21, 59).

MODS
As delineated above, pediatric patients undergoing HCT are at
risk for organ dysfunction that may progress to pMODS. Over
three decades, several scoring methods have emerged to define
pediatric MODS, including the Pediatric Logistic Organ
Dysfunction (PELOD) Score, Pediatric Multiple Organ
Dysfunction Score (pMODS), and the pediatric Sequential
Organ Failure Assessment (pSOFA) score (60–62). Also during
this time, several studies reported pediatric MODS incidence
rates ranging between 6% and 57% in the general PICU
population, across all diagnoses (63–69). As mentioned
previously, HCT is a well-described risk factor for pediatric
MODS (5, 7, 62, 70).Additionally some studies suggest that the
pediatric HCT subpopulation may display more severe and/or
unique manifestations of organ dysfunction syndromes,
including acute respiratory failure, sepsis and delirium,
compared to the general pediatric population (71–73).
DISCUSSION

Currently, no ideal scoring system exists to appropriately define
organ dysfunction and risk of severity in pediatric HCT patients.
Many of the existing clinical algorithms identify patients at risk
for rapid clinical deterioration once admitted to the PICU but do
not pre-emptively identify patients with mild abnormalities at
Frontiers in Oncology | www.frontiersin.org 5103
risk for pMODS; none are specific to HCT patients, where
consideration of the cumulative effect of mild dysfunction in
multiple organs may be important. A pre-transplant HCT
Comorbidity Index score >3 as commonly used in adult
patients, has been associated with inferior survival of patients
undergoing allogeneic HCT for some non-malignant diseases
(74). However, 69% of pediatric patients in these cohorts may
have a score of 0 prior to transplantation and the index does not
provide dynamic and prospective considerations following
HCT (74).

Binary descriptors of normal function versus dysfunction do
not reflect cumulative decrements in organ function which may
indicate progressive increase in mortality. Herein, as shown in
Table 2, we provide a framework for prospective toxicity scoring
tool that highlights progressive organ and immune dysfunction
that can be used throughout an HCT admission (including
PICU). Use of cross-discipline scoring systems that have been
adapted to the expected ranges for pediatric HCT patients, is
meant to facilitate a broader understanding of the patient’s
clinical status among inter-disciplinary clinical specialties.
Incorporation of discipline specific elements such as KDIGO
and CAPD with standard HCT variables may foster a broader
inter-disciplinary approach to the pediatric HCT patient. We
have also included notation to reflect patients who have organ
dysfunction and are receiving end-of-life-care. Goals of care may
change during a patient’s clinical course and it is important that
respective disciplines are aware. In the future, prospective
validation of such a tool may help delineate cumulative toxicity
scores and/or thresholds that warrant specific interventions. We
hope that this tool stimulates inter-disciplinary conversation and
prompts an effort for validation of this or a similar scoring
system. The scores for individual observation points are meant to
highlight severity of that system only (which is not always
appreciated outside of specific disciplines). For example,
KDIGO monitoring may not be routinely performed on HCT
units and its significance may not be promptly appreciated by an
HCT clinical team. Similarly, the impact of absolute lymphocyte
count or higher grade graft-versus-host-disease may not be
promptly recognized by a critical care team. The impact of
cumulative toxicity scores among multiple observation points
will require further investigation. In the interim, we hope that
tools such as this, will promote a more comprehensive approach
to the HCT patient.

The use of clinical scoring systems that encompass discipline
specific tools may facilitate cross-talk, promote inter-disciplinary
research and advance our understanding of the complex
interactions involved in pMODS. Given the rarity of childhood
diseases and enrollment on clinical studies as compared to
adults, it is essential that collaborations aimed at collecting
broad clinical data to compliment biospecimen collection are
developed in pediatric HCT (76). The Center for International
Blood and Marrow Transplant Research (CIBMTR) and Virtual
Pediatric Systems capture discipline specific data in disparate
registries. Attempts to merge these registries to advance our
understanding of pediatric HCT patients who require PICU care
have been an important step forward to improve our working
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knowledge of the factors influencing the progression of critical
illness in pediatric allogeneic HCT patients (77). However, even
these efforts are limited by the limitations of current data fields
which may not capture detailed organ specific information, in
particular among Pediatric HCT patients who do not require
PICU admission or who do become critically ill but proceed to
palliative care in lieu of escalation of care.

Attention to changes in clinical variables that inform organ
assessments among pediatric HCT and PICU patients such as
used in SOS severity and pSOFA scoring may normalize the use
of common discipline specific variables among inter-disciplinary
teams (21, 64). In a validation study by Matics and Sanchez-
Pinto, the pSOFA score was adapted to pediatrics by modifying
age-dependent cardiovascular and renal variables of the original
SOFA score using validated cutoffs from the PELOD-2 scoring
system, and also by expanding the respiratory subscore to
include the SpO2/FiO2 (S/F) ratio as an alternative surrogate
for PaO2/FiO2 (P/F) ratio to assess lung injury (64). The
derivation of S/F ratio to impute for P/F ratio in the
respiratory subscore has been validated in other studies (65).
Pediatric SOS severity scores includes common CTCAE organ
toxicity assessments with adjustments for pediatric ages when
appropriate (21). This includes use of discipline specific variables
such as CAPD and KDIGO organ assessments. Given the overlap
between pSOFA and SOS scoring, we depict in Table 2, our
proposed screening for all pediatric HCT patients at baseline,
serially (perhaps weekly during inpatient transplant
hospitalization) and during sentinel events (including
development of endotheliopathy, PICU admission, transition
to end-of-life care). Capture of raw data from such screening
into a multi-center prospective registry as planned by PALISI-
Frontiers in Oncology | www.frontiersin.org 7105
Network centers should serve as an invaluable resource for inter-
disciplinary collaboration.

Advancements in cellular therapy and regenerative medicine
may allow for therapeutic interventions that may mitigate organ
toxicity. For example, mesenchymal stem cells (MSC) may be used
to control heart failure in patients with anthracycline induced
cardiomyopathy (78).Umbilical cord blood andMSC infusions are
currently under investigation in the treatment of some pediatric
brain injuries, including autism (79). Rapid advancement in
potential therapeutics must be matched by innovative
approaches to optimize available clinical data in small pediatric
cohorts. Innovative approaches that integrate a “big data” inter-
disciplinary platform for pediatric HCT patients are desperately
needed. Herein, we propose a framework to screen for organ
toxicity and express support for a broad pediatric HCT registry
that is linked to a bio-specimen repository.
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Background: Pediatric oncology patients have a high rate of clinical deterioration
frequently requiring critical care. Patient deterioration events are distressing for
clinicians, but little is known about how Pediatric Early Warning Systems (PEWS)
impact clinicians’ emotional responses to deterioration events.

Methods: Semi-structured interviews were conducted with 83 nurses, pediatricians,
oncologists, and intensive care clinicians who had recently participated in a patient
deterioration event at two pediatric oncology hospitals of different resource-levels: St.
Jude Children’s Research Hospital (N = 42 participants) in Memphis, Tennessee or
Unidad Nacional de Oncologıá Pediátrica (N = 41 participants) in Guatemala City,
Guatemala. Interviews were conducted in the participants’ native language (English or
Spanish), transcribed, and translated into English. Each transcript was coded by two
researchers and analyzed for thematic content.

Results: Emotions around patient deterioration including concern, fear, and frustration
were reported across all disciplines at both hospitals. Concern was often triggered by an
elevated PEWS score and usually resulted in increased attention, which reassured
bedside clinicians that patients were receiving necessary interventions. However,
persistently elevated PEWS scores, particularly at St. Jude Children’s Research
Hospital, occasionally resulted in a false sense of relief, diminishing clinician attention
and negatively impacting patient care. Nurses at both institutions described how PEWS
amplified their voices, engendering confidence and empowerment, two of the only
positive emotions described in the study.

Conclusion: Clinicians experienced a range of emotions while caring for high-risk
patients in the setting of clinical deterioration. These emotions have the potential to
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contribute to compassion fatigue and burnout, or to resilience. Acknowledgment and
further investigation of the complex interplay between PEWS and clinician emotions are
necessary to maximize the impact of PEWS on patient safety while simultaneously
supporting staff wellbeing.
Keywords: cancer, critical care, pediatric oncology, early warning system, qualitative research
INTRODUCTION

Hospitalized children who deteriorate often show signs and
symptoms of clinical decline in the 24 h preceding
decompensation (1, 2). Early detection strategies, such as
Pediatric Early Warning Systems (PEWS), are instrumental in
preparing for and preventing rapid deterioration on the ward (1).
PEWS are nursing-administered clinical acuity tools associated
with an escalation algorithm to facilitate early detection of
children at-risk of decompensation. Pediatric oncology patients
have a high rate of clinical deterioration due to disease burden
and treatment toxicity, and approximately 40% will require
admission to the pediatric intensive care unit (PICU) during
the course of their cancer-directed therapy (3). Thus, PEWS are
particularly important for this population (4, 5) and were
recently identified as a top research priority to improve care of
critically ill pediatric oncology patients (6).

While PEWS have been primarily implemented and studied
in high-resource settings, pediatric cancer is a global health issue,
with approximately 90% of pediatric cancer diagnoses occurring
in countries with limited resources (7). Previous studies have
shown that PEWS implementation in a resource-limited
pediatric oncology setting reduces clinical deterioration events
and hospital costs, while improving interdisciplinary
communication (5, 8, 9).

In addition to impacting patients, clinical deterioration events
are stressful to bedside clinicians. Clinician stress and lack of
emotional resilience contribute to burnout (10, 11) and may
affect clinical judgment and decision-making, essential to the
evaluation and care of sick children (12, 13). Limited research
exists on how clinicians’ emotions affect patient care and how
interventions like PEWS impact these emotions or modify
patient safety. It is also poorly understood whether clinician
stress and emotions around patient deterioration vary by
hospital resource-level. To address this deficit, we qualitatively
investigated the relationship between PEWS and pediatric
oncology clinicians’ emotions surrounding deterioration events
in two hospitals of different resource levels, with the goal of
informing PEWS implementation and global patient safety
improvement efforts and improving clinician experiences.
METHODOLOGY

Multidisciplinary pediatric oncology clinicians were interviewed
at Unidad Nacional de Oncologıá Pediátrica (UNOP) and St.
Jude Children’s Research Hospital (SJCRH), two free-standing
pediatric oncology hospitals, between October and December
2109
2018. Detailed methods of this study including setting,
population, and data collection have been previously described
(8). Briefly, UNOP is located in Guatemala City, Guatemala, an
upper middle-income country with a gross national income
(GNI) of US $4,410 per capita. UNOP is considered a low-
resource setting, characterized by insufficient supplies and
staffing. There is approximately one oncologist for every 66
newly diagnosed patients per year at UNOP, and four
intensivists for a nine-bed pediatric intensive care unit (PICU)
with 300–400 admissions per year. Nurse to patient ratios are
1:4–1:6 on inpatient wards and 1:1–1:2 in the PICU. SJCRH is
located in Memphis, TN, USA with a GNI of US $62,850 per
capita and is considered a high-resource setting. SJCRH has
approximately one oncologist for <15 newly diagnosed oncology
patients per year and eight intensivists for a 12-bed PICU with
350–400 admissions annually. Nursing ratios in the inpatient
wards are 1:2 and in the PICU are 1:1.These hospitals were
selected for the study based on their similar missions, patient
populations, patient volume, and processes of PEWS
implementation. PEWS, or “EVAT”, was implemented at
UNOP in 2014 (4) and at St. Jude, as “SJAWS”, in 2016 (14).
Key stakeholders, including ICU physicians, fellows, ward
physicians, advance practice practitioners, bedside nurses, and
nursing managers, were involved in all stages of implementation
at both sites. During implementation, each hospital conducted
weekly monitoring of PEWS documentation by evaluating
errors. Both hospitals were able to achieve similarly low error
rates during implementation and have maintained these rates
through ongoing quality monitoring and re-education (5, 14).
PEWS algorithms and scoring tools are similar at each site and
are included as Supporting Material.

Par t i c ipant s f rom UNOP and SJCRH inc luded
multidisciplinary staff involved in care escalation, including
bedside nurses and unit nursing coordinators, frontline
physicians (pediatricians and pediatric hematology-oncology
fellows), and critical care clinicians, such as attending
physicians and fellows, advanced practice practitioners (SJCRH
only), and critical care nursing coordinators (SJCRH only).
Participants were selected based on their involvement in a
recent deterioration event, defined as an unplanned transfer to
the PICU.

Interviews were conducted in the participant’s native
language and simultaneously transcribed and translated into
English as necessary. Transcribed interviews underwent
analysis utilizing inductively derived themes (15). Further
thematic analysis was conducted to identify emotional patterns
across the three disciplines and two hospital sites. Segments
coded as “emotions” were explored, focusing specifically on
February 2021 | Volume 11 | Article 626457
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overlap between “emotions” and “negative perception [of
deterioration event]” and “positive perception [of deterioration
event]”. MAXQDA software (VERBI GMBH, Berlin, Germany)
was used for data management and analysis. Consolidated
criteria for reporting qualitative research (COREQ) guidelines
(16) were followed to ensure quality in qualitative reporting.

Study personnel who approached potential participants were
not involved in PEWS implementation or the discussed
deterioration events. Verbal consent was obtained from
participants in English or Spanish; the study was explained in
participants’ native language by a native speaker. No identifying
information was collected from participants and participants
were asked to avoid using private health information during the
Frontiers in Oncology | www.frontiersin.org 3110
interview. This study was exempt from SJCRH Institutional
Review Board (IRB) approval and approved by UNOP IRB.
RESULTS

A total of 83 interviews were conducted; 42 were conducted at
SJCRH and 41 at UNOP. Table 1 describes participant
demographics at both institutions. Analysis revealed three
main themes, including “negative clinician emotions around
patient deterioration and care escalation,” “impact of PEWS on
emotions,” and “confidence and clinical judgment.”

Negative Clinician Emotions Around
Patient Deterioration and Care Escalation
Patient deterioration events stimulated feelings of concern,
worry, frustration, stress, fear, lack of confidence, and regret
across participants at both institutions (Table 2). At UNOP, a
few clinicians mentioned feelings of anger related to patient
deterioration: “…I got angry because he died in my care. I got him,
I intubated him, I talked to the parents, the parents were
desperate, he could not handle it, it was terrible” (PICU
clinician, UNOP). Anger was not explicitly described by
clinicians at SJCRH.

Concern was the emotion mentioned most frequently by
clinicians. Increased concern in response to patient
deterioration was mentioned across all disciplines at both
hospital sites, but particularly by nurses, “We are concerned
that the patient is hypotensive … we review the capillary refill …
[check] if the patient is reacting normally, because if he is not, that
also worries us” (nurse, UNOP). Clinicians also worried if the
TABLE 1 | Demographics of Interviewed Participants.

Health Care Provider SJCRH n (%) UNOP n (%)

Nurses 13 (31) 20 (49)
Coordinator 2 (5) 8 (20)
Bedside Nurse 11 (26) 12 (29)
Ward physicians 16 (38) 14 (34)
Oncology fellow 6 (14) 6 (14)
Resident/pediatrician 3 (7) 8 (20)
APP (NP, PA) 7 (17) N/A
PICU provider 13 (31) 7 (17)
PICU nurse 2 (5) N/A
APP (NP, PA) 5 (12) N/A
PICU fellow N/A 6 (15)
PICU attending physician 6 (14) 1 (2)
Total 42 (100) 41 (100)
APP, advanced practice provider; N/A, not available; NP, nurse practitioner; PA, physician
assistant; PICU, pediatric intensive care unit; SJCRH, St. Jude Children’s Research
Hospital; UNOP, Unidad Nacional de Oncologıá Pediátrica.
TABLE 2 | Provider emotions around patient deterioration.

SJCRH UNOP

Concern/
Worry

“I actually stood in the room with the nurse because she
was so concerned, and I stood there, and I remember it
taking so long…” (ward provider)

“Something like a neurological matter, I will be worried if the nurse says: ‘the boy has difficulties
to speak’ or ‘he can’t move his legs’ or if I find leukoencephalopathy or neurological
deterioration, bleeding, it’s time to act!” (ward provider)

Frustration “it was very frustrating because he would kind of arouse
with all of the people in the room, but he still wasn’t
himself.” (ward provider)
“So, it’s frustrating when you know, the Mom looks at
us, why didn’t you send this earlier?” (ward provider)

“the only thing that exasperated me was that they didn’t transferred the patient faster, due to
all the movements needing to be done in intensive care, so it is difficult, as some times
intensive care does not have the space when you needed it, and sometimes takes them time
to clean the beds and during that time the patient gets worse over here.”(nurse)

Stress “The PICU felt like they were kind of being – they were
kind of managing that patient anyway, and so they might
as well go ahead and move him over and remove that
stress from the [ward] team.” (ward provider)

“I think that with stress they are thinking about what to do and what not to do, like they are
doubting what they should do and what they shouldn’t do.” (nurse)

Fear “Our fear is that something will be missed and some
number will change and something will fall through the
cracks.” (ward provider)

“…because sometimes nursing, when a child has been in intensive a lot, they get more scared,
they don’t like it and I understand why, in the service they want someone else to handle the
most complex child…” (PICU provider)
“That is what we fear being up here and we also have many patients for just one person.”
(nurse)

Lack of
confidence

“I do believe a lot of times we monitor our patients a little
bit longer than we probably should have before just
because of a lack of confidence.” (nurse)

“The problem is that I feel they lack more confidence in using it, because they often ask the
nurse’s coordinator if the [PEWS] is well-placed or not.” (nurse)

Regret “With a lot of hindsight, you can see where things have
been missed and, regrettably, things that could’ve been
done differently mostly likely in some situations.” (PICU
provider)

“That day the patient was transferred to intensive care at 8am…, I complied with everything …

everything was done. but you always go thinking … maybe I should have done this. there are
always three points that I need to work on, right?”(nurse)
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patient’s status changed from baseline: “…the progression of his
symptoms, that’s what worried me, not the specific number”
(PICU physician, SJCRH).

If clinician concern was met with a perceived lack of action
(i.e., PICU consult, care escalation), it fostered more negative
feelings. At SJCRH, nurses became frustrated when they felt like
their worries weren’t being received appropriately by others:
“Once I actually know that it’s a problem and they’re not really
doing anything about it, that’s when I have more concerns …
when I send my patients to the PICU, I was like we need to do
something other than keep telling you every two hours, hey we’re
still at this number” (nurse, SJCRH). SJCRH PICU clinicians also
expressed frustration when appropriate action was not taken by
the ward team: “When they continue to call you and not take your
recommendations, that’s frustrating” (PICU clinician, SJCRH).

UNOP nurses’ worries were similarly amplified when they
were unable to act or escalate care. As at SJCRH, nurses at UNOP
sometimes felt ignored by physicians: “Sometimes they do not
give as much importance to the [PEWS] as us, for example, they
say ‘no, he is not that bad’” (nurse, UNOP). However, lack of
action at UNOP was also noted as the result of limited essential
resources: “We are worried about having a complicated patient
here because we do not have the equipment, we do not have for
example a defibrillator” (nurse, UNOP).

Conversely, when care was appropriately escalated it eased
the burden of taking care of deteriorating patients on the ward
for both UNOP and SJCRH clinicians: “You feel more at ease
when you know that a patient is already at intensive care. The
personnel down there know how to manage these types of patients
and they know what needs to be done…” (nurse, UNOP). Similar
perspectives were shared by physicians: “There’s definitely a lot
more patients that have been going to the PICU for observation for
24 to 48 hours, which I think is an improvement over previously,
Frontiers in Oncology | www.frontiersin.org 4111
when previously we were managing these patients on the floor.
There was a lot of distress over taking care of and worrying about”
(ward physician, SJCRH).

Clinicians across disciplines at both institutions expressed
frustration surrounding deterioration events; “we become
inaccessible … we get annoyed” (PICU clinician, UNOP); “…we
know like certain attendings are more likely to take a patient
faster than others … it’s not going to change, but it was very
frustrating” (ward clinician, SJCRH). In addition, ward clinicians
at SJCRH and nurses at UNOP expressed feeling stress or fear
when caring for deteriorating patients: “So, having three patients
like this with the altered [PEWS] causes a little stress, then … the
communication starts to fail” (nurse, UNOP). Nurses at both
institutions described feeling intimidated or lacking confidence.
This phenomenon was mentioned by other clinicians as well,
who acknowledged how their actions might at times evoke
nursing apprehension: “But I think also maybe we make them
a little nervous so they’re afraid to really say what they’re worried
about … some of us may be a little harsher and maybe say things
that have made them feel bad and so then they don’t want to speak
up…” (PICU clinician, SJCRH). As clinicians reflected on
deterioration events, some expressed remorse about things that
could have gone differently: “If something were to happen to them
and we didn’t take that extra step, then we will regret that” (ward
clinician, SJCRH).

Impact of PEWS on Emotions
Depending on the situation, PEWS either heightened or relieved
clinicians’ negative emotions around deterioration events, which
subsequently affected clinician attention and response (Figure 1;
Table 3). In many cases of clinical deterioration, PEWS increased
concern among clinicians by acting as a warning signal that a
patient’s status was declining: “If a nurse gets a high [PEWS] and
FIGURE 1 | Interaction between clinical deterioration events, PEWS scores, provider emotions, and patient safety. Clinical deterioration events result in elevated
PEWS scores. If a PEWS score is elevated acutely, as it may be at the beginning of a deterioration event, clinicians experience emotions such as fear, concern, and
discomfort. These emotions may be negative as experienced and described by clinicians; however they often lead to increased patient attention and safety.
Conversely, a persistently elevated PEWS score may lead clinicians to experience a false sense of comfort which results in decreased attention and reduced patient
safety.
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then call me… it will make the nurse more aware [and] makes me
as the physician more aware” (ward clinician, SJCRH). While an
uncomfortable emotion, this concern encouraged clinicians to be
more alert and attentive to their patients: “When they already
have a [PEWS] number 3… we monitor the patient, we are
already concerned and checking on him every hour to think about
a transfer to another service” (nurse, UNOP).

The PEWS result itself also created a sense of urgency. If a
patient had a higher score, clinicians worried about them more
than a patient with a lower score. This was expressed by PICU
clinicians at both hospitals: “A seven or eight, I’m going to have a
very different feeling than a five. I’m going to feel a little more
urgency to get to the room” (PICU clinician, SJCRH); “I think one
is more alarmed when the [PEWS] is higher, and I think part of
being alarmed a little more is paying more attention. For example,
he has [a PEWS] of five, let’s better review him” (PICU clinician,
UNOP). Alternatively, the absence of an elevated PEWS score
brought a sense of comfort that the patient was at a low risk of
deterioration: “If we see a [PEWS] of zero, I presume everything is
fine” (ward clinician, UNOP).

When a patient had a consistently elevated PEWS score,
emotions were mixed. For some clinicians, persistently elevated
PEWS induced a sense of foreboding: “I feel like if they’re
repeatedly [a PEWS] of a five there’s something wrong” (nurse,
SJCRH). On the other hand, at SJCRH, it was frequently
mentioned that persistently elevated scores manifested as
alarm fatigue, resulting in a false sense of security among
clinicians. SJCRH PICU clinicians expressed that repeat
elevated scores lessened the value of the PEWS and caused
some clinicians to ignore the calls: “I think that’s where we’ve
seen failures in the system, where a kid always has [a PEWS] of
five or six or whatever and then we just ignore them” (PICU
clinician, SJCRH). Ward clinicians endorsed similar concerns
about alarm fatigue, admitting that it did lead to frustration and
ignoring calls: “…someone has an [PEWS score] at all, I feel like
we should be concerned about it, but we just hear they have this
number so often that it almost like means nothing to us at this
point” (ward clinician, SJCRH); “How do you make it so that we
don’t develop alarm fatigue when… they’re always [PEWS] three
… I’m not concerned and then start to ignore these things or kind
of get frustrated with the fact that every couple of hours I’m getting
paged or called” (ward physician, SJCRH). Even nurses, as direct
bedside clinicians, endorsed feeling a false sense of security with
Frontiers in Oncology | www.frontiersin.org 5112
persistently elevated scores: “Kids that look unwell but are
maintaining a high [PEWS] score … I think it also makes us
nurses slack a little bit too, you’re like, oh they’re just a four, and
you’re like, we get like, comfortable with a four or a five when we,
those vitals are not normal” (nurse, SJCRH). Participants from all
disciplines at SJCRH mentioned this phenomenon. While
participants at UNOP discussed negative elements of PEWS,
including “false positives” or PEWS creating increased concern
around well children, alarm fatigue did not appear in any
transcripts from UNOP.
Confidence and Clinical Judgment
One of the only positive emotions around deterioration events
expressed by clinicians at both institutions was confidence. This
emotion was endorsed by clinicians from both sites who expressed
that PEWS increased their confidence by providing evidence to
substantiate their clinical acumen or assessment that a patient was
deteriorating: “…it does give us a little more concrete evidence to
base our feelings on and our perceptions of how patients do … it
makes us more comfortable reaching out to a physician or nurse
practitioner saying that we’re concerned if we have evidence to back
it up” (nurse, SJCRH);”We give our own criteria of what we think is
happening and how it can be resolved… now it is more valued what
nursing requests, or what nursing reports” (nurse, UNOP). Advance
practice providers and physicians working on the ward and in the
PICU at both institutions noted this confidence: “I think that it has
certainly given the nurses more latitude to call for medical
intervention earlier on. Especially I think for newer nurses or
younger nurses. It’s easier than just saying, ‘Well, I don’t know
why but I’m just worried about this patient.’ They can actually have
a more sort of concrete, ‘I had to call you because the [PEWS] is
blank’” (ward clinician, SJCRH). Table 4 includes quotes from
clinicians in all disciplines at both institutions illustrating
how PEWS increased nursing confidence and facilitated
interdisciplinary communication around concerns regarding
patient deterioration.
DISCUSSION

Pediatric oncology clinicians work in emotionally-charged
environments. Emotions have been shown to affect clinical
TABLE 3 | Impact of PEWS on provider emotions.

SJCRH UNOP

PEWS scores alerting
providers and
encouraging action

“I think that’s built into the structure with the recognition that the
[PEWS] is to identify those patients who are risk of decompensating
that we’re worried about” (ward provider, SJCRH)
“I feel like if they’re repeatedly a [PEWS] of a five there’s something
wrong” (nurse, SJCRH)

“For us, it is worrying to have a [PEWS] of 4, 5, or 6” (nurse, UNOP)
“When I see the [PEWS] report and the nurse shows worries, I call
her” (ward provider, UNOP)
“What I really look [at] is the [PEWS]. If it’s a 3, the child has
tachycardia or something [else] is wrong … at that moment I check
the vitals to look closer” (ward provider, UNOP)

PEWS scores
contributing to alarm
fatigue

“PICU people may be getting a little more burnout from having to do so
many consults with the [PEWS] of five” (nurse, SJCRH)
“I feel poorly when I go to a [PEWS] and I’m kind of like, yeah the kid
looks fine” (PICU provider, SJCRH)
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judgment and clinician response to clinical situations (17, 18),
yet the relationship between emotions and patient safety is not
well understood. The relationship between PEWS and patient
safety, however, has been well described—PEWS facilitate
improvements in patient safety by warning clinicians of
concerning patient changes, prompting them to consider the
possibility of deterioration and potential care escalation (19, 20).
Our study reinforces these findings and presents qualitative
evidence examining how PEWS interacts with clinicians’
emotions to improve patient safety.

Most of the emotions related to deterioration described by
participants in this study are negative. While it is unsurprising that
clinicians carry negative emotions surrounding traumatic patient
deterioration events, this finding is critical in our recognition of the
profound emotional toll that deteriorating patients have on
clinicians. This emotional toll contributes to increased moral
distress, clinician burnout and higher staff turnover in both high-
and limited-resource settings (11, 21). The fact that participants
across all disciplines at both hospitals discussed negative emotions
also demonstrates how widespread and universal these responses
are in the context of patient deterioration and critical illness.

Clinicians in this studydiscussedhowPEWScan facilitate action
and intervention, not only increasing patient safety but also
providing reassurance to clinicians. The ability of PEWS to
empower bedside clinicians (8) contributes to increased nursing
confidence,oneof theonlypositive emotions consistently expressed
by participants in this study. Nursing confidence is essential to the
provision of optimal patient care, as it promotes earlier engagement
between interdisciplinary teammembers and consideration of care
escalation. In addition, nurses who feel heard and supported may
experience less moral distress (22). Confidence mitigates clinician
burnout by helping clinicians feel enabled to appropriately care for
deteriorating patients (23).

Nevertheless, the relationship between PEWS, clinicians’
emotions, and patient safety is complicated. While PEWS may
Frontiers in Oncology | www.frontiersin.org 6113
help clinicians, and particularly nurses, feel more confident and
empowered, it can also increase concern and anxiety if a clinician
feels the escalation pathway is not appropriately followed.
Clinicians from SJCRH specifically expressed concern about
“alarm fatigue,” or a false sense of security, created by
persistently elevated scores. Alarm fatigue is an important
concept for ongoing discussion and evaluation, as a potential
threat to patient safety (24) and a pathway towards increased
clinician burnout and decreased resilience (25). The lack of alarm
fatigue in UNOP transcripts is interesting and warrants further
exploration. An equivalent for the term “alarm fatigue” does not
exist in Spanish. However, when reflecting on PEWS and clinical
deterioration events, clinicians at UNOP did not describe an
inappropriate sense of security, or decreased attention to patient
care due to frequent notifications. It is possible that a lack of
available resources for successful care escalation may increase
anxiety among nurses, leading them to be more vigilant and
advocate for higher care even in the settings of repeatedly
elevated scores; however, more research is needed to examine
drivers of this finding.

This study has several limitations. Though PEWS
implementation processes were similar at UNOP and SJCRH,
specific escalation algorithms varied slightly between the sites.
While our methodology allowed us to compare clinician
emotions across different institutions, the culture and context
of each oncology ward, along with clinician education and
training, may contribute to site-specific differences in data.
Social desirability bias (26) should be considered in all
qualitative studies; this bias was mitigated by using external
and/or clinically uninvolved interviewers and study personnel,
and the identification of numerous negative emotions suggests
successful limitation of this bias. Finally, this study utilized both
English and Spanish interviews, with all transcripts analyzed in
English. While this approach likely increased consistency across
analyses, it may have influenced the intent of original statements.
TABLE 4 | Nursing confidence inspired by PEWS.

SJCRH UNOP

“[PEWS gives] the ability to have the nurses feel comfortable that—now they don’t have to just keep
asking for help if they need something or if there’s a concern, [PEWS] easily prompts us.” (PICU
provider)

“Here there is much more openness on the part of the intensive to
people from outside. In other places they are afraid of the
intensive, of going to ask, because they think that they are going
to shout or call them fools.” (PICU provider)

“If the nurse is ever scared, we’re getting called.” (PICU provider) “I trust because the nurses are our “eyes” our “hands” we can’t
do everything ourselves so we must trust on the nurse.” (ward
provider)

“I think that it’s great for the nurses because it gives them the ability to not feel bad [calling] a rapid
response.” (ward provider)

“I go to find them and tell my worries because the signs are fine
but there is something that I don’t like … a lot of pain or so … I
go to look for them in person, I prefer that way.” (nurse)

“I think it gives the nurse an opportunity to empower themselves to not feel judged, they’re basically
to be taken seriously.” (ward provider)

“Here if there is something that the oncologists have given us
confidence is that they have always taken us into account.”
(nurse)

“I like [PEWS], I think it has really made me be more aware of my patient and like the subtle
changes, and I feel more comfortable calling an [rapid response]now, and I think at first when it first
started the doctors were a little hesitant, like when we kept calling, like they’re at a four or
something like that, but now it’s like very open communication.” (nurse)

“Because if we worry about him, it is because we know the
patients, we are here with them and we are the ones who share
the most with them.” (nurse)

“Because of the [PEWS] you can confidently contact PICU, and not be worried there’s going to be
backlash or whatever.” (nurse)

“Then I feel sure that the patient is fine, and I will go with the
doctor to tell him that he’s okay, so I go with the assurance that I
did the [PEWS] well and that I evaluated the patient well.” (nurse)
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All transcripts were retained and reviewed as necessary, with a
bilingual team member auditing 20% of Spanish language
transcripts to minimize errors and inaccuracies.

Qualitative methodology allowed us to deeply investigate
clinician experiences and the impact of PEWS as a quality
improvement intervention. Ultimately, our findings reveal
similarities between emotional responses to patient
deterioration across clinicians from various disciplines at two
hospitals with divergent resource levels. Although this study
targeted analysis of pediatric oncology clinician experiences
surrounding deterioration events, these findings may be
relevant to a broader population of clinicians who care for
children at high risk of critical illness. Within pediatric cancer,
these data will inform a framework for developing future
interventions aimed at improving clinician experiences and
supporting resilience while decreasing clinician burnout in
high and limited-resource settings.
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Hematopoietic stem cell transplant (HSCT) is a curative therapy for malignant and non-
malignant conditions. However, complications post-HSCT contribute to significant
morbidity and mortality in this population. Acute kidney injury (AKI) is common in the
post-allogeneic transplant phase and contributes to morbidity in this population.
Continuous renal replacement therapy (CRRT) is used often in the setting of AKI or
multiorgan dysfunction in critically ill children. In addition, CRRT can be useful in many
disease processes related to transplant and can potentially improve outcomes in this
population. This review will focus on the use of CRRT in critically ill children in the post-
HSCT setting outside the realm of acute renal failure and highlight the benefits and
applications of this modality in this high-risk population.

Keywords: continuous renal replacement therapy (CRRT), renal replacement therapy, hematopoietic (stem) cell
transplantation (HCST), fluid overload, pediatrics, outcome
INTRODUCTION

Around 2,000 children received HSCT in 2018, and of these, the majority were allogeneic transplants
(1). Children admitted to the intensive care unit (ICU) during their HSCT course tend to have a
mortality rate as high as 60% especially if associated with multiorgan dysfunction (2). Acute kidney
injury (AKI) commonly occurs in this population during different intervals of the post-transplant
course. AKI may progress to acute renal failure requiring renal replacement therapy (RRT) to mitigate
the metabolic abnormalities as well as fluid overload. There are various RRT techniques like
intermittent hemodialysis, extended hemodialysis, or continuous renal replacement therapy
(CRRT). Although there is no evidence that mortality or length of ICU stay differ among the
different techniques, CRRT is used often for RRT in the intensive care unit (ICU) as the hemodynamic
changes are less pronounced with this modality (3). Continuous modalities are better able to tightly
manage fluid balance and offer the ability to reduce the need for significant reductions in the
circulating volume during the relative short time of hemodialysis. Furthermore, by prolonging the
duration of ultrafiltration, the balance of ultrafiltration and lymphatic return can be better matched to
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optimize cardiac output. In addition, continuous modalities offer
better control of electrolyte fluctuations. For example, swings in
potassium can be problematic for patients on medications that
exacerbate prolonged Q-T syndrome. Lastly, the continuous
removal of metabolic waste products reduces the cellular stress
and is thought to improve healing. This review will focus on use of
CRRT in critically ill children in the post-HSCT setting outside the
realm of acute renal failure and highlight the benefits and
applications of this modality in this high-risk population.
Frontiers in Oncology | www.frontiersin.org 2117
Acute Kidney Injury Post-Hematopoietic
Stem Cell Transplant
AKI is relatively common post-HSCT and warrants early intervention
to halt or slow down further progression. The reported incidence of
AKI varies widely from 20 to 84% secondary to heterogeneity of criteria
used to define AKI (Table 1) as well as heterogeneity of HSCT
regimens and subsequent complications (4–6).

AKI can occur for several reasons after HSCT (Figure 1) such
as toxicity of specific conditioning regimens or nephrotoxicity
TABLE 1 | AKIN, KDIGO, pRIFLE staging criteria for AKI.

AKIN Staging KDIGO staging pRIFLE Staging

Stage 1 Stage 1
Scr:1.5–2.0× Bl OR ≥0.3 mg/dl Scr:1.5–1.9× Bl OR ≥0.3 mg/dl R = Risk for renal dysfunction/eGFR by 25%
UO: <0.5 ml/kg/h for >6 h UO: <0.5 ml/kg/h for 6–12 h UO: <0.5 ml/kg/h for 8 hr
Stage 2 Stage 2
Scr: >2–3× from Bl Scr:2.0–2.9× Bl I = Injury to the kidney/eGFR by 50%
UO: <0.5 ml/kg/h for >12 h UO: <0.5 ml/kg/h for 12–24 h UO: <0.5 ml/kg/h for 16 h
Stage 3 Stage 3
Scr: >3× from Bl Scr: 3.0× Bl OR ≥4.0 mg/dl F = Failure of kidney function/eGFR by 75%
OR RRT OR RRT OR eGFR < 35 ml/min/1.73 m 2

OR eGFR <35 ml/min/1.73 m2
UO: <0.3 ml/kg/h for 24 h UO: <0.3 ml/kg/h for ≥24 h UO: <0.3 ml/kg/h for 24 h
OR Anuria for 12 h OR Anuria for ≥12 h OR Anuria for 12 h

L = Loss of kidney function/Persistent failure >4 weeks
E = End-stage renal disease/Persistent failure >3 months
AKIN, Acute Kidney Injury Network; KDIGO, Kidney Disease Improving Global outcomes; pRIFLE, pediatric Risk, Injury, Failure, Loss, End-Stage Renal Disease; AKI, acute kidney injury;
Scr, serum creatinine; Bl, baseline; UO, urine output; eGFR, estimated glomerular filtration rate.
FIGURE 1 | Common etiologies of acute kidney injury (AKI) in children following HSCT.
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from immunosuppressive and anti-infectious agents, or the setting
of pretransplant toxicity especially in children heavily treated with
nephrotoxic chemotherapeutic agents. Myeloablative allogeneic
HSCT has the highest incidence of AKI compared to
nonmyeloablative HSCT or auto-SCT. At 1 month following
allogeneic HSCT, the incidence of AKI is 45.7 versus 17.1%
comparing myeloablative conditioning regimen to reduced
toxicity myeloablative conditioning regimen (7). In a large
pediatric HSCT cohort of 1,057 patients, 68.2% developed AKI
in the first 100 days post-HSCT (6). Stage 3 AKI occurred in 36.6%
of the cohort, of which 1/3 required RRT. Risk factors for AKI
included older age, transplant from unrelated donors, and
sinusoidal obstruction syndrome (SOS). Comparing data from
successive decades of 1990–1999 and 2000–2009, the requirement
for RRT was similar in the 100 days post-HSCT (8.2 versus 8.9%),
and children with older age (11–21 years at time of HSCT) or
cyclosporin use were more likely to require dialysis (8).

In general, causes of AKI can be secondary to pre-renal
factors, intrinsic renal injury at the tubular or endothelial level,
and less commonly post-obstructive nephropathy (Figure 1).
Pre-renal AKI accounts for more than 50% of the cases seen in
this population. Pre-renal factors such as hypovolemia can lead
to kidney hypoperfusion and AKI if not treated. Kidney
hypoperfusion is also encountered in capillary leak syndrome
that is relatively common in the post-HSCT course due to
endothelial injury and cytokine release, like in engraftment
syndrome. In addition, kidney hypoperfusion occurs in the
context of multiorgan failure, sepsis, and sinusoidal obstruction
syndrome (SOS) (6, 8).

Intrinsic renal disease is encountered as a result of tubular
injury induced by nephrotoxic medications or ischemia, or
endothelial injury like in thrombotic microangiopathy (TMA).
TMA occurs in 10–25% of transplant recipients. Clinical findings
of TMA include AKI, hypertension, thrombocytopenia, and
microangiopathic hemolytic anemia. In transplant associated-
TMA, endothelial injury leads to platelet aggregation and
fragmentation of erythrocytes that enhances fibrin deposition
and thrombosis in the microcirculation. Many factors can
induce endothelial injury in the transplant setting including
radiation or chemotherapy during conditioning, calcineurin and
mTOR inhibitors, infection, and/or complement dysregulation.
Treatment includes elimination of causative agents like sirolimus
and calcineurin inhibitors, or appropriate antimicrobial coverage
if induced by infection. Recently, eculizumab has shown some
efficacy in treatment of transplant associated-TMA (9). Less
commonly, AKI can be induced by obstruction such as seen in
hemorrhagic cystitis. In these instances, if the clot obstruction is
not relieved, AKI may ensue.

In some instances, patients may require CRRT due to
progression of AKI. Early management of AKI includes cessation
of nephrotoxic medication or dosage adjustment, prevention of
fluid overload through judicious use of diuretics, and promotion of
renal perfusion by increasing hydrostatic pressure.

CRRT general indications in critically ill children following
HSCT are similar to other critically ill children including uremia,
hyperkalemia, acidosis, or fluid overload encountered in the
Frontiers in Oncology | www.frontiersin.org 3118
context of acute renal failure. In addition, CRRT is used in
other disease processes encountered in the post-HSCT phase.

Use of Continuous Renal Replacement
Therapy Post-Hematopoietic Stem Cell
Transplant Children for Purposes Beyond
Renal Failure
Fluid Overload
Fluid overload (FO) is a relatively common indication for CRRT
initiation in children post-HSCT. In addition, FO is an
independent risk factor for mortality in critically ill children.
FO is very common in the post-transplant stage considering the
high fluid intake due to the need of multiple medications as well
as TPN. Conservative fluid strategy and diuretics are used as the
initial approach to prevent FO. However, some patients will fail
this approach especially in the presence of capillary leak or low
oncotic pressure or high-volume intake. In these situations,
CRRT has been utilized in critically ill children with FO with
or without the presence of AKI. In a cohort of 51 pediatric stem
cell patients, the most common indications for CRRT were FO
with electrolyte imbalance (49%), FO alone (39%), and
electrolyte imbalance (8%) (10).

Adverse impact of FO in patients post-HSCT occurs even
outside the critical care setting. Recently, a grading system for the
adverse event of fluid toxicity was described (11). Patients with
weight gain ≥10% (grade 2) early during hospitalization had a
higher non-relapse mortality. Multiple studies have documented
that FO is an independent risk of mortality in critically ill children
especially when >15% of baseline weight. A metanalysis that
included 44 studies (7,505 children) found a 6% increase in
mortality for every 1% increase in FO %. In addition, FO was
associated with increased risk of prolonged mechanical ventilation
(>48 h) and AKI (12). In a recent multicenter retrospective study
that included 68 critically ill children with cancer and post-HSCT
(23 patients) on CRRT, patients with FO >10% at CRRT initiation
were 6.16 times more likely to die than those with FO ≤10% (13).
In another cohort of 36 children post-HSCTwith acute respiratory
failure due to engraftment, higher FO on day 4 and day 5 of
invasive mechanical ventilation course was associated with worse
survival (14). Use of CRRT to mitigate the extent of FO has the
potential to overcome the adverse effects of FO on mortality and
prolonged ICU stay and should be considered early in the ICU
course of post-HSCT patients.

Septic Shock
The role of CRRT in pediatric post-HSCT patients has received
important consideration for some time, and its potential for
clinical benefit in shock sepsis is a topic of vigorous discussion
(15–20). Rationale for use of CRRT in sepsis is mostly centered
around its potential for mitigating volume overload that often
accompanies requisite fluid administration for hemodynamic
support during sepsis and its putative role for clearing sepsis-
associated inflammatory cytokines (19). In this regard, there is
developing interest in the use of membranes designed for
hydrophobic adsorption of endotoxin and inflammatory
cytokines. While several retrospective studies demonstrate
February 2021 | Volume 11 | Article 632263
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safety of various membranes and their efficacy for reducing
circulating cytokines, randomized trials have failed to
demonstrate reduced mortality (21). Likewise, while early (versus
late) use of CRRT in sepsis-associated AKI receives considerable
debate (19, 20), the recently completed STARRT-AKI trial
assessing standard versus accelerated initiation of RRT in AKI
failed to demonstrate reduction in 90-day mortality with early
onset of CRRT (22). In a randomized study of a cohort of 212
patients with septic shock, although high dose hemofiltration (80
cc/kg) reduced cytokine levels significantly compared to the low
dose hemofiltration (40 cc/kg), mortality rate was similar in both
groups (23). To conclude, current evidence supports the use of
CRRT in the setting of sepsis-associated AKI, to manage volume
overload and/or metabolic derangement.

Sinusoidal Obstruction Syndrome/Veno-Occlusive
Disease
Sinusoidal obstruction syndrome (SOS), previously known as
hepatic veno-occlusive disease (VOD), can be a life-threatening
complication in post-HSCT patients. Sinusoidal endothelial
injury plays a central role in the pathogenesis of SOS which is
usually induced by cytotoxic therapy or radiotherapy (24). The
incidence of SOS in children post-HSCT ranges from 20 to 60%
(25, 26). Several diagnostic criteria have been used (modified
Seattle and Baltimore criteria), with recent adoption of the
European Society for Blood and Marrow Transplantation
(EBMT) criteria (27). The EBMT Pediatric Criteria have no
limitation for time of onset of SOS. Two or more criteria should
be fulfilled for the diagnosis of SOS:

• Unexplained consumptive and transfusion-refractory
thrombocytopenia

• Unexplained weight gain on 3 consecutive days despite the
use of diuretics, or a weight gain of >5% above baseline value
within 72 h

• Increase in bilirubin from baseline on 3 consecutive days, or
bilirubin ≥2 mg/dl within 72 h (32% of pediatric patients
develop anicteric SOS)

• Hepatomegaly and ascites above baseline.

High mortality rate is reported in SOS when associated with
multi-organ dysfunction (MOD) (>80%) (28). Defibrotide is the
drug of choice for treatment of SOS in children who have
pulmonary or renal dysfunction.

SOS management poses many challenges including a degree of
kidney injury secondary to hypoperfusion and vasoconstriction as
well as fluid overload. Diuretics are administered either
intermittently or continuously to achieve euvolemia. Recently,
the consensus report by the Pediatric Acute Lung Injury and
Sepsis Investigators (PALISI) and the Supportive Care Committee
of Pediatric Blood and Marrow Transplant Consortium (PBMTC)
recommended initiation of CRRT when FO progresses despite
fluid restriction and diuresis, especially when FO approaches
>15% (29). In addition, ascites usually develops secondary to
portal hypertension and capillary leak syndrome and may
increase intrabdominal pressure. Intrabdominal pressure (IAP),
which is usually measured indirectly by bladder pressure, should
Frontiers in Oncology | www.frontiersin.org 4119
be monitored closely. Intrabdominal hypertension (IAP >12
mmHg) can lead to abdominal compartment syndrome (IAP
>20) which can exacerbate the pre-existing kidney injury (30).
In these situations, ascites should be drained promptly.

In a pooled analysis of three studies that included patients
with SOS and MOD after HSCT (total of 651 adult and pediatric
patients), 22% had dialysis dependence and the estimated
survival rate at day 100 was 33% (31). When CRRT was used
in six children who developed SOS after HSCT, four survived
with mortality rate of 34%; one progressed to ESRD and
underwent kidney transplantation. Citrate anticoagulation use
was safe with no subsequent complications of bleeding or citrate
accumulation (32).

Chimeric Antigen Receptor-T Cell Therapy
Chimeric antigen receptor (CAR) T cell therapy has emerged as a
novel cellular immunotherapy for the management of
hematologic malignancy. However, cytokine release syndrome
(CRS) is a potential complication of this therapy and can be fatal
in severe cases. The massive cytokine release induces a systemic
inflammatory response that can progress to multiorgan failure
including AKI if untreated. In a cohort of children with acute
lymphoblastic leukemia treated with an anti-CD19 CAR T cell
therapy, 46% developed AKI with grade 3–4 CRS (33). Similarly,
the cumulative incidence of any grade AKI by day 100 was 30%
in a cohort of 46 adults with non-Hodgkin lymphoma treated
with CAR-T cell therapy (34). Current management strategies
for serious CRS toxicity include anti-cytokine therapy, most
commonly tocilizumab, and corticosteroids. Theoretical
benefits of CRRT in this setting include cytokine removal, fluid
overload management, as well as AKI support. The benefit of
cytokine removal by CRRT is controversial, thus, there is not
enough evidence to support the use of CRRT solely for that
purpose. However, if multiorgan failure ensues despite current
standard management, CRRT can be utilized as a supportive
modality for severe AKI. In addition, capillary leak associated
with CRS will result in fluid overload, thus, increase risk of
mortality. CRRT can be initiated to overcome fluid overload if
other management approaches fail.

Acute Liver Failure/Hyperammonemia
Hepatic dysfunction is relatively common post-HSCT and can be
secondary to conditioning regimens, total parental nutrition
(TPN), iron overload, infection/sepsis, SOS, or GVHD of the
liver. Furthermore, hyperammonemia can be life threatening and
is associated with hepatic encephalopathy, cerebral edema,
intracranial hypertension that can result in herniation and
death. Renal replacement therapy reduces ammonia levels and
has been used in infants with urea cycle defects or patients with
liver failure. In a large cohort of 1,186 adults with acute liver failure
(ALF), use of CRRT resulted in a 37.9% reduction in serum
ammonia level (comparing day 3 to day 1) compared to 18.6% in
patients not receiving RRT (35). In addition, 21‐day transplant
free survival improved. Severe hyperammonemia (>140 mmol/L)
was prevented in 84% of a cohort of 62 patients with ALF after
CRRT commencement (36). CRRT should be considered when
serum ammonia level exceeds 150–200 mmol/L despite medical
February 2021 | Volume 11 | Article 632263
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management, especially in the presence of other risk factors like
hepatic encephalopathy, cerebral edema, and intracranial
hypertension (35, 37).

One of the concerns with CRRT use in patients with ALF is
anticoagulation with citrate. The risk of citrate accumulation is
potentially higher due to the impaired citrate metabolism by the
liver. A metanalysis that included 10 studies that examined the
use of citrate in adults with ALF, the risk of citrate accumulation
in patients with liver dysfunction wasn’t significantly higher
compared to those without liver dysfunction (38). In addition,
pH, serum lactate, and total Ca/ionized Ca ratio was comparable
in both groups. Furthermore, the filter lifespan increased
significantly with citrate use. Therefore, the use of citrate is
safe in these patients and prolongs the life span of the filter.
Heparin use in these patients is compromised by reduced hepatic
antithrombin III production with SOS.

Another important consideration in children with cerebral
edema is the potential drop in serum sodium that may be
triggered by starting CRRT. Maintaining relative hypernatremia
(keeping Na in 150 range) is a common approach in children with
cerebral swelling. In such cases, serum sodium levels should be
monitored closely, and ideally a standard protocol implemented for
adjusting the replacement/dialysate fluid sodium concentration
appropriately to avoid fluctuations in serum osmolarity.

Nutrition
Children post-HSCT are at risk of malnutrition due to the
decline of their nutritional status. This can occur secondary to
the side effects of chemotherapy agents during conditioning like
vomiting, diarrhea, anorexia, and mucositis, or/and secondary to
complications like infections and acute graft-versus-host-disease
(aGVHD) (39). Malnutrition has negative impact on risk of
infection in pediatric cancer and on overall survival (OS), and
relapse risk in adult HSCT (39). Malnutrition status is further
exacerbated by critical illness. Critically ill children experience
malnutrition and protein-energy wasting due to catabolism
during the stress-response state.
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CRRT can facilitate achievement of daily caloric intake goals
by increasing fluid intake without the concern of fluid overload.
In addition, initiation of CRRT can significantly reduce intestinal
wall edema, which enhances feeding tolerance and the ability to
absorb nutrients.

Nonetheless, significant amounts of amino acids, vitamins,
micro- and macro-elements are cleared due to their small
molecular weights and have to be supplemented. Protein intake
should be increased by 0.2 g/kg ideal body weight or by 25%
(sometimes more if the clearance is high) when patients are on
CRRT, and total protein intake should be in the range of 1.7–2.5
g/kg IBW. Fats are not removed by CRRT; thus, no adjustments
for fat intake are needed while patients are on CRRT. Vitamins
B1, B6, and C and folate are lost in the effluent and should be
supplemented. Vitamin B12 and fat-soluble vitamins are not
removed in effluent, thus, supplementation is not required (40).

Continuous Renal Replacement Therapy
Technique and Practical Considerations
Continuous Renal Replacement Therapy
During CRRT, blood is withdrawn from the venous circulation,
pumped through a circuit with a semipermeable membrane (or
filter) back to the venous circulation, via a large caliber double
lumen central catheter. The success of CRRT is dependent on the
vascular access, and upper central access is greatly preferred to
reduce issues of recirculation. There are different modalities of
CRRT, depending on the mode of solute clearance. The two main
solute clearance modalities are diffusion and convection (Figure
2). Diffusion is the movement of solute across a semipermeable
membrane down a concentration gradient. Dialytic modes like
continuous veno-venous hemodialysis (CVVHD) or continuous
veno-venous hemodiafiltration (CVVHDF) use diffusion for
solute clearance and the dialysate solution runs countercurrent
to the blood flow. Clearance depends on the concentration
gradient, the size and the protein binding of the solute, and the
surface area of the filter. Diffusion favors clearance of low
molecular weight solutes like urea (60 Da) and creatinine
FIGURE 2 | Solute removal. Diffusion: solutes diffuse down their concentration gradient, Convection: solutes are dragged by the flow of plasma water (solvent drag).
Small solutes are removed by diffusion and convection, larger solutes are removed by convection.
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(113.12 Da), compared to those of higher molecular weight like
cystatin C (13 kDa) and cytokines (6–70 kDa). Convection
involves the movement of water and dissolved solutes (solvent
drag) across a semipermeable membrane due to a pressure
gradient. Middle and large molecules can be cleared through
convect ion depending on the membrane poros i ty .
Hemofiltration modalities like continuous veno-venous
hemofiltration (CVVH) and CVVHDF use convection for
solute clearance, and replacement solutions are infused before
(pre-) or after (post-) the filter. CVVHDF also includes a
diffusive component to further facilitate clearance of smaller
molecules more than larger ones. For hemofiltration, solute
clearance is determined by the fluid replacement/ultrafiltrate
rate across the semipermeable membrane, and the location of
the replacement fluid infusion (pre- or post- filter).

When?
Timing of initiation of CRRT may optimize outcome, but the
impact on mortality is still controversial. In the recent STARRT-
AKI trial that included 3,019 critically ill adults with AKI,
patients were randomized to either an accelerated RRT strategy
(initiated within 12 h) or a standard strategy. Risk of death at 90
days was similar in both groups and survivors of the accelerated
RRT strategy had higher risk of adverse events as well as
dependence on RRT (22). However a prior randomized trial
(231 critically ill patients with AKI), mortality was lower in the
early RRT group compared to the delayed initiation group (39
versus 54% respectively) (41). Although early versus delayed
initiation of RRT is controversial, there is ample of evidence in
the literature to support use of CRRT when FO >10% and even
more so when FO >15%. Therefore, FO of >10–15% is a
reasonable timing for initiation of CRRT in this population.

How?
Hemofiltration removes larger molecules more effectively, but the
clearance is different between pre- and post-filter replacement.
The clearance (K) in post-dilution CVVH is calculated as the
product of the sieving coefficient (S) and the ultrafiltration rate
(Quf). The sieving coefficient is best thought of as the
concentration of the marker in the filtrate divided by the
concentration in the blood.

K = S� Quf

For small solutes such as urea and creatinine, the sieving
coefficient is effectively a value of one, making small solute
clearance in post-dilution CVVH equal to the ultrafiltration
rate. Pre-filter replacement is not the same because
the clearance in pre-dilution CVVH must account for the fact
the blood concentrations are reduced by the pre-filter dilution of
the blood. Understanding the clearance in this case can be
managed by multiplying the clearance K by a “dilution factor”
consisting of the ratio of the blood water flow rate (Qbw) to the
sum of Qbw and the replacement fluid rate (Qrf).

K = S� Quf � Qbw
(Qbw + Qrf )
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The addition of dialysate (CVVHDF) can further facilitate the
clearance of small molecules.

Effective CRRT hinges on vascular access. In children, upper
access is by far preferable because it reduces the issues
of recirculation.

With respect to the choice of CRRT modality, the practice is
highly variable and there is not enough evidence to favor one
modality over the other. In a cohort of pediatric stem cell patients
on CRRT, CVVHD was used in 43%, followed by CVVH in 37%,
and then CVVHDF in 20% (10). In a metanalysis that included
19 randomized controlled trial, mortality was similar in the
hemofiltration versus the hemodialysis modality in patients
with acute kidney injury (42).

Drug clearance is altered by CRRT and depends on the drug’s
molecular weight, degree of protein binding, volume of
distribution, and its sieving coefficient. Drugs that are
primarily protein bound are cleared minimally during CRRT.
It is important to check blood levels for drugs if available (like
vancomycin) and adjust dosage accordingly.

Dose
CRRT dose is the volume of blood purified per unit of time. It is
usually estimated by the effluent rate (expressed in cc/kg/hr) (21).
In a metanalysis that included patients in six randomized studies,
intensive CRRT (>35 cc/kg/hr) did not reduce the risk of mortality
compared to the less intensive CRRT (<35 cc/kg/hr) (43). Another
metanalysis with 2,970 patients found 90 day mortality to be
similar between the high-dose or low-dose hemofiltration (44).
However, many studies fail to consider where the replacement
fluid is running and the effective dose, complicating interpretation
if the data presented.

Furthermore, the prescribed dose is often not the delivered
dose due to interruptions that occur during CRRT (like circuit
clotting, scheduled filter change). To compensate for the
difference between the prescribed and delivered dose, KDIGO
recommends 25–30 ml/kg/h prescription dose in order to
achieve a delivered dose of 20–25 ml/kg/h, and minimal
therapy interruptions (45).

Anticoagulation
Anticoagulation is used during CRRT to prevent filter clotting
and is achieved often with either heparin anticoagulation or
RCA-CRRT. During RCA-CRRT, about 30–70% of the
administrated citrate (192 Da) is removed by circuit depending
on the blood and fluid flow rates. The remaining citrate is
metabolized by the liver. Calcium is chelated during RCA,
therefore, continuous calcium drip is infused and titrated
according to patient ionized calcium (iCa) levels. Citrate
toxicity can occur if citrate accumulates and should be
suspected in the context of worsening metabolic acidosis, a
decrease in systemic iCa, or a total calcium/iCa ratio >2.5:1.

In a recent randomized trial in 638 critically ill adults on CRRT
that compared RCA versus systemic heparin anticoagulation,
median filter life span was significantly higher with RCA versus
heparin group (47 vs 26 h). In addition, bleeding complication was
significantly less in citrate versus heparin group (5.1 versus 16.9%)
(46). A recent review that included seven studies with 535
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participants, major bleeding was observed in 22/1,000 with RCA
versus 102/1,000 when unfractionated heparin used (47).
Therefore, citrate is a better option for anticoagulation in
children with HSCT who are at higher risk of bleeding
secondary to thrombocytopenia or coagulopathy. Clinicians may
choose not to use pharmacologic anticoagulation in patients at
high risk of bleeding, but the risk of circuit clotting and
interruption of treatment is higher. In a cohort of 103 patients
with liver failure on CRRT, filter life was significantly longer in the
RCA group versus the no-anticoagulation group (>72 versus
39.5 h) (48). However, bleeding incidence was similar in both
groups (5.1% in the RCA group versus 4.3% in the no-
anticoagulation group), suggesting that RCA use is a safe option
in patients with a higher risk of bleeding. Non-pharmacologic
measures that affect lifespan of the filter include modality;
CVVHDF modality has 44% less risk of filter clotting compared
to the CVVHD modality (49). Saline flushing at the prefilter site
didn’t increase lifespan of filter in patients who didn’t receive
anticoagulation during CRRT (50).
Infants <10 kg
CRRT in infants <10 kg is challenging for multiple reasons. To run
CRRT efficiently, large size vascular catheter is usually required, at
least 7 French, which may be difficult to insert in a small infant.
Catheter location is also critical, and upper lines are far preferable
to femoral lines to limit recirculation. In addition, the volume
needed to prime the CRRT circuit is relatively large (92 and
165 ml). The smaller CRRT circuit (Prismaflex™ M60) has a
higher risk of bradykinin release syndrome. The Prismaflex™

HF20 [extracorporeal volume (ECV) = 60 ml] is available outside
USA (51). In addition, these larger machines require higher blood
rates that can potentially lead to massive clearance rates.

CRRT circuit is usually primed with packed red blood cells
(PRBC) in these infants to reduce morbidity. However, PRBC are
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very concentrated, acidic, hyperkalemic, and hypocalcemic. The
hematocrit of 60 of the PRBC can be reduced by a mix of 1:1
PRBC: 5% albumin which will achieve an estimated hematocrit
of 35%. To normalize PH and electrolytes in PRBC, CRRT circuit
that was primed with blood can be dialyzed prior to the initiation
of CRRT using a physiological dialysate solution (52). Another
helpful approach in infants at the time of change of the CRRT
circuit is the rapid exchange technique. Rapid exchange of CRRT
is a sequential technique that transfers citrated blood from one
CRRT machine to another machine connected in series, thus,
eliminating the need for blood priming of the new CRRT circuit
(53). Few machines with smaller CRRT circuits (like
CARPEDIEM) under development and investigation will allow
the use of a smaller vascular catheter and lower blood flow rates.

Survival rate has been historically lower in children <10 kg (43
vs. 64% in children >10 kg; p < 0.01) (54). In a recent cohort of 71
infants with weights <10 kg on CRRT, survival rate was 57.7%.
After CRRT initiation, survivors had less need for vasopressor
support, lower oxygen requirement, and lower FO% (55).
Complications
CRRT is an invasive therapy with potential complications and
increased resources utilization. Insertion of a dedicated vascular
central line catheter is essential, therefore, there is introduced risk
of infection and thrombosis. In addition, electrolyte disturbances
are common (like hypophosphatemia, hypomagnesemia,
hypocalcemia, alkalosis), thus, serum electrolyte levels need to
be checked and followed closely. Hypothermia is a potential
complication and external warming may be required. Thermal
loss during CRRT may mask fever and delay recognition of
infection, so other parameters of infection should be monitored
closely. Hypotension may occur at any time during CRRT and
may necessitate the reduction of fluid removal rate or initiation/
escalation of vasopressor support.
TABLE 2 | Outcome of CRRT summary in pediatric stem cell patients.

Study # of patients Comorbidities Modality of CRRT Factors associated with mortality PICU survival (%)

Michael et al. (56) 26
11 on CRRT

MV: 77%
MV: 100% on CRRT

CVVHD (2 patients)
9 not specified

MV
Prism 2 score ≥10
<10% FO: better survival

18

Flores et al. (10) 51 MV: 73% CVVH (37%)
CVVHD (43%)
CVVHDF (20%)

MV
Higher Paw at end of CRRT

45
35 in MV cohort

Rajasekaran et al. (16) 29 MV: 82%
Vasopressors: 76%

CVVHD Lower PaO2/FiO2 at 48 h
Higher CRP at end of CRRT
Neutropenia at end of CRRT

33
>6m: 6%

Elbahlawan et al. (57) 30 MV: 100%
Vasopressors: 43%

CVVH (13%)
CVVHD (87%)

Higher Paw at 48 h post CRRT (p = 0.099) 17

Lombel et al. (58) 21 MV: 86%
Vasopressors: 57

CVVHD
CVVHDF

%FO: Not associated with mortality 61
6 m: 29%

Gilbert et al. (59) 68 (HSCT on MV)
20 (on CRRT)

MV: 100% CVVHD Respiratory dysfunction
Liver dysfunction

>35d: 10%

Raymakers-Janssen et al. (13) 68 mixed
(cancer and HSCT)
23 (HSCT)

CVVHD
CVVHDF
CVVHF

FO
Vasoactive support

54% in all cohort
39% in HSCT cohort
February 2021 | Volume
CRRT, continuous renal replacement therapy; CVVH, continuous veno-venous hemofiltration; CVVHD, continuous veno-venous hemodialysis; CVVHDF, continuous veno-venous
hemodiafiltration; MV, mechanical ventilation; FO, fluid overload; Paw, mean airway pressure; CRP, C-reactive protein; HSCT, hematopoietic stem cell transplant.
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Outcome
Mortality in children post-HSCT requiring RRT is reported to be
as high as 52–65% (Table 2) (17). Recently, ICU survival has
improved but long-term survival is still poor (16, 59). In a cohort
of 122 children requiring RRT post-HSCT, 1-year overall survival
between 1990 and 1999 was 11% with improved survival of 23%
during the more recent period between 2000 and 2009 (8). In a
recent HSCT cohort of 1,102 children, RRT was used in 11.9% of
admissions with 51.9% mortality at ICU discharge (60).

It is unknown whether one modality of CRRT is superior to
another or whether timing of initiation of CRRT changes
outcome. Randomized trials are needed to outline the best
practice to improve survival.
CONCLUSION

CRRT has many useful applications in critically ill children post-
HSCT. Fluid overload >15% is associated with higher risk of
mortality, therefore, CRRT should be considered early if other
measures to control FO fail. Beyond registry data of outcomes of
Frontiers in Oncology | www.frontiersin.org 8123
different approaches, a detailed, well-designed trial with precise
calculated and measured clearances of small, moderate, and large
molecular markers is desperately needed to improve the care of
the children post-HSCT requiring CRRT. To facilitate this, a
change in the way of thinking so that the dose of ultrafiltration
and clearance are separately defined and measured delivery
would significantly improve the understanding of how to
improve patient outcome.
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The Cornell Assessment for Pediatric Delirium (CAPD) was first proposed by the Pediatric
Acute Lung Injury and Sepsis Investigators Network-Stem Cell Transplantation and
Cancer Immunotherapy Subgroup and MD Anderson CARTOX joint working
committees, for detection of immune effector cell associated neurotoxicity (ICANS) in
pediatric patients receiving chimeric antigen receptor (CAR) T-cell therapy. It was
subsequently adopted by the American Society for Transplantation and Cellular
Therapy. The utility of CAPD as a screening tool for early diagnosis of ICANS has not
been fully characterized. We conducted a retrospective study of pediatric and young adult
patients (n=15) receiving standard-of-care CAR T-cell products. Cytokine release
syndrome (CRS) and ICANS occurred in 87% and 40% of patients, respectively.
ICANS was associated with significantly higher peaks of serum ferritin. A change in
CAPD from a prior baseline was noted in 60% of patients with ICANS, 24–72 h prior to
diagnosis of ICANS. The median change from baseline to maximum CAPD score of
patients who developed ICANS versus those who did not was 13 versus 3, respectively
(p=0.0004). Changes in CAPD score from baseline may be the earliest indicator of ICANS
among pediatric and young adult patients which may warrant closer monitoring, with
more frequent CAPD assessments.

Keywords: immune effector cell, immune effector cell neurotoxicity, Cornell Assessment for Pediatric Delirium,
immune effector cell-associated neurotoxicity, delirium
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INTRODUCTION

Advances in cellular and immunotherapies such as chimeric
antigen receptor (CAR) T-cells used in conjunction with
lymphodepleting conditioning regimens are associated with
high response rates in hematologic malignancies. Among
patients with relapsed or refractory acute lymphoblastic
leukemia, overall remission rates of almost 80% at 6 months
and durable remissions up to 24 months have been observed (1).
CARs are synthetic receptors which can be engineered ex-vivo to
human T-cells, reprogramming them to acquire anti-tumor
properties. Anti-CD19 CAR T-cells are genetically programmed
to bind CD19 antigen present on tumor cells in B-cell hematologic
malignancies and induce apoptosis (2). ThreeCART-cell products
have been approved by the Food and Drug Administration (FDA)
in the United States for the treatment of pediatric, adolescent and
young adult patients with relapsed or refractory B-cell ALL and
adults with large B-cell andmantle cell lymphomas. These second-
generation CAR T-cells utilize a CD3z signaling domain with
either a CD28 or 4-1BB (CD137) co-stimulatory domain to
promote T-cell activation and proliferation (3). Binding of CD19
on target tumor cells activates anti-CD19CART-cells independent
of major histocompatibility complex (MHC) with down-stream
intracellular signaling ultimately leading to cytokine secretion,
proliferation, and lytic activity (4).

CAR T-cell therapy may be associated with unique and
potentially life-threatening adverse effects, such as cytokine
release syndrome (CRS) and immune effector cell-associated
neurotoxicity (ICANS) (2, 5, 6). CRS is an acute systemic
inflammatory syndrome that may occur following CAR
infusion. It is characterized by fever, hypoxia and hypotension.
Activated CAR T-cells release pro-inflammatory cytokines
including IL-2, IL-6, and IFNg leading to T lymphocyte,
monocyte and macrophage activation further perpetuating a
supraphysiologic release of IL-1RA, IL-10, IL-6, IL-8, IFNa,
and other cytokines and chemokines (7). ICANS may occur
concomitantly with CRS, following resolution of CRS, or in the
absence of CRS (8). Shalabi et al. have prospectively assessed
neurotoxicity associated with anti-CD22 CART in a phase 1
clinical trial. Their evaluation included lumbar punctures, brain
MRI, cognitive evaluations and a CART specific neurologic
symptom checklist (NSC) that was completed by the caregivers
prior to cell infusion and repeated post-infusion at
approximately day 14 and day 21–28. Significant increase in
neurologic symptoms were observed around the time of CART
expansion with a significant decrease in symptoms at the final
evaluation, consistent with the general reversibility of CART
related neurotoxicity (9). Acute symptoms of ICANS may range
from subtle inattention, dysgraphia, language disturbance,
confusion/altered mental status (AMS), and may progress to
seizures or cerebral edema. Prompt diagnosis and appropriate
management of ICANS remains imperative as it may otherwise
lead to rapid clinical deterioration, warranting acute intervention
(10). The precise underlying pathophysiology of ICANS remains
poorly understood. Autopsy and animal model data suggest this
may be a disorder of the neurovascular unit related to cytokine-
Frontiers in Oncology | www.frontiersin.org 2127
mediated endothelial activation and compromise of the blood-
brain barrier leading to extravasation of inflammatory cytokines
into cerebrospinal fluid (CSF) and brain parenchyma (11).

Although the acute symptoms of toxicities such as CRS and
ICANS are generally reversible, they are associated with significant
morbidity and up to 47% of patients may require admission to an
intensive care unit (ICU) (12). Joint recommendations from the
Pediatric Acute Lung Injury and Sepsis Investigators (PALISI)
Network-Stem Cell Transplantation and Cancer Immunotherapy
(SCT-CI) Subgroup and MD Anderson CARTOX working
committees were developed to diagnose and manage these
complications in younger patients, improve safety, and
standardize monitoring (10). Subsequently, the American Society
for Transplantation and Cellular Therapy (ASTCT) developed
consensus criteria for diagnosis and grading of CRS and ICANS in
adult and pediatric patients receiving immune effector cell (IEC)
therapies such as CAR T-cells (13). Key elements of the PALISI-
CARTOX joint recommendations were adopted by the ASTCT,
including the use of the Cornell Assessment for Pediatric Delirium
in the assessment of ICANS in pediatric patients (10, 13, 14).

In adults, the 10-point Immune Effector Cell-Associated
Encephalopathy (ICE) score (Supplementary Figure 1) is used
for the grading of ICANS together with other neurologic
domains, such as level of consciousness, motor symptoms,
seizures, and signs of elevated ICP/cerebral edema (13). The
ICE score was adopted by the ASTCT as a modification of the
CARTOX-10 score and consists of assessments regarding
orientation, naming, ability to follow commands, writing and
attention (7, 13). Dysgraphia, in particular, has been noted to be
an early indicator of ICANS in adult patients (7). Although the
10-point ICE screening tool provides a reliable, objective grading
system for adults, the tool is inappropriate for children
particularly for those younger than 12-years of age or among
developmentally delayed patients. The Cornell Assessment of
Pediatric Delirium (CAPD) was developed and validated as a
rapid screening tool for delirium in pediatric intensive care units
(Supplementary Figure 2). The tool has been validated for up to
21 years of age and developmental anchor points may be used to
ensure appropriate assessments (14). Recently, CAPD has been
suggested for potential use in adolescent & young adult patients
up to 25 years of age (15). CAPD is specifically used in lieu of the
ICE score for ICANS assessment in children (13).

To date, the impact of CAPD as a screening tool for early
recognition of ICANS in patients receiving CART therapies has
not been fully described. Although a CAPD score < 9 does not
signify delirium present, we hypothesized that a rise in CAPD
scores in patients from their clinical baseline may be associated
with increased risk for ICANS.
MATERIALS AND METHODS

We conducted a retrospective study of all patients receiving
standard-of-care CAR T-cell products, aged 25 years or younger
treated at the Children’s Cancer Hospital at MDAnderson Cancer
Center, from March 2018 through April 2020. This study was
March 2021 | Volume 11 | Article 634445
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approved by our institutional review board. Data were collected
from electronic medical records. All patients receiving standard of
care CAR T-cell therapies were admitted to our inpatient unit for
lymphodepletion until a minimum of day + 7 following infusion
per our standard guidelines during the study period. Supportive
care and monitoring for development of CRS and ICANS were
performed based on institutional guidelines as previously
described (prior to adoption of ASTCT guidelines) (10).

During phased implementation of ASTCT guidelines, patients
had assessments performed which fulfilled both our pre-existing
institutional and ASTCT guidelines. Therefore, CAPD was
assessed in patients receiving CAR T-cell therapy (up to age 25
years), as was a hand-writing sample when possible (including
patients < 12 years), beginning at admission prior to
lymphodepletion. As CAPD has only been validated in patients
up to 21 years and is recommended by ASTCT for use in patients
younger than 12 years, the CARTOX-10 score was assessed for
patients ≥ 12 years of age, if developmentally appropriate. During
phased implementation of the ASTCT grading, ICE scores
replaced CARTOX-10 assessments. ICE and CARTOX-10 scores
were considered equivalent for the purpose of this study which is
focused on CAPD. Both CAPD and ICE scores, where applicable,
were assessed and recorded at minimum twice per day (beginning
on the day of admission for lymphodepletion) by the patient’s
assigned nurse at each end-of-shift which were reviewed and
confirmed by the treating physician daily.

We retrospectively re-graded patients, where necessary, based
on prior documentation in accordance with current ASTCT age-
appropriate ICANS grading recommendations (Supplementary
Figure 3) (13). There is no Common Terminology Criteria for
Adverse Events Version 5.0 (CTCAE v5) specific for ICANS or
neurotoxicity related to cellular therapy. Generalized CTCAE
neurologic adverse events (AE) were also retrospectively assessed
based on the maximum clinical neurological sign or symptom
documented (16). All neurological data including clinical
presentation, ICANS scoring, electroencephalography (EEG),
CSF and magnetic resonance imaging (MRI) data were
reviewed by a board-certified neurologist while the MRI also
reviewed by a board-certified neuroradiologist. All patients were
started on levetiracetam for anti-epileptic prophylaxis beginning
after admission prior to cell infusion and continued for a
minimum of 30 days after cell infusion.

In this study, a patient’s baseline CAPD score is defined as the
mean of the first 2 CAPD scores in the first 24 h of admission for
lymphodepletion prior to CAR T-cell infusion. Delta CAPD is
defined as the change from this baseline to maximum CAPD
score. Descriptive statistics were used to summarize the
demographics of this retrospective sample. Two tailed, two
samples equal variance t-tests were used to compare the
differences in delta CAPD scores and serum biomarkers.
RESULTS

Demographics
Demographics are summarized in Table 1. A total of 15 patients
received standard of care CAR T-cell therapy during the study
Frontiers in Oncology | www.frontiersin.org 3128
period. Underlying diagnosis was pre-B cell ALL in the majority
(n=14) of patients (received tisagenlecleucel) and primary
mediast inal large B cel l lymphoma (n=1; received
axicabtagene ciloleucel).

CRS/ICANS
Cytokine release syndrome (CRS), median CRS grade 2 (range
1–4), was observed in 13 of 15 (87%) patients with onset at a
median of 6 days post CAR T-cell infusion (range 2–11).
Immune effector cell-associated neurotoxicity syndrome
(ICANS), median ICANS grade 3 (range 2–3), occurred in six
of 15 (40%) patients with onset at a median of 8 days post CAR
T-cell infusion (range 5–12 days). All cases of ICANS occurred
concurrently with CRS at a median time of 2 days following
onset of CRS (range 0–10 days). No patients developed late onset
or recurrent ICANS. No significant differences in age (p=0.7),
gender (p=0.6), product type (p=0.4), or presence of CNS disease
(p=0.32) between patients who developed ICANS and those who
did not were detected.

CAPD and ICANS Screening
Baseline CAPD was assessed in all patients and serial CAPD
assessments were available for 14 patients. One patient over 21
years of age, had serial ICE but did not have consistent CAPD
assessments performed. The CARTOX-10/ICE score was
calculated for patients ≥ 12 years of age if developmentally
appropriate (n=11). Baseline CAPD scores ranged between 0
and 2 for most patients (n=14); a patient with Trisomy 21 had
baseline CAPD score ranging from 2 to 4. No change in baseline
CAPD was detected within 48 h of starting levetiracetam for any
patient in our cohort. As expected, we observed a wider variation
in CAPD score from baseline (delta CAPD) in patients who
developed ICANS than those who did not. The median change
from baseline to maximum CAPD of patients who developed
ICANS versus those who did not was 13 (n=5, range 4–16) versus
3 (n=9, range 1–4), respectively (p=0.0004). Among evaluable
patients who developed ICANS, the median peak CAPD score at
diagnosis was 14 (n=5, range 5–16). All patients >18 years old
with ICANS (n=4) had baseline ICE scores of 10 and median ICE
score of 1 (range 0–3) at the time of diagnosis of ICANS.

In the five patients that developed ICANS with CAPD scores
available for assessment, three developed changes in CAPD
scores above their baseline, a minimum of 24 h prior to
ICANS diagnosis (range 24–72 h), with a mean rise in CAPD
score by seven points (range 3–10) 24 h prior to diagnosis. Two
of these patients (Table 1, Patients 2 and 6) had an initial
increase in CAPD > 9, with delirium that was initially
attributed to causes other than ICANS (pain medication). Both
later developed ICANS with further increase in CAPD scores and
other overt manifestations of ICANS. The remaining patients
(n=2) had simultaneous occurrence of first CAPD change above
baseline, maximum CAPD, and diagnosis of ICANS. For the
patients under 12 years of age (n=3), two developed ICANS and
both showed an initial change above baseline 72 h and 48 h prior
to ICANS diagnosis, respectively (Figure 1).

Two out of six patients developed aphasia at time of ICANS
and all six patients had altered mental status or decreased level of
March 2021 | Volume 11 | Article 634445
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TABLE 1 | Patient demographics and details of toxicities including CRS and ICANS.

ICANS Onset
from Infusion
& Treatment

Baseline
CAPD

First
Increase

CAPD prior
to ICANS

Max.CAPD
prior to
ICANS

Max.
CAPD

Min.
ICE

CTCAE
V5

Neurotoxicity

ICANS
Duration

9 days;
dexamethasone

0 48 h 4 N/A 3 Grade 2:
Moderate
disorientation
and dysphasia

< 24 h

7 days;
dexamethasone

1 72 h 10 14 – Grade 3:
Severe
disorientation
and dysphasia

96 h

6 days;
dexamethasone

1 0 h 0 14 1 Grade 3:
Severe
disorientation
and dysphasia

24 h

12 days;
dexamethasone

1 48 h 4 5 – Grade 2:
Seizure

< 24 h

5 days 0 0 h 0 7 0 Grade 3:
Severe
somnolence

< 24 h

8 days;
dexamethasone

0 24 h 10 16 1 Grade 3:
Severe
disorientation
and dysphasia

168 h

des correspond to current ASTCT consensus grading guidelines. Resolution of ICANS corresponded to return of
ICE scores and did not have CAPD scores available around the time of ICANS diagnosis.
heresis; PLD, pre-lymphodepletion; WBC, white blood cell; AMS, altered mental status; GTC, generalized tonic-
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Pt Age
(years)

Gender Primary
Diagnosis

Disease
Burden

CART
Product

Max.
CRS
Grade

Max.
ICANS
Grade

Symptoms CRS Onset
from

Infusion &
Treatment

1 23 M Pre-B ALL,
BM relapse

PLD PB:
WBC 13.5
K/ml,
Blasts 14%

Tisagen-
lecleucel

3 2 AMS,
dysgraphia

7 days;
tocilizumab ×
4 doses

2 8 F Pre-B ALL,
BM and CNS
relapse

PLD BM:
Blasts 30%,
MRD 20%

Tisagen-
lecleucel

3 3 AMS,
aphasia,
dysgraphia

6 days

3 18 F Primary
Mediastinal
Large B-cell
Lymphoma

PLP PETCT:
Disease
progression,
Deauville
score 5

Axicabta-
gene
Ciloleucel

1 3 AMS,
dysgraphia

6 days;
tocilizumab ×
1 dose

4 9 M Pre-B ALL,
BM and CNS
relapse

PLD PB:
WBC 4.2 K/
ml,
Blasts 1%
PLP BM:
MRD 96%

Tisagen-
lecleucel

4 3 GTC
Seizure,
AMS,
dysgraphia

2 days;
tocilizumab ×
3 doses,
siltuximab

5 22 F Pre-B ALL,
breast relapse

PLP BM:
Blasts 3%,
MRD
negative

Tisagen-
lecleucel

1 3 AMS,
aphasia

3 days;
tocilizumab ×
1 dose

6 25 F Pre-B ALL,
BM and CNS
relapse

PLD PB:
WBC 9.4 K/
ml, Blasts
37%

Tisagen-
lecleucel

3 3 AMS,
dysgraphia

7 days;
tocilizumab ×
4 doses

Baseline CAPD assigned is the mean of the first two CAPD scores after admission prior to cell infusion. CRS and ICANS gra
CAPD score to patient’s baseline and resolution of symptoms as documented by clinical assessments. Patient 1 had serial
ALL, acute lymphoblastic leukemia; PB, peripheral blood; BM, bone marrow; CNS, central nervous system; PLP, pre-leukap
clonic; CTCAE, Common Terminology Criteria for Adverse Events.
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consciousness. Patient 6 developed ICANS with waxing and
waning confusion associated with CAPD scores that slowly
returned to baseline over the course of seven days (Figure 1).
As outlined in Table 1, two patients developed ICANS with acute
events including seizure and depressed level of consciousness
without detectable preceding delirium. Patient 4 (Table 1)
developed a brief (2 min), generalized tonic-clonic (GTC)
seizure (grade 3 ICANS) 10 days following onset of CRS. This
patient had been admitted to ICU prior to CART infusion for
acute renal failure (tumor lysis syndrome) requiring continuous
renal replacement therapy. He then developed grade 4 CRS (with
four episodes of pulseless electrical activity requiring
cardiopulmonary resuscitation) and received anti-cytokine
therapy per our institutional guidelines at that time (10). At
ICANS diagnosis, computerized tomography (CT) of the brain
did not show any acute changes. EEG demonstrated generalized
slowing without epileptiform discharges. Patient 5 (Table 1) had
a self-limited brief episode of altered mental status and aphasia
that was identified by an abnormal ICE score at that time, with a
change in CAPD score from baseline, (though this score
remained <9 as she was appropriately scored based on her
status over a shift period and not solely based on that
individual timepoint).

Five out of the six patients (83%) who developed ICANS had
changes in handwriting (either new inability to write (n=4) or
abnormal writing sample (n=1). For the patients who were under
12 years of age, both were acutely unable to produce a writing
sample (delirium present). In all patients, handwriting changes
were noted either in the immediate period (within 12 h) prior to
or at the time of ICANS diagnosis. As shown in Table 1, CTCAE
v5 grade based on the maximum clinical neurological signs or
Frontiers in Oncology | www.frontiersin.org 5130
symptoms observed, corresponded to comparable maximum
ICANS grades in our cohort.

Imaging, Electroencephalograms, and
Lumbar Punctures
Baseline brain MRI was obtained in all patients prior to cell
infusion. Several (n=4) patients in both groups, (with/out
ICANS), were noted to have subtle diffuse periventricular
white matter (PVWM) changes on T2/FLAIR sequences
(Table 2). Subsequent to developing ICANS, neuroimaging
(MRI and/or CT) was obtained in all patients with ICANS
(n=6) with unremarkable findings. As delineated in Tables 1
and 2, patient 1 had baseline PVWM changes of higher intensity
than would be expected for patient age as well as progression of
non-specific, diffuse PVWM changes after developing ICANS.
Patient 4 had stable, small bilateral subdural hematomas
unchanged from baseline. Two patients that did not develop
ICANS also demonstrated progression of non-specific, diffuse
PVWM changes. EEG was not obtained at baseline routinely,
however was obtained in 5 affected patients at the time of ICANS
which all (n=5) demonstrated generalized slowing and diffuse
disturbance of cerebral activity and 1 with additional frontal
intermittent rhythmic delta activity (FIRDA) or frontal slowing
(Table 2). In the remaining patient, EEG electrode placement
was unable to be tolerated due to agitation.

Lumbar puncture was not performed at the time of ICANS in
any patient (n=6). Lumbar puncture was performed in a single
patient (Table 1, Patient 6) with history of ICANS following
discharge after presenting emergently with altered mental status
5 weeks after CAR T-cell infusion and 3 weeks after resolution of
ICANS. Cerebrospinal fluid demonstrated sterile lymphocytosis
FIGURE 1 | Timeline in days of toxicity, CRS and ICANS, onset and offset for patients that developed ICANS with corresponding trend of CAPD scores with day 0
representing day of cell infusion. Patient numbers corresponding to Table 1. Patient 1 had serial ICE scores and did not have CAPD scores available around the
time of ICANS diagnosis. Patient 6 developed ICANS which slowly returned to baseline over the course of seven days.
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without evidence of blast cells. The patient was subsequently
diagnosed with acute multi-substance intoxication.

Serum Biomarkers
Baseline c-reactive protein (CRP) and ferritin prior to CAR T-cell
infusion as well as peak levels derived from serial measurements
were obtained in all patients (n=15). All patients developed
marked elevations in both CRP and ferritin. The average peak
CRP (mg/L) in patients with ICANS compared to patients that did
not develop ICANS were 190 mg/L (n=5, range 94-300) and 173
mg/L (n=9, range 74-300), respectively (p=0.7). The average peak
ferritin (ng/mL) in patients with ICANS compared to those
without were 56,010 (n=6, range 1,905–128,000) and 10,640
(n=9, range 1,075–44,000), respectively (p=0.04). Pro-
inflammatory cytokines interleukin 6 (IL-6), tumor necrosis
factor a (TNFa), and interferon g (IFNg) were assessed at
baseline prior to CAR T-cell infusion in 12 patients and peak
levels derived from serial measurements were obtained in 13
patients. The average peak IL-6 (pg/mL) in patients with ICANS
compared to patients that did not develop ICANS were 49,560
(n=4, 157–181,000) and 1,890 (n=9, range 14–10,660),
respectively, although this did not meet statistical significance
(p=0.11). Similarly, the mean peak IFNg (pg/mL) in patients with
ICANS compared to patients without were 35,160 (n=4, range 14–
113,300) and 700 (n=9, range 0–5,696), respectively, although this
did not meet statistical significance (p=0.07).

Intensive Care Support
All patients with ICANS required transfer to ICU. Two were
specifically transferred to the ICU for ICANS monitoring but did
not require any critical care interventions. The other patients
developed ICANS while in ICU (n=2) for management of grade 3
CRS (hypoxia n=1, hypotension n=1) or developed ICANS while
in ICU (n=2) having been admitted there prior to CART cell
infusion for renal failure and respiratory failure, respectively. The
remaining patients without ICANS (n=9) did not require
intensive care (n=5) or required intensive care (n=4) for
management of CRS (n=2), for management of complications
Frontiers in Oncology | www.frontiersin.org 6131
related to primary disease after failed CART-cell therapy (n=1)
or were in ICU prior to CAR T-cell infusion for respiratory
failure (n=1).

Treatment
Of the six patients with ICANS, five received the IL-6 receptor
monoclonal antibody, tocilizumab, for concurrent CRS.
Tocilizumab was administered prior to the development of
ICANS in three patients for the treatment of CRS. Tocilizumab
was administered at the onset of ICANS in a total of two patients
with concurrent grade 1 CRS after 12-h and 48-h of fever,
respectively. Dexamethasone was administered (total n=6) for
specific management of ICANS.

Primary Disease Assessment and Long-
Term Follow-Up
All patients had disease assessment around 30 days post CAR T-
cell infusion. Of patients with pre-B ALL (n=14), nine patients
were MRD negative and one patient had morphologic remission
with incomplete hematologic recovery. The remaining patients
had confirmed refractory leukemia on bone marrow biopsy
(n=3) and/or circulating peripheral blasts (n=1). Of the six
patients with ICANS, only one did not respond to CAR T-cell
therapy with 30-day evaluation demonstrating 68% blasts in
bone marrow. At a median follow-up of 9 months (range 3–28
months), we found no significant differences in ICU survival, 30
day remission rates and/or relapse free survival and/or overall
survival and/or performance scores (Lansky/Karnofsky) between
patients that developed ICANS and those that did not.

DISCUSSION

Among adult patients receiving IEC therapies, the ICE score is
used to assess mental status and promptly detect ICANS, but this
may not be appropriate for younger children and those with
developmental delay. The CAPD screening tool may be used in
children to detect delirium, which is present in more than 25% of
patients admitted to pediatric intensive care units (17–19).
Delirium is an acute syndrome with fluctuating awareness and
cognition, and it may be an early indicator of ICANS. In general,
children diagnosed with delirium have increased short- and
long-term morbidity, and sometimes excess mortality, but the
extent to which this is true among patients who develop ICANS
remains to be clearly defined (20–22).

The CAPD assesses pediatric delirium within the context of
child development by comparing the detection of specific items
on a scale addressing consciousness, cognition, orientation,
psychomotor activity, and affect/distress with anchor points
that characterize the development of the patient by age groups
(23, 24). CAPD has been validated as a tool for detection of
delirium in critically ill and/or younger oncology patients (14, 25,
26). The tool has also been successfully implemented across
different cultures and in different languages (27–29). An earlier
report, suggests that the CAPD is a sensitive screen for ICANS
among patients with relapsed or refractory B‐ALL who were
enrolled in phase I of an open label phase I/II clinical trial
TABLE 2 | Neuroimaging and evaluation study findings in patients with ICANS.

Pt Baseline MRI Findings MRI Findings at time of
ICANS

EEG Findings
at time of
ICANS

1 Pineal cyst, PVWM changes
higher intensity than
expected for age

Unchanged pineal cyst,
mild progression of PVWM
changes

Diffuse slowing

2 PVWM changes Unchanged PVWM
changes

Not available

3 Unremarkable Unremarkable Diffuse slowing
with prominent
FIRDA

4 Bilateral SDH Stable bilateral SDH Diffuse slowing
5 Unremarkable Unremarkable Diffuse slowing
6 Unremarkable Unremarkable Diffuse slowing
Baseline MRIs for this purpose are the most recent available study prior to CAR T-cell
infusion.
MRI, magnetic resonance imaging; EEG, electroencephalogram; PVWM, periventricular
white matter; SDH, subdural hematoma; FIRDA, frontal intermittent rhythmic delta activity.
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(clinicaltrials.gov NCT02028455) of CD19‐directed, 4‐1BB co-
stimulated CAR T-cells (SCRI‐CAR19v1) (30).

CAPD may be a useful tool for the early detection of delirium
and even ICANS in patients receiving CAR T-cells. This may be
particularly evident in patients less than 12 years of age as in our
cohort, CAPD was noted above baseline at 48 and 72 h,
respectively, prior to the diagnosis of ICANS. Among those
with a change in CAPD, more frequent assessments may be
indicated. As CAPD is an assessment of delirium based on
summary observations over time, the intervals between CAPD
assessments may be guided by changes in clinical status.

While delirium is an early indicator of ICANS in patients
receiving CAR therapies, it is important to consider the differential
diagnosis. Patients who have received CAR therapies and develop
fever and hypotension may have CRS, but it is also important to
rule out infection and when appropriate, initiate empiric sepsis
anti-microbial coverage. Similarly, among CART patients with a
CAPD score >9, it is important to consider the contribution of
other factors such as sepsis, benzodiazepines, opioids,
anticholinergics and poor sleep hygiene (26). While independent
associations between steroid administration and development of
delirium have been described, in the setting of ICANS, steroids are
an important abortive treatment (31). For patients that have not
been placed on prophylactic seizure medications, a rise in CAPD
could serve as an indicator to begin. While prospective studies are
needed to elucidate whether delirium from other causes and a
rising CAPD from baseline may increase the risk of ICANS, a
CAPD score > 9 warrants more frequent monitoring and
interventions to reverse delirium.

Although there has been evidence reported for the utility of
baseline biomarkers levels as predictors of ICANS, we were
unable to detect predictive biomarkers among those tested in
our cohort. Biomarkers such as ApoA1 and Angiogenin levels at
baseline, and changes in ApoA1 or Angiogenin over time, may
indicate risk of ICANS (32). Dysgraphia appears to be a specific
finding among patients with ICANS, but changes in CAPD were
the earliest indicator of ICANS in our cohort. Pediatric ICU
outcomes did not differ among patients with/out ICANS. Despite
relatively high critical care admission rates, overall resource
utilization studies among adult CAR T patients suggest that
organ failure scores should not guide decisions about limiting
treatment. Rather, reversibility of the underlying pathology may
be the most important factor for survival (33). This may also be
true for patients with ICANS in the PICU. In our cohort, while
one patient had brief generalized tonic clonic seizure, on EEGs
obtained at time of ICANS, diffuse disturbance of cortical activity
demonstrated as generalized slowing was a consistent finding in
all patients and one additionally with frontal lobe slowing or
Intermittent Rhythmic Delta Activity (FIRDA). Seizures and
other non-epileptiform activity seen on EEGs including both
diffuse slowing and FIRDA have been reported as known
findings at the time of ICANS (13). While follow-up EEG is
not considered essential when patients improve clinically, it may
be a useful practice to follow EEG findings for resolution, as we
seek to better understand the long-term outcomes of patients
with ICANS. Neuroimaging at baseline and on long-term follow-
Frontiers in Oncology | www.frontiersin.org 7132
up may also improve our understanding of the significance and
natural course of observed PVWM changes in some patients.

Our study is limited by the retrospective design as well as the
overall small sample size of 15 having received CAR T-cell
therapy, with 9 pediatric patients (aged 18 years and younger)
and only three pediatric patients in the ICANS cohort.
Additionally, CAPD has been validated as a delirium screening
tool in patients up to the age of 21 years; however, it is analyzed
here in young adult patients up to age 25 years which further
limit the strength of our findings. Differentiating the specific
causes of delirium (medication versus ICANS for example), that
may be present in patients receiving CART therapy, was outside
the scope of this study, but warrants further investigation.

In summary, a rising CAPD score may represent the earliest
indicator of ICANS in pediatric and young adult patients receiving
standard of care CD19-directed CAR T-cell therapy and may be an
indication for more frequent assessments and closer monitoring.
These findings, including the utility of CAPD in patients aged 21 to
25 years, warrant validation in larger prospective cohorts.
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Supplementary Figure 1 | Immune-effector cell-associated encephalopathy
assessment tool for the grading of ICANS. A score of 10 represents no impairment,
7–9 grade 1 ICANS, 3–6 grade 2 ICANS, and 0–2 grade 3 ICANS. A score of 0 due
to patient being unarousable and unable to perform assessment corresponds to
grade 4 ICANS.

Supplementary Figure 2 | Cornell Assessment of Pediatric Delirium.
Encephalopathy assessment tool for children < 12 years of age adapted by ASTCT.
Frontiers in Oncology | www.frontiersin.org 8133
Scores between 1-8 may represent no impairment, grade 1 or grade 2 ICANS and
must be combined with clinical assessment. Score > 8 corresponds to grade 3
ICANS. If unable to perform CAPD due to patient being unarousable, corresponds
to grade 4 ICANS.

Supplementary Figure 3 | ASTCT ICANS Consensus Grading. ICANS grade is
determined by the most severe event (ICE or CAPD score, level of consciousness,
seizures,motor findings, raised ICP/cerebraledema)not attributable toanyothercause.
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Introduction: Children with underlying oncologic and hematologic diseases who require
critical care services have unique risk factors for developing functional impairments from
pediatric post-intensive care syndrome (PICS-p). Early mobilization and rehabilitation
programs offer a promising approach for mitigating the effects of PICS-p in oncology
patients but have not yet been studied in this high-risk population.

Methods: We describe the development and feasibility of implementing an early mobility
quality improvement initiative in a dedicated pediatric onco-critical care unit. Our primary
outcomes include the percentage of patients with consults for rehabilitation services within
72 h of admission, the percentage of patients who are mobilized within 72 h of admission,
and the percentage of patients with a positive delirium screen after 48 h of admission.

Results: Between January 2019 and June 2020, we significantly increased the
proportion of patients with consults ordered for rehabilitation services within 72 h of
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admission from 25 to 56% (p<0.001), increased the percentage of patients who were
mobilized within 72 h of admission to the intensive care unit from 21 to 30% (p=0.02), and
observed a decrease in patients with positive delirium screens from 43 to 37% (p=0.46).
The early mobility initiative was not associated with an increase in unplanned extubations,
unintentional removal of central venous catheters, or injury to patient or staff.

Conclusions:Our experience supports the safety and feasibility of early mobility initiatives
in pediatric onco-critical care. Additional evaluation is needed to determine the effects of
early mobilization on patient outcomes.
Keywords: post-intensive care syndrome, pediatric oncology, early mobility, physical therapy, occupational
therapy, delirium, quality improvement
INTRODUCTION

Survivorship for children with malignancies has significantly
improved in recent decades as a result of improved understanding
of cancer genomics and immunology, diagnostic modalities, risk
stratification, targeted therapies, and early recognition and treatment
of complications (1–5). However, up to 40% of these children still
require critical care therapies for factors specific to their oncologic
disease (6). These factors include immunosuppression and a
dysregulated inflammatory response secondary to malignant bone
marrow infiltration and chronic glucocorticoid use, infection from
long-term indwelling central venous catheters, and acute and chronic
organ toxicity from chemotherapy agents (7). Additionally, patients
who undergo hematopoietic cell transplant (HCT) are subject to
unique complications such as graft-versus-host disease, idiopathic
pneumonia syndrome, diffuse alveolar hemorrhage, and sinusoidal
obstruction syndrome, which further increases critical care
utilization, intensive care unit (ICU) morbidity, and mortality in
these patients (7–12). Furthermore, post-HCT patients and those
with underlying malignancies who require critical care have higher
rates of resource utilization, such as invasive mechanical ventilation,
vasoactive infusions, and continuous renal replacement therapy, as
well as higher mortality, when compared to the general inpatient
pediatric population (6).

In recent years, with an overall improvement in ICU mortality,
there has been a paradigmshift towards decreasing patientmorbidity
bothduringhospitalization and after discharge (13).However, owing
to the pathobiology common to critically ill patients, such as those
with sepsis, respiratory failure, cardiovascular collapse, and trauma,
the focus of critical care treatment has historically been centered
around establishing and maintaining hemodynamic stability,
endotracheal intubation, and mechanical ventilation, which
commonly involves immobilization and sedation. This kind of care
often requires the use of opiate analgesics and benzodiazepines,
produces continuous noise in the critical care environment, and
entails frequent nursing care and invasive interventions (14–16).
Although these interventions may be necessary, they disrupt the
sleep-wake cycle, increase delirium, impair immunity, cause
catabolism, and lead to other chronic physiologic impairments
such as disuse atrophy of lean muscle mass, pressure ulcer
formation, worsened pulmonary function and cardiac indices, and
insulin resistance (15, 17). These sequelae put patients at risk of
2136
pediatric post-intensive care syndrome (PICS-p), a constellation of
physical, cognitive, emotional, and social impairments seen in
children and their caregivers, even after hospital discharge (14, 18–
23). Additionally, an underlying oncologic diagnosis has been
identified as an independent risk factor for acquiring critical care-
related functional and cognitive impairments in pediatric
patients (24).

Early mobility is a promising therapeutic option that
addresses many of these issues. Although adult studies suggest
clinical benefit from early mobility and rehabilitation (25–27),
the use of rehabilitation resources is low in the pediatric
population, with a point prevalence of 35–39% (28, 29). Early
mobility-based rehabilitation programs designed to increase
mobilization within 72 h of ICU admission in pediatrics are
reported to be both safe and feasible and to increase physical/
occupational therapy consults and early mobilization events (30–
34). However, given the unique needs of the pediatric oncologic
population, which has high rates of critical illness, acuity, and
mortality, we identified a need to develop and implement an
early mobility-based rehabilitation program (BRAVE—Beginning
RestorativeActivitiesVery Early) in our onco-critical care unit and
evaluate safety and feasibility.
METHODS

Overview of Project Design and Setting
The BRAVE early mobility initiative is a quality improvement
(QI) project that was developed with the global aim of improving
short- and long-term functional outcomes by decreasing the
prevalence and effects of PICS-p in an onco-critical care unit.
BRAVE was designed as a multidisciplinary, collaborative
approach to change culture and practice through integration of
the 4 Es: engage, educate, execute, and evaluate (35). BRAVE was
adapted from the Johns Hopkins PICU Up! early mobility
program (30) to meet the needs of our specialty unit.

BRAVE was implemented in the ICU of St. Jude Children’s
Research Hospital (St. Jude), an academic, quaternary care center
focusedonprovidingmedical care for childrenwith awide rangeof
oncologic and hematologic disorders. The ICU is a combined
medical–surgical unit consisting of eight critical care beds and four
step-down beds, all single-patient rooms with an attached parent
March 2021 | Volume 11 | Article 645716
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room. This ICU provides care for children with underlying
malignancies, hematologic disorders, and those who have
undergone HCT. Children ages 1 day to 21 years who required
ICU or step-down admission were eligible for early mobility.
Exclusion criteria included patients with an open chest or
abdomen, unstable fractures, or with provider-placed medical order
specifying otherwise. The BRAVE initiative was implemented
without any additional personnel or equipment resources.
Data Acquisition
A retrospective review of the medical records for all critical care
and step-down admissions from January 2019 through June 2020
was performed. The analysis was divided into two 9-month
periods: pre-BRAVE implementation (January-September
2019) and post-BRAVE implementation (October 2019–June
2020). This QI project was comprehensively reviewed and
acknowledged as “Non-Human Subjects Research- Quality
Improvement” by the St. Jude Institutional Review Board.
Demographics, mobility data, and delirium screens were obtained
from the electronic medical records. Illness severity index was
provided by Virtual Pediatric Systems, LLC.
Quality Improvement Process
For this QI initiative, we created an interprofessional team called the
BRAVE Core Group. Participation in the BRAVE Core Group was
open to all interested staff and had representative champions from
each of the following professions: critical care physicians, advanced
practitioners (AP), nursing staff, occupational therapy (OT),
physical therapy (PT), child life, speech language pathology,
respiratory therapy, psychology, psychiatry, pain team, and
rehabilitation medicine, quality/patient care, and clinical analytics.
This group of early mobility champions met weekly for over 12
months to engage and educate ICU staff on this QI project prior to
its execution and evaluation.

Engagement
Because of the interprofessional collaboration required for a
successful early mobility initiative, members from each of the
disciplinary teams within the BRAVE Core Group conducted
focus groups to discuss the problem, identify potential facilitators,
and address potential barriers to early mobility. Based on feedback
from these focus groups and review of the available medical
literature, the B.R.A.V.E Core Group developed specific guidelines
to safely and effectively implement early mobility in the pediatric
ICU. These guidelines outline the different activity levels, required
resources, and criteria for cessation and reevaluation of an activity.
Leaders from the Johns Hopkins PICU Up! Program presented a
hospital-wide Grand Rounds to generate institution-wide
enthusiasm for this early mobility initiative.

Education
Educational resources regarding the BRAVE initiative were
developed for all staff members who treat patients in the ICU.
In October 2018, members of the BRAVE Core Group attended
the Johns Hopkins Critical Care Rehabilitation Conference to
Frontiers in Oncology | www.frontiersin.org 3137
learn from the experiences of the PICU-Up! early mobility team
(30). Using information obtained from this conference, the
BRAVE Core Group developed formal education materials
including a required online learning module for all ICU teams
and rotating specialty teams, simulation training for nursing staff
and respiratory therapists, and educational handouts for families
on admission to the critical care unit (Supplementary Figure 1).
The online module provided a review of the early mobility
literature in critically ill patients, an overview of the BRAVE
initiative, and several interactive case-based scenarios designed
to illustrate the application of BRAVE. Additional educational
materials included lectures by the team leader on early mobility,
delirium, and ventilator asynchrony, as well as handouts and
pocket cards that summarized the levels and activities of BRAVE
early mobility.

Execution
The BRAVE Core Group used the ABCDEF ICU liberation bundle
as a template to develop SMART aims and key drivers targeting
early mobilization and delirium (36–39). Although early mobility
and delirium represent only two components of the ABCDEF
bundle, the other aspects must also be addressed to make early
mobility possible and to decrease the effects of PICS-p in the long
term. As such, BRAVE incorporates early mobility within a broader
context of pain/delirium management, optimizing extubations,
family/caregiver involvement, and good sleep. As part of BRAVE,
we implemented serial Plan-Do-Study-Act (PDSA) cycles to target
each component of the ABCDEF bundle (39) (Figure 1).

For early mobility, the SMART aim was to increase the percent
of patients mobilized within 72 h of admission from our baseline of
21% to 80% within 9 months of implementation (Figure 2). For
delirium, the SMART aim was to decrease the proportion of
pediatric ICU patients with a positive delirium screen after 24 h
of admission from 43% to 30% within 9 months of implementation
(Figure 3). Specific key drivers included empowering skilled,
knowledgeable nurses to integrate mobilization activities early in
care, encouraging effective communication among pediatric ICU
staff, optimizing order entry for rehabilitation service consultations,
targeting appropriate sedation for safe activity participation,
standardizing extubation readiness trials, and allowing for
uninterrupted sleep at night. These key drivers were implemented
through various PDSA cycles, such as developing a delirium
pathway that includes standardized delirium screening with the
Cornell Assessment for Pediatric Delirium (CAPD) (40, 41), nurse-
engaged rounds, streamlining nursing documentation of sedation
and delirium scores, making extubation readiness trail discussions a
daily part of rounds, and integrating PT and OT consults as part of
the ICU admission order set.

Evaluation and Outcome Measures
After the start of BRAVE, the Core Group met bimonthly to
review outcomes, evaluate the effects of each PDSA cycle, and
discuss changes as necessary. Additionally, the group sent an
anonymous response questionnaire to the entire pediatric ICU
staff to collect general feedback about early mobility and ongoing
barriers to mobilizing the critically ill child. At the conclusion of
the post- implementation period, the group reviewed the data to
March 2021 | Volume 11 | Article 645716
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evaluate the primary and secondary outcomes using a pre-/
post- design.

In keeping with our SMART aims, the primary outcome
measures for this study were the proportion of patients with
physician- or AP- placed consult orders for OT and/or PT within
72 h of ICU admission, the proportion of patients who received
an early mobility activity provided by rehabilitative services, and
the percentage of positive delirium screens after 24 h of ICU
admission. For early mobility, we evaluated outcomes in two
cohorts of patients, those with length of stay (LOS) > 48 h and
those with all LOS. For delirium screens, we evaluated patients
with LOS > 48 and excluded those with positive screens < 24 h of
admission, as those patients were thought to have symptoms of
delirium prior to admission to the ICU. Secondary outcome
measures included the type of early mobilization activities
performed, perceived and identified barriers to early mobility,
deferral and adverse events during rehabilitation interventions,
and doses of sedative and analgesic infusions.
Early Mobility Activities
At our institution, both OT and PT specialists are available to
evaluate and treat ICU patients, but they require a formal and
separate consult order to be placed by physicians or APs. PT services
focus on gross motor skills such as transfers and ambulation
whereas OT focuses on sensory stimulation, relaxation techniques,
Frontiers in Oncology | www.frontiersin.org 4138
self-care training, and edema management. Both physical and
occupational therapists provide therapies directed towards
increasing strength and range of motion as well as functional
mobility skills and splinting (Supplementary Figure 2).

An early mobility activity was defined as any activity intended to
maintain or restore musculoskeletal strength and function that was
performed within the first 72 h of admission to the ICU. Activities
could be passive or active and included in-bed and out-of-bed
interventions (Box 1) that were administered by rehabilitation
therapists, nursing staff, or family members/caregivers. The level
of activity was discussed during daily medical rounds, determined
by the stability of a patient’s status and the amount of medical
support required, and written on a communication board outside of
the patient’s room (Supplementary Figure 3).
Statistical Analysis
A two-sample t-test was used in normally distributed data to test the
difference in continuous variables by pre- and post- implementation
periods. A Mann Whitney U test was used to test non-normally
distributedcontinuousvariables.Achi-square testwasused to test the
group difference for categorical variables. For categorical variables
with relatively low frequencies in some subgroups (more than 30%
cells have frequencies less than5), Fisher’s exact testwas used instead.
A two-proportion z-test (two-tailed) was used to compare group
differences in percentages, rates, and proportions. Analyses were
FIGURE 1 | Interventions implemented through Plan-Do-Study-Act cycles to address each aspect of the ABCDEF intensive care unit liberation bundle. BRAVE,
Beginning Restorative Activities Very Early; CAPD, Cornell Assessment of Pediatric Delirium; ERTs, extubation readiness trials; OT, occupational therapy; PT, physical
therapy; RT, respiratory therapists.
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conducted in R (R Core Team 2019, R Foundation for Statistical
Computing)andSASsoftware,Version9.4 (SASInstitute,Cary,NC).

RESULTS

Demographics
The pre-implementation period included 294 patients, and the
post-implementation period included 272 patients. The two
groups had no significant differences in age or gender, and the
median age was 8.7 (IQR 11.8) years. The pre-implementation
group had significantly more surgical patients (24 vs 14%,
p<0.05) and patients with underlying solid tumors (12 vs 8%,
p<0.05) than did the post-implementation group, which had a
significantly higher proportion of HCT patients (11 vs 23%,
p<0.05). Median admission Pediatric Risk of Mortality (PRISM)
scores in the post-implementation group [5.0 (IQR 8.0)] were
significantly higher than those in the pre-implementation group
[3.0 (IQR 8.0), p<0.05]. Other demographic and clinical variables
were similar between the two groups (Table 1).
Primary Outcomes
For all admissions regardless of LOS, consults for rehabilitation
services increased from 25% pre-BRAVE implementation to 56%
Frontiers in Oncology | www.frontiersin.org 5139
(p<0.001) post-implementation. Additionally, the percentage of
patients who received at least one mobility activity with PT and/
or OT within 72 h of admission increased from 21 to 30% (p=0.02).
In patients with LOS > 48 h, consults for rehabilitation services and
percent of patients mobilized within 72 h increased from 34 to 67%
(p<0.001) and from 29 to 35% (p=0.29), respectively. A positive
delirium screen, defined as a CAPD score ≥ 9, was present in 43% of
patients in the pre-implementation timeframe and 37% in the post-
implementation timeframe (p=0.46; Table 2).
Secondary Outcomes
We achieved a significant increase in the percentage of patients who
received at least one out-of-bed activity with PT/OT within the first
72 h of ICU admission (16 to 29%, p<0.001) and saw a trend
towards an increase in the percentage of patients who received at
least one in-bed activity (10 to 15%, p=0.1). Reasons for deferral of
interventions by rehabilitation staff included refusal of child, refusal
of caregiver, scheduling conflict with a diagnostic study or
procedure, limitation of staff, limitation of equipment, and staff
concern about a patient’s clinical status. After BRAVE
implementation, there was a significant increase in the number of
activities deferred because of caregiver refusal, conflict with a
diagnostic test or procedure, and staff concern about the patient’s
FIGURE 2 | Key driver diagram targeting early mobility of intensive care unit (ICU) patients. LOR, level of reliability; NP, nurse practitioner.
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clinical status. There was no significant change in the number of
unplanned extubations (0 vs 0.005% of ventilator days, p=0.26) after
implementation of BRAVE, and no events involving the
unintentional removal of central venous catheters, injury to
patient, or injury to staff during mobilization activities. When we
compared the average daily infusion rate of dexmedetomidine,
fentanyl, ketamine, midazolam, morphine, and propofol between
the pre- and post- implementation periods, we found a significant
Frontiers in Oncology | www.frontiersin.org 6140
decrease in the average infusion rates of morphine (0.13 vs 0.1 mg/
kg/h, p<0.001) and propofol (5.15 vs 3.9 mg/kg/h, p<0.001) and an
increase in dexmedetomidine use (0.69 vs 0.78 µg/kg/h, p<0.001)
after BRAVE implementation. However, average infusion rates of
fentanyl (3.63 vs 5.03 µg/kg/h, p<0.001), ketamine (0.53 vs 0.81 mg/
kg/h, p<0.001), and midazolam (0.22 vs 0.44 mg/kg/h, p<0.001)
significantly increased in the post-implementation period (Table 3).
Post-Implementation Staff Survey
Fifty-one staff members responded to the post-implementation
survey. Of these, 20 were registered nurses, 7 respiratory
therapists, 7 physical therapists, 6 advanced nurse practitioners, 4
physicians, 3 child life specialists, 2 occupational therapists, 1 speech
therapist, and 1 patient care assistant. Twenty-five responders had
worked in a critical care unit for >10 years. Forty-seven (92%)
reported that the BRAVE early mobility initiative had had a positive
impact on their patients and caregivers, and 33 (65%) identified a
collaborative interprofessional approach as the most helpful aspect
in mobilizing patients. Forty-three (84%) thought that the pediatric
ICU moderately or fully supported the implementation of BRAVE
and thirty-five (69%) felt that they were able to prioritize and
actively incorporate mobility as part of their patients’ daily plan. The
FIGURE 3 | Key driver diagram targeting delirium. CAPD, Cornell Assessment of Pediatric Delirium; ICU, intensive care unit; LOR, level of reliability; LOS, length of
stay; RASS, Richmond Agitation Sedation Scale.
Box 1 | Types of mobilization activities provided by physical and occupational
therapy, categorized into in-bed and out-of-bed activities.

IN BED ACTIVITIES OUT OF BED ACTIVITIES

ROM (passive and active) Use of mobility device
Bed positioning (passive and
active)

Sit to stand

Splinting Transfer (bed to chair/mat/caregiver’s
arms)

Sitting at edge of bed Pre-gait activities
Sensory stimulation Ambulation
Relaxation techniques Therapeutic play
Edema management Self-care training

Use of functional positioning device
March 2021 | Volume 11 | Article 645716
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most cited barrier to mobility identified in the survey was a lack of
resource and staffing (27.5%), followed by lack of support or
prioritization (19.6%) and risk of unplanned extubations (17.6%).
DISCUSSION

In addition to the common risk factors for developing PICS-p,
critically ill pediatric patients with underlying oncologic and
hematologic disorders have additional risk factors, such as
glucocorticoid-related immunosuppression, myopathy, and
neurocognitive changes; high acuity of disease; chronic organ
dysfunction; and high rates of critical care resource utilization (6,
7, 11, 22, 42–44). These factors highlight the need for interventions
to recognize and address PICS-p in this vulnerable patient
population. We used the ABCDEF ICU liberation bundle
framework and an established pediatric ICU early mobility
program (PICU Up)! to develop and implement an early
Frontiers in Oncology | www.frontiersin.org 7141
mobility initiative that would optimize early rehabilitation in a
pediatric onco-critical care unit. To our knowledge, we report the
first use, safety, and feasibility of a multidisciplinary early mobility
initiative in a pediatric onco-critical care unit.

The BRAVE early mobility initiative was designed with the
global aim of decreasing the effects of PICS-p within a pediatric
onco-critical care unit. Our SMART aims were to increase the
number of patients mobilized within 72 h of ICU admission from
21 to 80%, and to decrease the percentage of patients with
positive delirium scores after 24 h of ICU admission from 43
to 30% by 9 months post-implementation. Although we did not
achieve our SMART aims during this time, we were able to
significantly increase the consults placed for rehabilitation
services and early mobilization of patients with all LOS and
saw trends toward an increase in early mobilization in patients
with LOS > 48 h and a decrease in positive delirium screens.

After multiple PDSA cycles to address the key drivers for our
SMART aims, we identified three interventions that were central
TABLE 1 | Patient demographics during study period.

Patient Characteristic Pre- implementation for
all LOS (N=294)

Post- implementation for
all LOS (N=272)

P
value

Pre- implementation for LOS
> 48 h (N=112)

Post-implementation for
LOS > 48 h (N=120)

P
value

Age in years, median
(IQR)

8.35 (11.5) 10.0 (12.25) 0.709 6.4 (11.2) 9.05 (12.1) 0.308

Sex
Male 161 151 0.857 61 70 0.553
Female 133 121 51 50

Admission Type
Surgical/post-
operative

71 38 0.002 18 13 0.241

Medical HCT 32 62 0.001 16 30 0.064
Leukemia/
Lymphoma

103 88 0.063 39 37 0.313

Solid Tumor 36 22 0.031 19 10 0.029
Neuro-
oncology

33 39 0.584 14 15 0.86

Hematology 19 21 0.864 6 13 0.163
Radiation
oncology

0 2 0.499 0 2 0.5

ICU LOS, median (IQR) 2.0 (3.0) 2.0 (3.0) 0.614
Admission PRISM
score, median (IQ)

3.0 (8.0) 5.0 (8.0) 0.024

Readmissions, N 3 4 0.631
Ventilator daysa, median
(IQ)

3.0 (4.0) (N=52) 3.0 (5.0) (N=66) 0.983
Ma
rch 2021 | Volume 11 | Article 6
LOS, length of stay; SD, standard deviation; HCT, hematopoietic stem cell transplant; ICU, intensive care unit; PRISM, Pediatric Risk of Mortality. aVentilator days only reflect those patients
who required mechanical ventilation.
TABLE 2 | Primary outcome measures.

Outcome Measure Pre- implementation for
all LOS (N=294)

Post- implementation
for all LOS (N=272)

P
value

Pre- implementation for
LOS > 48 h (N=112)

Post-implementation for
LOS > 48 h (N=120)

P
value

Rehab Outcomes
Rehab consults placed
within 72 h of admission

74 152 <0.001 38 80 <0.001

Patients mobilized within
72 h of admission

62 81 0.017 32 42 0.294

Delirium Outcome
Positive delirium screen
(CAPD≥9)

26/60 27/73 0.459
LOS, length of stay; CAPD, Cornell Assessment of Pediatric Delirium.
45716
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in moving closer to achieving these targets: standardizing PT/OT
consult orders at the time of ICU admission, empowering
nursing staff to lead the discussion of mobility and delirium at
medical rounds, and tasking nursing staff to document delirium
scores on all patients in the electronic medical records.

As with any new and innovative initiative, we encountered
various intrinsic and extrinsic barriers associated with
implementation of BRAVE, many of which were similar to those
previously reported by others (45–49). Identified barriers to the
implementation of BRAVE included a lack of resource and staffing,
resistance to a change in ICU culture, and system-related processes.

The early mobility initiative appeared to be safe, as no serious
adverse events were reported, and no patients experienced
dislodgement or removal of a vascular access device during
mobilization activities. Although two unintentional extubations
occurred in the post-implementation period, a comprehensive
review determined that neither were related to mobilization
activities or inadequate sedation or resulted in clinical deterioration.

Like other children’s hospitals, our pediatric ICU does not have
dedicated PT and OT providers (30). This limitation was magnified
between March and May of 2020, when the SARS-CoV2 pandemic
caused drastic reductions staffing of rehabilitation services.
Although a lack of staff was not explicitly identified as a reason
for deferring rehabilitation interventions during the study period,
the significant increase in activity deferral from scheduling conflict
with a diagnostic test or procedure in the post-implementation
period emphasizes the need for dedicated ICU rehabilitation staffing
who have flexibility in intervention timing. Additionally, a lack of
Frontiers in Oncology | www.frontiersin.org 8142
resources and rehabilitation staff was identified as the most
common barrier to early mobilization in the post-implementation
survey. This deficit is illustrated by the differential increase in the
percentage of patients with early rehabilitation consults placed when
compared to the percentage of patients who were mobilized early
(Figures 4 and 5). To address this shortfall, we are implementing a
two-tiered approach for continued rehabilitation involvement after
an initial assessment. The initial rehabilitation assessment occurs
either via telehealth or in person and is followed by continued in-
person therapy when skilled intervention is required. Otherwise, the
nurse and families are provided with written instructions for
mobility activities. As a part of this initiative, nurses, other staff
members, and caregivers were educated and empowered to actively
participate in mobility activities, an essential aspect of early mobility
in critically ill children (28, 29).

Hesitancy to change in ICU culture was one of the largest
barriers we encountered in this process. It proved essential to
establish an interprofessional, collaborative group early in the
development stage of the initiative. Thus, arising concerns could
promptly be addressed on both an individual and departmental
level. The multidisciplinary input allowed us to create small but
lasting changes in culture and practice through serial PDSA cycles
that targeted an 8-stage model of change (21, 50, 51). Recognition
and celebration of staff efforts and positive outcomes through
media outreach and engagement of hospital leadership were an
integral part of generating widespread buy-in and maintaining
patient and staff morale; however, ongoing education for all
involved remains crucial to sustaining this initiative.

Another barrier we faced in providing patients with early
mobility activities was related to system-based processes such as
order entry and documentation. Initially, consult orders for PT
and OT were placed independently at the discretion of physicians
and APs. We carried out a PDSA cycle to standardize consult
order entry for rehabilitation services as part of the initial
admission orders. Additionally, by tasking nurses to assess,
document, and discuss CAPD scores on all patients, delirium
was recognized and addressed earlier, contributing to the decrease
in overall positive delirium scores (Figure 6).

An unexpected finding in the post-implementation period of
BRAVE pertains to use of opiate and sedative infusions. Although
dosages of morphine and propofol decreased after implementation,
fentanyl and midazolam dosages showed trends towards increasing
during this period. The increase in fentanyl and midazolam use
may be reflective of the differences in patient characteristic between
the pre- and post- cohorts, specifically the significantly higher
admission PRISM scores and proportion of HCT patients in the
post-implementation period. However, to contend with this
increase, we are implementing a nursing-led, Richmond Agitation
Sedation Scale (RASS)-based sedation protocol (52, 53). As this
PDSA cycle is ongoing, additional investigation is needed to
examine the impact of BRAVE, particularly standardization of
sedation scoring, on opiate analgesic and sedation usage.

Our study was limited by several factors. Because this was
single- center study in an onco-critical care unit, our results may
not be generalizable to a wider patient population. We reviewed
data from 9 months pre- and post- BRAVE implementation in an
TABLE 3 | Secondary outcome measures.

Outcome Measure Pre-
implementation

(N=294)

Post-
implementation

(N=272)

P
value

Activity Type
At least one in-bed 30 40 0.103
At least one out-of-bed 48 80 <0.001

Deferral Reason
Child refusal 10 17 0.118
Caregiver refusal 1 7 0.0244
Schedule conflict with a
diagnostic test/procedure

4 23 <0.001

Provider concern 13 41 <0.001
Lack of staff 0 0 N/A
Lack of equipment 2 1 0.6101
Other (e.g. sleeping, agitated,
restricted due to SARS-
CoV2)

27 75 <0.001

Adverse Events
Unplanned extubation 0 2 0.2585
Unintentional removal of CVC 0 0 N/A
Staff injury 0 0 N/A
Patient injury 0 0 N/A

Sedation (average daily infusion rate)
Dexmedetomidine (µg/kg/hr) 0.69 0.78 <0.001
Fentanyl (µg/kg/hr) 3.63 5.03 <0.001
Ketamine (mg/kg/hr) 0.53 0.81 <0.001
Midazolam (mg/kg/hr) 0.22 0.44 <0.001
Morphine (mg/kg/hr) 0.13 0.1 <0.001
Propofol (mg/kg/hr) 5.15 3.9 <0.001
CVC, central venous catheter.
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FIGURE 4 | Control chart for the percentage of patients who had consults for physical therapy (PT) and/or occupational therapy (OT) placed within 72 h of
admission to the intensive care unit (ICU) for all length of stay. BRAVE, Beginning Restorative Activities Very Early; PDSA, Plan-Do-Study-Act.
FIGURE 5 | Control chart for the percentage of patients who were mobilized within 72 h of admission to the intensive care unit (ICU) for all length of stay. BRAVE,
Beginning Restorative Activities Very Early; OT, occupational therapy; PT, physical therapy; PDSA, Plan-Do-Study-Act.
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8-bed unit, thereby limiting the number of patients in this analysis.
Also, data regarding mobilization activities was obtained
retrospectively and relied on previous documentation. We also
did not evaluate the effect of the increased workload and resource
utilization that this initiative required, which is an important
factor in interpreting the results of this study. Further, given this
study’s time period coincided with our institution’s response to the
global SARS-CoV2 pandemic, factors related to our hospital’s
policy and staffing changes may have affected this data.
CONCLUSION

Critically ill children with underlying oncologic and hematologic
disorders form a unique population at high risk of developing
PICS-P. Through a multidisciplinary team approach to ICU
liberation in these patients, we have effectively and safely
implemented an early mobility initiative in our onco-critical care
unit. While our efforts support the safety and feasibility reported
for such initiatives in other pediatric centers, more research is
required to evaluate the effects of early mobility on patient
outcomes, such as patient mortality, ICU LOS, ventilator-free
days, incidence of pressure ulcers, and long-term neurocognitive
and functional outcomes. Ongoing and future efforts include
continuing to improve patient, family, and provider education,
standardizing objective sedation scoring, and empowering
caregivers and other providers to participate in patient mobility.
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Introduction: Delirium occurs frequently in adults undergoing hematopoietic cell

transplantation, with significant associated morbidity. Little is known about the burden of

delirium in children in the peri-transplant period. This study was designed to determine

delirium rates, define risk factors (demographic and treatment related), and establish

feasibility of multi-institutional bedside screening for delirium in children undergoing

hematopoietic cell transplant.

Methods: This is a multi-institutional point prevalence study. All subjects were

prospectively screened for delirium twice daily using the Cornell Assessment of Pediatric

Delirium over a 10-day period. De-identified data, including basic demographics and daily

characteristics, were extracted from the electronic medical record.

Results: Eleven North American institutions were included, 106 children were enrolled,

and 883 hospital days were captured. Delirium screening was successfully completed

on more than 98% of the study days. Forty-eight children (45%) developed delirium over

the course of the 10-day study. Children were diagnosed with delirium on 161/883 study

days, for an overall delirium rate of 18% per day. Higher delirium rates were noted in

children<5 years old (aOR 0.41 for children over 5 years), and in association with specific

medications (melatonin, steroids, and tacrolimus).
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Conclusion: Delirium was a frequent occurrence in our study cohort, with identifiable

risk factors. Delirium screening is highly feasible in the pediatric hematopoietic cell

transplant patient population. A large-scale prospective longitudinal study following

children throughout their transplant course is urgently needed to fully describe the

epidemiology of pediatric delirium, explore the effects of delirium on patient outcomes,

and establish guidelines to prevent and treat delirium in the peri-transplant period.

Keywords: cancer, pediatric oncology, hematopoietic cell transplant, delirium, cornell assessment of pediatric

delirium, incidence, risk factors

INTRODUCTION

Delirium is a frequent complication of serious pediatric illness,
with an incidence >25% in the pediatric intensive care unit
(PICU) (1–3). Delirium is defined as an acute and fluctuating
syndrome, and includes altered awareness and cognition. It
occurs as a result of an underlying medical condition or
as a side effect of treatment for that condition (4). Studies
have shown that children diagnosed with delirium have
increased short- and long-term morbidity, and even excess
mortality (5–7). Modifiable iatrogenic risk factors have been
identified for delirium in critically ill children, and changes in
treatment approaches have led to lower delirium rates in the
PICU (8–10).

Delirium is also a well-known complication of hematopoietic
cell transplantation (HCT) in adults, affecting >50% of patients
in the 4 weeks after transplant (11, 12). In these adults, delirium
is associated with increased mortality (both in-hospital and up
to 5 years after discharge) and substantial morbidity, including
increased use of opioid analgesics, increased hospital length
of stay, and increased family and healthcare team distress. In
HCT survivors, delirium has been associated with decreased
performance status upon discharge, increased anxiety disorders,
and effects on neurocognitive ability that persist at 1 year after
discharge (13–16). As a result, units have adopted changes in
approach to caring for adults after transplant, which have resulted
in a decrease in delirium rates (17). However, little is known
about the burden of delirium in children undergoing HCT. As
a result of this critical knowledge gap, no similar changes have
taken place in pediatric HCT programs (18).

Our objectives in this multi-institutional point prevalence
study were (i) to determine delirium rates over a 10-day
period in children undergoing HCT, (ii) to explore risk
factors (both demographic and treatment related) associated
with the diagnosis of delirium, and (iii) to establish the
feasibility of multi-institutional bedside screening for delirium
in children undergoing HCT. We hypothesized that delirium
rates would exceed 25% in these high-risk children. We further
hypothesized that prescribing characteristics (for blood products
and medication categories) would differ significantly between
patients with and without delirium, and prescribing practices
would also vary substantially among participating sites; this could
present a possible opportunity to modify practices. Additionally,
we hypothesized that delirium screening would be feasible in all
units, with a daily screen completion rate of >80%.

MATERIALS AND METHODS

Study Design
This is a multi-institutional prospective point-prevalence
study. Sites were invited to participate via emails sent to
members of the following research consortiums: the HCT
subgroup of the Pediatric Acute Lung Injury and Sepsis
Investigators (PALISI), and the Pediatric Bone Marrow
Transplant Consortium Supportive Care Strategy Group.
All interested sites were included. Study personnel at each
site completed an online training session and test in order
to certify for study participation. The study took place over
the same 10-day period in April 2019. All patients 0–21
years old who had been admitted to the pediatric service for
allogeneic or autologous stem-cell transplants were eligible
for inclusion, regardless of timing—we included all children
during conditioning, transplant, and engraftment. Children
were excluded if they had been admitted for reasons other than
transplant (for example: delayed complications after transplant),
as the purpose of this study was to specifically describe delirium
in the peri-transplant period.

All subjects were screened for delirium twice daily by their
nurses, ∼12 h apart, during the 10-day study period using the
Cornell Assessment for Pediatric Delirium (CAPD) (Figure 1)
(19). The CAPD is a bedside tool that has been validated for
use in children of all ages and developmental stages. It is an
observational tool that consists of eight items, requires<2min to
complete, and is designed to be scored by the bedside nurse at the
end of each shift. The scoring process is the same in children of all
ages, but a developmental anchor point chart is available for use
as a point-of-care reference (to remind the nurse what behaviors
to expect in pre-verbal children) when scoring the CAPD in
children <2 years (20). Operational definition of delirium was
a CAPD score of nine or higher (19).

In addition, a brief data collection form (with no patient health
information included) was completed for each patient. The de-
identified data included basic demographics, diagnosis, type and

timing of transplant, conditioning regimen, respiratory support,

daily medication classes, and delirium scores. The medications

were captured on a daily basis to allow for assessment of
the temporal relationship between medication exposure and

delirium development. Data were entered into an electronic
case report form within the Research Electronic Data Capture
(REDCap) system, a secure centralized database hosted at
the data coordinating center, Weill Cornell Medical College
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FIGURE 1 | Cornell Assessment for Pediatric Delirium (CAPD). The CAPD is a rapid bedside screening tool validated for delirium detection in children of all ages. A

score of nine or higher is consistent with a diagnosis of delirium, and has been shown to correlate with patient outcome measures. [Reproduced from reference (19),

with permission of Wolters Kluwer Health].

(WCMC) (21). Each site received local Institutional Review
Board (IRB) approval, with waiver of informed consent for this
minimal risk observational study.

Statistical Analysis
Patient-level demographic, clinical, and transplant characteristics
were described as counts and percentages (n, %), mean and
standard deviation (sd), or median and range [min, max,
or interquartile range (IQR)]. Delirium was defined at the
patient level as any delirium (CAPD score of nine or higher)
during the days captured. Bivariate analyses compared those
subjects who were delirious with those subjects who were never
delirious, using Chi-square/Fisher’s exact tests, or independent
two-sample t-tests/Wilcoxon rank-sum tests as appropriate. A
logistic mixed effects regression model was used to assess
multivariate associations with delirium, controlling for patient
age, type of transplant (allogeneic vs. autologous), and diagnosis.
A random intercept for site was included to account for within-
site correlation among patients.

Characteristics of each hospital day were also described,
as N (%) or mean (sd), median (min, max, IQR). A day
was characterized as “delirium” if the CAPD score was nine
or higher on either or both of the daily screens. Bivariate
relationships with daily delirium were analyzed as described

above. Similarly, a logistic mixed effects regression modeled the
association between delirium and predictor variables (transplant
day, respiratory support, and receipt of specific medication
categories), with a random intercept for site to account
for within-site correlation among hospital days. Independent
variables included in the multivariate model are presented with
adjusted odds ratios and the associated 95% confidence intervals
(CI). All p-values were two sided with statistical significance
evaluated at the 0.05 alpha level. Analyses were performed
in R version 4.0.2 (R Foundation for Statistical Computing,
Vienna, Austria).

RESULTS

Participating Sites
Over the course of a 10-day period in April 2019, 11
institutions participated in this point prevalence study. Five of the
participating sites were dedicated cancer hospitals, and five were
dedicated children’s hospitals; one was a pediatric transplant unit
housed within a larger mixed-use hospital. Only two sites had a
standard-of-care requirement for routine delirium testing prior
to this study. Among the sites, the median reported number of
hematopoietic cell transplants each year is 70 (IQR 45–100); 65%
of these are allogeneic.
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TABLE 1 | Demographic and clinical characteristics of study cohort (n = 106).

Overall

n (%)

Age

0–<1 year 12 (11.3%)

1–<2 years 6 (5.7%)

2–<5 years 30 (28.3%)

5–<13 years 28 (26.4%)

13–21years 30 (28.3%)

Sex

Male 63 (59.4%)

Female 43 (40.6%)

Diagnosis

Leukemia/lymphoma 40 (37.7%)

Solid tumor 29 (27.4%)

Primary immunodeficiency 14 (13.2%)

Metabolic disorder 7 (6.6%)

Aplastic anemia/inherited bone marrow failure 6 (5.7%)

Myelodysplastic syndrome 4 (3.8%)

Hemoglobinopathy 3 (2.8%)

Other 3 (2.8%)

Transplant type

Allogeneic 70 (66%)

Autologous 36 (34%)

Subjects
One hundred six children were eligible and included in this
study. Fifty-nine percent of the study cohort were males. The
patients’ median age was 4 years, and 45% of the children
were under the age of 5 years. Indications for transplant and
subject characteristics are listed in Table 1. Seventy percent of
the children had malignancies. Sixty-six percent of the children
underwent allogeneic hematopoietic cell transplants. Of the
90 children (85%) who underwent myeloablative conditioning,
15 (17%) had total body irradiation. For graft-versus-host-
disease (GVHD) prophylaxis, 49% of the children received
calcineurin inhibitors.

Hospital Days
A total of 883 hospital days were captured in this study, with
a median of 10 days per subject (IQR 8–10). See Table 2 for
the summary characteristics of these hospital days. In 93% of
the days, the child was located on the transplant unit; in 7%
of the days, children were located in the PICU. In 102 days
(12%), children required supplemental oxygen. In 37% of the
days, children were transfused with blood products. With respect
to medication exposure, children received opiates in 60% of
the study days, and benzodiazepines in 52%. Daily exposure
to blood products and medications varied significantly by site
(Figure 2). Children received physical therapy in 25% of the days,
and occupational therapy in 9% of the days. Of note, in 425
days (48%), children received no ancillary therapies (Figure 3).
A family member stayed with the child overnight in 89% of the
study days.

Delirium screening was successfully completed in more than
98% of the study days. In 13/883 days, delirium screening was
missed; all 13 were at a single site on a single weekend.

Delirium Frequency and Predisposing Risk
Factors
Forty-eight children developed delirium over the course of the
10-day study, for a 45% occurrence rate. Among those children, a
median of 2 days with delirium was noted (range 1–9). Delirium
rates were higher in children under the age of 5 years (60 vs.
33% in older children, p = 0.008), in children who required
supplemental oxygen (70% compared with 40%, p = 0.027),
and in children exposed to steroids (60 vs. 34%, p = 0.016).
Delirium rate in children with malignancies was no higher
than in children with non-malignant diagnoses (41 vs. 56%,
p = 0.2). Children transplanted for leukemia or lymphoma
were less likely to become delirious than children transplanted
for other indications (28 vs. 56%, p = 0.008). There was no
significant difference in delirium incidence among children who
underwent allogeneic vs. autologous transplants in this cohort.
In multivariable analysis, the only patient-level characteristic that
was independently associated with delirium was younger age
(median age for children with delirium was 3 years, compared
with 4 years in children without delirium, p = 0.003). Older
age was protective, with an adjusted odds ratio for a delirium
diagnosis in children >5 years of 0.41 (CI 0.17–0.99) when
compared with younger children.

Daily Delirium Rate and Hospital Exposures
Children were diagnosed with delirium on 161/883 study days,
for an overall delirium rate of 18% per day. Additionally, we
looked at delirium rates only on the first calendar date captured
(n = 84 subjects); point prevalence of delirium was 19%. When
analyzed by site, daily delirium rates ranged from 0 to 42% (p <

0.001), with a median of 16% (IQR 4.8–27.9%). Of note, 33% of
the children who experienced delirium were only symptomatic
during the overnight period and would have been missed with
only once-daily screening.

Several medication categories were associated with next-day
delirium in bivariate analyses: steroids, tacrolimus, antiepileptics,
antipsychotics, and melatonin (Table 2). Children who were
transfused blood products had a similar delirium rate (19%) in
the 24 h after transfusion, compared with the 18% delirium rate
in the non-transfused cohort (p= 0.63). Inmultivariable analysis,
administration of steroids, tacrolimus, or melatonin were all
independently associated with next-day delirium (Figure 4).

We noted a strong protective relationship with family member
presence in the overnight period. Only 18% of the children who
had a family member sleeping in their room developed delirium
on the next day, compared with a 41% delirium rate in children
without a family member present (p= 0.001).

DISCUSSION

Delirium Prevalence
In this multi-institutional study, 45% of the children
developed delirium during the peri-transplant period. This
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TABLE 2 | Bivariate associations with daily delirium (n = 883).

Overall (n = 883) No delirium (n = 722) Delirium (n = 161) p-value

Transplant day 0.007

Median [IQR] 12 (3–25) 11 (3–23) 16 (6–31)

Location 0.726

Transplant unit 818 (92.6%) 666 (92.2%) 152 (94.4%)

PICU 62 (7.0%) 53 (7.3%) 9 (5.6%)

Other 3 (0.3%) 3 (0.4%) 0 (0%)

Supplemental oxygen <0.001

Yes 102 (11.6%) 67 (9.3%) 35 (21.7%)

No 781 (88.4%) 655 (90.7%) 126 (78.3%)

Blood product transfusion 0.589

Yes 328 (37.1%) 265 (36.7%) 63 (39.1%)

No 555 (62.9%) 457 (63.3%) 98 (60.9%)

Medication exposures in prior 24 h

Anticholinergics 555 (62.9%) 459 (63.6%) 96 (59.6%) 0.368

Antiepileptics 118 (13.4%) 85 (11.8%) 33 (20.5%) 0.005

Antipsychotics 98 (11.1%) 70 (9.7%) 28 (17.4%) 0.008

Benzodiazepines 463 (52.4%) 378 (52.4%) 85 (52.8%) 0.931

Melatonin 77 (8.7%) 52 (7.2%) 25 (15.5%) 0.002

Opiates 526 (59.6%) 424 (58.7%) 102 (63.4%) 0.288

Steroids 249 (28.2%) 173 (24.0%) 76 (47.2%) <0.001

Daily transplant therapy

Cyclosporine 192 (21.7%) 155 (21.5%) 37 (23.0%) 0.673

Defibrotide 136 (15.4%) 115 (15.9%) 21 (13.0%) 0.4

Eculizumab 10 (1.1%) 8 (1.1%) 2 (1.2%) 0.999

Methotrexate 24 (2.7%) 22 (3.0%) 2 (1.2%) 0.286

Mycophenolate Mofetil 146 (16.5%) 113 (15.7%) 33 (20.5%) 0.159

Sirolimus 48 (5.4%) 43 (6.0%) 5 (3.1%) 0.18

Tacrolimus 177 (20.0%) 130 (18.0%) 47 (29.2%) 0.002

Total body irradiation 4 (0.5%) 4 (0.6%) 0 (0%) 0.999

is consistent with delirium rates in adult populations undergoing
hematopoietic cell transplants (>50%), and with small single-
center pediatric studies that reported rates of 35–38% in children

undergoing HCT (11, 12, 18, 22). Consistent with many other
pediatric delirium studies, younger children experienced higher
delirium rates (aOR 0.41 for children older than 5 years)
(1–3, 5, 23, 24).

Children who required supplemental oxygen were more
likely to be diagnosed with delirium, also consistent with prior
pediatric delirium research (1, 5, 25). This may be a result of
the underlying hypoxia and associated inflammation, which are
known risk factors for delirium (26). On the other hand, the
need for oxygen in this cohort may simply reflect the patient’s
underlying severity of illness. For example, a large prospective
PICU study (n = 1,547) showed that severity of illness was
independently associated with delirium risk, independent of need
for respiratory support (5).

Delirium Screening
Studies have shown that routine daily screening is needed to
reliably detect delirium in hospitalized patients (27, 28). As
described by Winsnes et al. in a single-center study, only 2.4%

of the children were diagnosed with delirium in a hematology–
oncology unit prior to implementation of routine delirium
screening. Once daily screening began, delirium detection

increased to 13% overall and 23% in children who had undergone
a hematopoietic cell transplant (18). However, most pediatric
oncologists remain unaware of their patients’ risk for delirium. As
a result of this critical knowledge gap, pediatric transplant units
do not routinely screen for delirium, leading to missed or delayed
diagnosis. This represents a lost opportunity to detect delirium
early, when it is most amenable to therapeutic intervention (29).

Our data show that routine bedside delirium screening
using the CAPD is highly feasible. Eleven different units, with
different cultures and workflows, were able to successfully screen
106 children in >98% of the 883 study days. We also noted
that delirium fluctuates over the course of the day-1/3 of
our cohort only demonstrated delirium symptoms during the
overnight period—so twice-daily screening is necessary in order
to accurately capture the burden of delirium in this cohort.

Iatrogenic Risk Factors for Delirium
In this pilot study, we describe associations between medication
exposures and delirium, without implying any attributable
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FIGURE 2 | Transfusion (A) and benzodiazepine (B) use differed significantly by site.

causality. For example, we found an independent association
between administration of steroids and development of delirium.
It is likely that steroids are deliriogenic, as has been described
in other studies (30). In contrast, although we noted a strong
and independent association between receipt of tacrolimus and
development of delirium, we cannot over-conclude based on
this single study, since tacrolimus is often given as part of
combination therapy with other agents that may themselves be
delirium causing. Further research will be necessary to clarify
this relationship.

With a point prevalence study design, we cannot establish
definitive temporal relationships. For instance, we identified an
independent association between administration of melatonin
and a diagnosis of delirium. This is in contrast to a randomized
placebo-controlled trial in a geriatric population that suggested
that nightly ramelteon (a melatonin agonist) may provide
protection against delirium (31). It is physiologically plausible
that in our pediatric cohort, melatonin predisposed to hypoactive
delirium, or it may be that melatonin was prescribed to promote
sleep in children who were already experiencing delirium,
as delirium in young children is known to cause significant
circadian rhythm disruption (9). One cannot disentangle this
chicken-and-egg phenomenon with the current study design.
Nevertheless, despite this limitation, this point prevalence study

provides important pilot data that are essential for the design of
future large-scale longitudinal studies.

Prescribing Practices
A large body of delirium literature demonstrates a strong and
consistent relationship between benzodiazepines and pediatric
delirium (1, 3, 5, 10, 22, 24, 32). In fact, a recent systematic
review and meta-analysis described a pooled odds ratio of 3.5
for benzodiazepines and delirium in children (9). In contrast
to the existing delirium literature, we did not find a significant
relationship between benzodiazepine exposure and delirium in
our cohort. This may reflect the overwhelming exposure to
benzodiazepines in our subjects—only a minority of patients
did not receive benzodiazepines at some time during the study.
As we did not capture dosing or route of administration, we
were not able to measure the strength of exposure in order to
assess the relationship with delirium development. In addition
to temporal relationships, future studies should focus on daily
and cumulative dose exposures of medications of interest, as this
may be an important area for intervention in order to decrease
delirium burden.

Similarly, research has shown a dose-response relationship
between red blood cell (RBC) transfusions and pediatric delirium
(33). This pilot study was not designed to measure dose of
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FIGURE 3 | Hospital days with ancillary therapies provided.

RBC exposure (we described any level of exposure within 24 h
and compared it with no exposure whatsoever). This will be
important to study on a granular level in future research, as we
hypothesize that there will be a dose-response effect between
exposure to benzodiazepines and blood products and delirium
incidence and duration.

As noted in Figure 2, benzodiazepine and transfusion
practices vary widely between institutions. This is likely a
function of provider choice rather than patient need and may
present an opportunity to modify our peri-transplant practice
in order to decrease delirium rates. Since our data also showed
that delirium rates varied significantly between institutions, it is
possible that unit-prescribing practices—a potentially modifiable
factor—played a role in delirium risk.

Non-pharmacological Approach to
Delirium Prevention: Opportunities for
Improvement
There is convincing evidence that delirium can be prevented by
the use of a multi-component non-pharmacologic interventional
protocol (8, 17, 34). In geriatric adults, an approach designed
to address social isolation, physical immobility, and sleep

disruption has been shown to decrease delirium rates by
more than 50% (35). A single-center pediatric study showed
a 39% decrease in PICU delirium rates with implementation
of universal delirium screening, avoidance of deep sedation,
and introduction of early mobilization (8). It is poignant that
delirium rates in our study cohort were dramatically lower when
parents remained in the child’s room overnight. Conversely,
it is striking that children received no ancillary therapies
whatsoever on 48% of the study days. These represent possible
areas for intervention: with increased physical and cognitive
stimulation during the day, and enhanced family presence
overnight, we may be able to decrease delirium rates in our
at-risk population (36).

Study Strengths and Limitations
This study has notable strengths. To date, it is the only
multi-institutional study of pediatric delirium in HCT patients.
With a mix of participating units from across North America,
it generates a representative patient sample that is likely
generalizable to the overall pediatric HCT population. A uniform
definition was used for delirium, which was prospectively
diagnosed, rather than relying on medical record review. The
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FIGURE 4 | Forest plot showing multivariable analysis of medications

associated with next-day delirium, accounting for within-site correlation, and

controlled for patient age and need for supplemental oxygen.

data set is very complete, with delirium status available for more
than 98% of the study days.

However, this study also has important limitations. With a
point prevalence study design, there is a very limited ability to
account for temporality, and patients were followed at different
time points in their peri-transplant course. This presents only
a snapshot, as it does not take into account delirium that
occurred before the 10 study days or delirium that developed
afterward. Therefore, the 45% delirium rate we report is likely
an underestimation of the true delirium burden in the peri-
transplant period. In addition, since transplant units were self-
selected to participate in this study, there is the possibility of
bias—perhaps units already more attuned to delirium chose to
participate. Also, the associations between certain medications
and delirium status may be confounded by other associated
aspects (for example, steroids are often used for engraftment
syndrome, GVHD, etc., It is possible that rather than steroids, it
is the engraftment syndrome itself that predisposes to delirium).
Careful large-scale longitudinal research will be necessary to
account for these complicated interactions. Finally, this pilot
study was not designed to assess the effect of delirium on
patient outcomes. This will be an important area to focus on in
future studies.

Conclusion
In conclusion, delirium occurred frequently in this cohort
of children undergoing hematopoietic cell transplantation.

Higher delirium rates were noted in children <5 years
old and in association with specific medications. Delirium
screening is highly feasible and necessary in this at-risk
population. A large-scale prospective longitudinal study
following children throughout their transplant course—
from conditioning through engraftment—will be needed to
fully describe the epidemiology of pediatric delirium in the
peri-transplant period, and explore the effect of delirium on
patient outcomes.
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Hematopoietic Cell Transplant subgroup of the Pediatric Acute Lung Injury and Sepsis
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University of Pennsylvania Perelman School of Medicine, Philadelphia, PA, United States, 3 Department of Global Pediatric
Medicine, Division of Critical Care, St. Jude’s Children’s Research Hospital, Memphis, TN, United States, 4 Department of
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IN, United States, 7 Critical Care Medicine, Phoenix Children’s Hospital, Phoenix, AZ, United States, 8 Division of Heme/Onc/
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and Division of Hematology, Masonic Children’s Hospital, University of Minnesota, Minneapolis, MN, United States

Rationale: Little is known on the use of noninvasive ventilation (NIPPV) in pediatric
hematopoietic cell transplant (HCT) patients.

Objective:We sought to describe the landscape of NIPPV use and to identify risk factors
for failure to inform future investigation or quality improvement.

Methods: This is a multicenter, retrospective observational cohort of 153 consecutive
children post-HCT requiring NIPPV from 2010-2016.

Results: 97 (63%) failed NIPPV. Factors associated with failure on univariate analysis
included: longer oxygen use prior to NIPPV (p=0.04), vasoactive agent use (p<0.001), and
higher respiratory rate at multiple hours of NIPPV use (1hr p=0.02, 2hr p=0.04, 4hr
p=0.008, 8hr p=0.002). Using respiratory rate at 4 hours a multivariable model was
constructed. This model demonstrated high ability to discriminate NIPPV failure
(AUC=0.794) with the following results: respiratory rate >40 at 4 hours [aOR=6.3 9
(95%CI: 2.4, 16.4), p<0.001] and vasoactive use [aOR=4.9 (95%CI: 1.9, 13.1), p=0.001].
Of note, 11 patients had a cardiac arrest during intubation (11%) and 3 others arrested
prior to intubation. These 14 patients were closer to HCT [14 days (IQR:4, 73) vs 54
(IQR:21,117), p<0.01] and there was a trend toward beginning NIPPV outside of the PICU
and arrest during/prior to intubation (p=0.056).
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Conclusions: In this cohort respiratory rate at 4 hours and vasoactive use are
independent risk factors of NIPPV failure. An objective model to predict which children
may benefit from a trial of NIPPV, may also inform the timing of both NIPPV initiation and
uncomplicated intubation.
Keywords: hematopoietic (stem) cell transplantation (HCT), noninvasive (positive pressure) ventilation, respiratory
insufficiency, intubation, cardiopulmonary resuscitation
INTRODUCTION

In children, noninvasive positive pressure ventilation (NIPPV)
practices are extrapolated from adult literature or based on
evidence from small retrospective pediatric studies. NIPPV use
is not standardized in pediatric critical care and reported success
rates are variable. In critically ill children, NIPPV may decrease
the rates of intubation (1–3). Timing plays an important role as
studies suggest that those who respond to NIPPV do so early in
the course of respiratory illness (1, 4).

Children post-allogeneic hematopoietic cell transplant (HCT)
who need invasive mechanical ventilation have a mortality of
60% (5). Means to prevent, but not delay, intubation would be
useful particularly in this population. NIPPV seems to be a
logical step in prevention of progression of respiratory failure.
However, optimal application of this modality remains elusive.
Factors predicting progression of respiratory, or NIPPV failure,
resulting in intubation are unknown in children post-HCT. In
adult trials of NIPPV use in immunocompromised patients,
there are conflicting data regarding oxygenation, intubation
rates, and mortality (6, 7). One study in the pediatric oncology
population found a failure rate of 25% but included few stem cell
transplant patients (8). Furthermore, there is questionable
success of NIPPV use in acute respiratory distress syndrome
(ARDS) (9, 10) which is common in HCT patients with
respiratory failure (11).

Several studies have reported predictors of NIPPV failure in
children. Higher acuity scores, multiorgan dysfunction, shock,
sepsis, severe hypoxia, ARDS, respiratory acidosis, and oncologic
diagnosis have all demonstrated association with NIPPV failure
(4, 12–14). Given the suggestion that NIPPV fails in those with
underlying oncology diagnosis and ARDS, we sought to
investigate the use of NIPPV in the pediatric allogeneic HCT
patient and to identify factors associated with NIPPV failure.
MATERIALS AND METHODS

We conducted a multicenter, retrospective, cohort study of all
consecutive children and young adults, aged 1 month to 21 years,
who were treated with NIPPV following an allogeneic HCT.
Eleven centers (Supplementary Table 1) participated.
Regulatory approval was obtained at each center. Patients were
included in the study if they received NIPPV between 2010 and
2016 and were within 1 year post-allogeneic HCT. NIPPV was
defined as either continuous positive airway pressure or bilevel
positive airway pressure (BIPAP). Patients were excluded if
2158
NIPPV was only used post-extubation or if the patient had
limitations on life-sustaining measures including intubation or
resuscitation at initiation of NIPPV. If the patient received
multiple courses of NIPPV, only the first course of NIPPV was
included. Failure of NIPPV was defined as either 1) needing
intubation for critical illness (i.e. excluding intubation for
procedures), or 2) a cardiopulmonary arrest prior to intubation.
NIPPV success was defined as being weaned off NIPPV for a
minimum of 24 hours without meeting failure criteria or back to
baseline respiratory support (i.e. nighttime NIPPV).

Patients were identified by review of institutional health
records. Abstracted data included demographics; HCT
characteristics; day post-HCT at NIPPV initiation; the clinical
diagnosis of graft vs. host disease and/or veno-occlusive disease
prior to/during NIPPV use. Daily white blood cell count was
collected at NIPPV initiation. Length of supplemental oxygen
support prior to NIPPV, change in weight from admission to
NIPPV initiation, use of high flow nasal cannula prior to NIPPV,
location where NIPPV was started, cause of respiratory distress,
use of vasoactive agents, and use of continuous renal replacement
therapy (CRRT) were also collected. Vasoactive use was defined as
the use of any continuous infusion of vasoactive agents up to and
including the day of intubation. CRRT use was noted up to and
including day of intubation. Vital signs, weight, fluid balance and
respiratory support parameters were collected at multiple a priori
defined time points through the first 3 days or up to failure of
NIPPV, if this occurred before 3 days. The SpO2/FiO2 was
calculated however, the analysis was not included due to a
significant portion of missing/valid data (71% missing/unable
to calculate), mostly secondary to the SpO2 being > 97%.
Documented complications attributed to NIPPV were collected.
The primary outcome was NIPPV failure. PICU mortality,
hospital mortality, length of PICU stay, length of hospital stay,
cardiopulmonary arrest during intubation, and cardiac arrest at
any time point in the PICU were secondary outcomes. Data was
stored in single Research Electronic Data Capture database at
Indiana University (15).

Statistical Methods
Medians and interquartile ranges for continuous variables and
frequencies and percentages for categorical variables were used
to describe the cohort. Standard inferential statistics compared
patients with a successful NIPPV course to those who failed
NIPPV, with Chi-Square tests being used for categorical
variables (Fisher’s Exact when expected cell counts were small)
and Wilcoxon rank sum tests for continuous variables. The
primary analysis focused on determining factors associated
May 2021 | Volume 11 | Article 653607

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Rowan et al. NIPPV in Children Post-HCT
with NIPPV failure. Bivariate and multivariable logistic
regression measured the association of potential risk factors
with the primary outcome. Variables included in the
multivariate model were those that had a p value < 0.05 in
bivariate analyses. A priori, age was determined to be part of the
model regardless of bivariable association due to the age effect on
various vital signs investigated. Goodness of fit for the
multivariable model was determined with the Hosmer and
Lemeshow test, and area under the curve (AUC) was
calculated. Center effect was explored with a mixed effect
model with center being treated as a random effect. Center was
not associated with failure (p=0.731) and did not change the
significance of any of the other variables investigated.

Respiratory rate was categorized into high/low determined by
a receiver operating characteristics curve and Youden’s index.
Further strengthening the decision to use a single cutpoint,
multiple sensitivity analyses were run using different age
groups. Using Youden’s index for individual cut-points for
various age groupings, the respiratory rate cut-point identified
was consistently between 35 to 42 breaths per minute regardless
of the way age groups were categorized (Supplementary
Table 2). Analyses were performed using SAS v9.4 statistical
software (SAS Institute, Cary, NC).
RESULTS

Of the 153 patients included in analysis, 63% (n=97) failed
NIPPV. The median age of the cohort was 11 (IQR: 3-15)
years and 46% were female. Those who were successfully
treated NIPPV were more likely to have a matched related
Frontiers in Oncology | www.frontiersin.org 3159
donor than those who failed, otherwise there were no
demographic differences (Table 1). Details of specific diagnosis
leading to transplant can be found in Supplementary Table 3.
Those successfully treated with NIPPV had a longer median
length of NIPPV use compared to those who failed [2.1 (IQR:0.8,
4.1) vs 0.7 (IQR: 0.2, 2.4) days, p< 0.001]. The time to NIPPV
failure was variable with the majority occurring within the first
48 hours of NIPPV initiation (Supplementary Figure 2). The
median time to NIPPV failure was 0.7 (IQR: 0.2, 2.4) days.

Initiation of NIPPV
Patient characteristics at time of initiation of NIPPV are found in
Table 2. The cause of respiratory distress was variable. The most
common reason was a pulmonary infection (39.2%), which was
more likely in those who failed NIPPV (p=0.05). The majority
(77.8%) of NIPPV was initiated in the PICU. Those who failed
spent a longer time on supplemental oxygen prior to NIPPV
initiation (p=0.038). Over 40% of patients were treated with high
flow nasal cannula prior to NIPPV and this was not associated
with NIPPV failure. The most common type of NIPPV utilized
was BIPAP, with 75% of the cohort receiving this at initiation of
NIPPV. Initial type of NIPPV was not associated with failure.

Risk Factors for NIPPV failure
We examined multiple vital signs and respiratory parameters
including NIPPV settings, FiO2, heart rate, blood pressure, SpO2,
and respiratory rate at NIPPV initiation, 2, 4, 8, and 12 hours
after initiation (Supplementary Table 4). Of these variables, we
found a higher respiratory rate was associated with NIPPV
failure at multiple time points (Initiation p= 0.03, 2 hour
p=0.045, 4 hour p=0.005, 8 hour p=0.003, 12 hour p=0.002).
TABLE 1 | Patient characteristics stratified by failure or successful use of noninvasive positive pressure ventilation.

Entire cohort
n=153

NIPPV failure
n=97

NIPPV success
n=56

p-value

Age in years 10.7 (3.4, 14.8) 9.8 (3.3, 14.3) 12.1 (4.2, 15.5) 0.28
Gender (female) 70 (45.8) 42 (43.3) 28 (50.0) 0.42
Weight (kg) at hospital admission 30.0 (15.5, 54.6) 29.6 (14.9, 49.7) 38.6 (16.6, 55.0) 0.39
1st Transplant 126 (82.9) 80 (83.3) 46 (82.1) 0.85
Source of Transplant
Bone Marrow
Cord Blood
PBSC

68 (44.4)
51 (33.3)
34 (22.2)

38 (39.2)
38 (39.2)
21 (21.7)

30 (53.6)
13 (23.2)
13 (23.2)

0.11

Matched related donora 27 (17.7) 11 (11.3) 16 (28.6) 0.009
Conditioning
Myeloablative
Reduced intensity
Nonmyeloablative

103 (67.3)
38 (24.8)
12 (7.8)

64 (66.0)
23 (23.7)
10 (10.3)

39 (69.6)
15 (26.8)
2 (3.6)

0.37

Malignant diagnosis leading to transplant 83 (54.2) 56 (57.7) 27 (48.2) 0.23
Days post HCT at start of NIPPV 44.5 (16.4, 118.3) 51.5 (19.5, 110.5) 44.2 (14.8, 139.8) 0.94
WBC count at start of NIPPV (x 103/mm3) 2.7 (0.4, 6.8) 2.4 (0.3, 7.6) 3.1 (0.7, 5.5) 0.51
Graft vs. host diseaseb 53 (34.6) 37 (38.1) 16 (28.6) 0.26
Veno-occlusive diseaseb 22 (14.8) 13 (13.4) 9 (16.1) 0.64
May 2021 | Volume 11 | Article
Values are medians (IQRs) for continuous variables and frequencies (percentages) for categorical variables, with p-values from Wilcoxon Rank Sum and Chi-Square (Fisher’s Exact when
cell counts were small) tests, respectively. P values for conditioning regimen and source of transplant demonstrate among the three variables difference for those that failed NIPPV to those
that were successfully treated. Since the overall p was not significant, correction for multiple comparison was not utilized.
aMatched related donor was compared to all other donor types including mismatched related donor, matched unrelated donor, unrelated, mismatched donor.
bDiagnosed prior to or while on NIPPV.
NIPPV, noninvasive positive pressure ventilation; PBSC, peripheral blood stem cells; PICU, pediatric intensive care unit; HCT, hematopoietic cell transplant; WBC, white blood cell count.
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Median respiratory rate was consistently higher in those that
failed NIPPV (Supplementary Figure 2). We focused on the
respiratory rate at 4 hours because we were aiming for early risk
factors and this time point had the most complete data,
minimizing missingness in the model. Evaluating respiratory
rate at 4 hours as a continuous variable, we found that the odds
of failure increased with higher respiratory rate. For every
10 -breaths/minute increase in respiratory rate the odds of
NIPPV failure increased: OR=1.4 (95%CI: 1.1, 1.7), p=0.008.
The remainder of the variables examined were not significantly
associated with NIPPV failure.

To improve the clinical applicability of the model, respiratory
rate was evaluated as a categorical variable. As age was not different
between the two groups, and the majority of the patients in this
cohort were school-aged, a single cut-point was chosen. Using the
cohort as a whole, a respiratory rate of 40 was identified as the
optimal cut-point. A higher percentage of patients who failed
NIPPV had a respiratory rate > 40 at hour 4 of NIPPV, p< 0.001
(Supplementary Figure 3), and, in univariable logistic regression
analysis, a respiratory rate > 40 was associated with an increased
risk of NIPPV failure, OR=3.8, (95% CI: 1.7, 8.6, p=0.001).

In addition to the vital signs and respiratory parameters
evaluated in Supplementary Table 4, other variables were
assessed to determine their association with NIPPV failure.
Variables of interest included days on supplemental O2 prior
to NIPPV, vasoactive agent use, ≥ 10% and ≥15% weight gain
from hospital admission to NIPPV initiation, and the use of
Frontiers in Oncology | www.frontiersin.org 4160
CRRT prior to NIPPV failure. These univariate analyses are
presented in Supplementary Table 5. Of these variables,
vasoactive agent use and supplemental O2 prior to NIPPV
were significantly associated with NIPPV failure (p=0.0001).

Multivariate Assessment of Risk Factors
for NIPPV Failure
A multivariate model was constructed including age, respiratory
rate > 40 breaths-per-minute at 4 hours, vasoactive use, days of
O2 use prior to NIPPV, and matched, related donor vs other
donor types. Adjusting for these covariates, we found that RR >
40 and the use of vasoactive agents prior to/same day as NIPPV
were significantly associated with an increased risk of failing
NIPPV. Having a matched related donor was associated with
NIPPV success (Table 3). This model had an area under the
curve of 0.794 for predicting NIPPV failure. The positive
predictive value of this model was 76% and the negative
predictive value was 70%. Of note, the model was also
significant with respiratory rate measured as a continuous
variable (Supplementary Table 6), however we present the
categorical respiratory rate to improve clinical utility. As 40
breaths per minute is high for older patients, and additional
analysis using 30 breaths per minutes was also conducted. This
model found similar results and is presented in the supplement
(Supplementary Table 7). Similar results were also seen using
continuous respiratory rate at two hours and are presented in the
supplement (Supplementary Table 8).
TABLE 2 | Patient characteristics at NIPPV initiation stratified by failure or successful use of noninvasive positive pressure ventilation.

Entire cohort
n=153

NIPPV failure
n=97

NIPPV success
n=56

p-value

Reasons for respiratory failure:
Respiratory infection/Pneumonia 60 (39.2) 44 (45.4) 16 (28.6) 0.05
Septic Shock 32 (20.9) 20 (20.6) 12 (21.4) 0.92
Fluid overload/pulmonary edema/pleural effusions 28 (18.3) 15 (15.5) 13 (23.2) 0.23
Hypoxia of unknown origin 15 (9.8) 8 (8.2) 7 (12.5) 0.39
Upper airway obstruction 11 (7.2) 8 (8.2) 3 (5.4) 0.54
Pulmonary hemorrhage/Hemoptysis 10 (6.5) 7 (7.2) 3 (5.4) 0.75
Altered Mental status 9 (5.8) 5 (5.2) 4 (7.1) 0.73
IPS/engraftment syndrome/pulmonary GVHD 9 (5.8) 5 (5.2) 4 (7.1) 0.73
Other 3 (2.0) 3 (3.1) 0 (0.0) 0.30

Place NIPPV started 0.99
PICU 119 (77.8) 76 (78.4) 43 (76.8)
HCT ward 32 (20.9) 20 (20.6) 12 (21.4)
Emergency Room 2 (1.3) 1 (1.0) 1 (1.8)

Days on supplemental oxygen prior to the initiation of NIPPV 2.0 (1.0, 6.0) 3.0 (1.0, 6.0) 1.0 (1.0, 4.5) 0.038
Use of high flow nasal cannula prior to initiation of NIPPV 62 (40.5) 43 (44.3) 19 (33.9) 0.181
Starting type of NIPPV (n=150)a 0.579
BIPAP 111 (74.0) 71 (75.5) 40 (71.4)
CPAP 39 (26.0) 23 (24.5) 16 (26.8)
Starting settings of NIPPV
Inspiratory pressure (cm H20) 10 (6, 10) 10 (6, 12) 12 (7, 14) 0.118
Expiratory pressure (cm H20) 6 (6, 8) 6 (6, 8) 6 (6, 8) 0.848

Vasoactive useb 53 (34.6) 43 (44.3) 10 (17.9) 0.0001
CRRT prior to intubation 21 (13.8) 17 (17.5) 4 (7.3) 0.078
M
ay 2021 | Volume 11 | Article
Values are medians (IQRs) for continuous variables and frequencies (percentages) for categorical variables, with p-values from Wilcoxon Rank Sum and Chi-Square (Fisher’s Exact when cell
counts were small) tests, respectively. Subjects often had more than one cause leading to respiratory failure, therefore total does not =100%.
a3 patient were missing detailed data on settings of NIPPV at initiation.
bVasoactive use was defined as the use of any continuous infusion of vasoactive agents up to and including the day of intubation.
NIPPV, noninvasive positive pressure ventilation; IPS, idiopathic pneumonia syndrome; GVHD, graft vs host disease; PICU, pediatric intensive care unit; HCT, hematopoietic cell transplant;
BIPAP, Bilevel positive airway pressure; CPAP, continuous positive airway pressure; CRRT, continuous renal replacement therapy.
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NIPPV Complications
With the exception of cardiopulmonary resuscitation (CPR), few
complications were noted with the use of NIPPV and
development of these complications was not associated with
failure (Supplementary Table 9). The most common
complication was need for CPR, described in detail below. Skin
breakdown was the next most common complication
documented in 5%, followed by agitation/intolerance of NIPPV
in 4%. Two patients had emesis and one had epistaxis.

Receipt of Cardiopulmonary
Resuscitation (CPR)
Twenty-six patients received CPR at some point during their
PICU course (Table 4). Of these, three patients received CPR
prior to intubation, and 11 during intubation. In this cohort with
97 NIPPV failures and 11 arrests during intubation, over 10% of
the intubations were complicated by arrest. Of the patients that
arrested during intubation, only 18% survived to PICU
discharge. All three patients who never had an intubation
attempt prior to arrest died. A subanalysis comparing these 14
patients to those that were intubated without arrest revealed they
were closer to their transplant (14 vs 54 days, p<0.01). Those
who arrested had a higher median respiratory rate at 4 hours
Frontiers in Oncology | www.frontiersin.org 5161
[48 (IQR: 27.5, 69.0) vs 38.5 (IQR: 25.2, 46.8), p=0.196], a higher
use of vasoactive agents (50% vs 43%, p=0.63) and were on
supplemental O2 longer (5.0 days vs 2.5 days, p=0.20), but none
of these reached statistical significance. For those that arrested
during intubation, there was a trend toward being started on
NIPPV outside of the PICU. Of those that failed NIPPV, 21
patients were started on NIPPV outside of the ICU (20 on the
transplant unit and 1 in the emergency department). Of these 21,
24% (n=5) arrested during intubation compared to 8% (n=6)
arrest rate for those that were started on NIPPV in the
PICU (p=0.056).

Mortality, Morbidity and Length of Stay
Those that failed NIPPV had worse outcomes (Table 4). They
use more CRRT, had a longer length of PICU stay, and lower
PICU and hospital survival. Interestingly, patients successfully
treated with NIPPV and survived PICU had a sharp decline in
survival to hospital discharge (Figure 1).
DISCUSSION

In this cohort of 153 children post-allogeneic HCT who used
NIPPV from centers across the United States, failure of NIPPV
was common and associated with significant mortality. Higher
respiratory rate and receipt of vasoactive infusions prior to
intubation were independent risk factors for NIPPV failure.
The high rate of cardiac arrest during intubation is also a
cause for concern. Objective data to help guide our medical
decision-making surrounding disposition and timing of
intubation are needed to improve the outcomes of these high-
risk patients with respiratory failure.

Over 60% of patients failed NIPPV, highlighting the need to
determine risk factors for failure to limit delays in intubation for
those likely to progress, and ultimately decrease severe
complications such as cardiac arrest. This failure rate is
exceedingly high compared to NIPPV failure rates in the
general PICU population. Three general pediatric studies
found NIPPV failure rates between 15.5% and 23% (13, 16,
17), a much lower failure rate than observed in our cohort.
TABLE 4 | Critical care interventions and outcomes of the cohort assessed by NIPPV failure status.

Entire cohort
n=153

NIPPV failure
n=97

NIPPV success
n=56

p-value

Length of vasoactive use (days) 2.0 (0.8, 8.1) 1.9 (0.7, 11.2) 3.1 (1.0, 6.3) 0.846
CRRT at any time in PICU 41 (27.0) 37 (38.1) 4 (7.3) <0.0001
Length of CRRT (days) 8.5 (3.3, 15.9) 9.1 (2.4, 15.9) 4.1 (3.8, 14.6) 0.777
Length of PICU stay (days) 10.0 (4.0, 26.0) 18.0 (7.0, 35.0) 4.0 (3.0, 7.0) <.0001
Length of NIPPV (days) 1.0 (0.4, 3.5) 0.7 (0.2, 2.3) 2.1 (0.8, 4.0) 0.0004
Length of invasive mechanical ventilation (days) 6.8 (3.0, 17.5) 6.8 (3.0, 17.5) n/a n/a
CPR 26 (17.5) 26 (27.7) 0 (0) <.0001
PICU survival 83 (54.6) 32 (33.0) 51 (92.7) <.0001
Hospital survival 66 (43.1) 27 (27.8) 39 (69.6) <.0001
May 2021 | Volume 11 | Article
Values are medians (IQRs) for continuous variables and frequencies (percentages) for categorical variables, with p-values from Wilcoxon Rank Sum and Chi-Square (Fisher’s Exact when
cell counts were small) tests, respectively.
NIPPV, noninvasive positive pressure ventilation; CRRT, Continuous renal replacement therapy; PICU, Pediatric intensive care unit; CPR, cardiopulmonary resuscitation.
TABLE 3 | Multivariate model for the association of patient characteristics with
NIPPV failure.

Unadjusted OR, (95% CI) Adjusted ORa (95% CI)

RR > 40 at 4 hours 3.8 (95% CI: 1.7, 8.7),
p< 0.001

6.3 (95% CI: 2.4, 16.4),
p<0.001

Vasoactive useb 3.7 (95%CI: 1.7, 8.1),
p=0.001

4.9 (95% CI: 1.9, 13.1),
p=0.001

Matched related
donorc

0.3 (95%CI: 0.1, 0.8),
p=0.009

0.3 (95%CI: 0.1, 0.9),
p=0.031

Area under the curve NA 0.794
OR, odds ratio; CI, confidence interval; RR, respiratory rate in breaths per minute.
aAdjusted for Age and days of O2 prior to NIPPV which were not significant in this model.
bVasoactive use was defined as the use of any continuous infusion of vasoactive agents up
to and including the day of intubation.
cMatched related donor was compared to all other donor types including matched
unrelated, unmatched related, and unmatched unrelated.
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Furthermore, in a study of 239 children with cancer treated with
NIPPV, only 26% failed (8). Not only does our study reaffirm
that respiratory failure is different in children post-HCT, the
high failure rate reveals the urgent need to identify risk factors
for failure in this population.

Our analysis identified simple clinical risk factors for NIPPV
failure including, respiratory rate at four hours after NIPPV
initiation and requirement for vasoactive support. Respiratory
rate has been associated with NIPPV failure in other general
PICU studies (13, 16, 17). It is a valuable risk factor because it is
readily available in all patients, is noninvasive, and does not add
additional cost to care allowing it to be evaluated globally
regardless of resource availability. The use of vasoactive agents
was also associated with NIPPV failure, likely representing
hemodynamic instability which has been shown to be
associated with NIPPV failure in children with cancer (8).
Comparative effectiveness studies or quality improvement
initiatives may help determine if a simple model incorporating
respiratory rate and vasoactive use can improve emergent
intubations and outcomes.

Many studies suggest the presence of ARDS is associated with
NIPPV failure (14, 17–19). Surprisingly, these markers,
including SpO2, FiO2, and SpO2/FiO2 ratio were not associated
with failure in this study. One challenge was the inability to
calculate an accurate SpO2/FiO2 due to multiple variables with
SpO2> 97%. Another possible explanation is that the vast
majority of patients were on very high FiO2 early on in the
course of NIPPV making it harder to discriminate those that
failed. As ARDS is extremely common in children with
respiratory failure post-HCT (20), it may be less helpful in
differentiating NIPPV success from failure.

The high rate of cardiac arrest prior to and during intubation
should encourage both critical care and HCT physicians to
Frontiers in Oncology | www.frontiersin.org 6162
critically examine NIPPV practice patterns. In large,
international cohorts, the reported arrest rate during pediatric
intubation ranges between 0.5%-1.7% (21–23). These data come
from a variety of large, tertiary, pediatric hospitals that care for
medically complex and fragile children with high acuity.
Therefore, having a peri-intubation cardiac arrest rate that is
10-20 times the reported arrest rate in the general PICU
population necessitates an urgent call to action to better
understand and address this significant problem.

Currently, there are no guidelines for NIPPV use in children
post-HCT, creating highly variable practice patterns and
difficulty determining its optimal use. While many required
intubation, some were successfully treated. Further, successful
treatment with NIPPV resulted in improved survival and shorter
PICU stay suggesting some children post-HCT benefit from its
use. Given the univariate association of longer duration of
supplemental oxygen prior to NIPPV with NIPPV failure, we
postulate that earlier intervention with NIPPV, i.e. at the first
sign of hypoxia, may offer beneficial lung recruitment and
potentially slow or prevent the progression of respiratory
failure. However, this requires further study. The adult
immunocompromised literature suggest that early use is
beneficial (6, 24, 25). Early diagnostic interventions to help
target therapy, early and aggressive fluid management, and
collaboration between intensivists and transplant physicians
are essential to optimize NIPPV use.

Early application of NIPPV, initiation in a highly monitored
setting, close monitoring for subtle signs of worsening distress,
and frequent reassessment of changes (or lack thereof) in vital
signs in response to therapy may be starting points to tackle
this issue. Objective risk scoring systems may also be useful. In
both the HCT and general pediatric population, objective risk
scores have been useful to early-identify risk of decompensation
FIGURE 1 | Survival assessed by NIPPV success or failure at PICU and hospital discharge. Those who failed NIPPV, represented by the solid dark gray bars had a
poor PICU and hospital survival. Those who were successfully treated with NIPPV, represented by the diagonal black lines, had a high PICU survival but there was a
decrease in hospital survival noted.
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(26–29), however they are not specific to the successful use of
NIPPV. While the starting location of NIPPV was not associated
with failure, there was a concerning trend toward an increased
risk of arrest during intubation for those started outside of the
PICU. These data are not conclusive but should encourage a
critical look at practice patterns. A highly monitored setting with
intensive nursing ability, such as the PICU, may offer the optimal
opportunity to implement objective risk scores and non-invasive
mechanical respiratory support in these high risk patients.

While the multicenter nature of our study adds strength to
this study, some limitations remain. Retrospectively, it was
challenging to understand the decisions leading to timing of
intubation and transfer from the transplant unit to the PICU,
which are important aspects of patient care. Additionally, NIPPV
use was not protocolized creating variability within and across
institutions. However, while this is a limitation, it likely
represents the real-world application of NIPPV across the US.
We also did not have the data to collect a vaso-inotropic score
which may be an important variable for consideration in future
investigation. Finally, important conversations surrounding
goals and end of life clearly play a significant role in the
decision to intubate children with a high mortality risk. As
these conversations are often poorly documented, occur within
different services at different institutions, and are very complex, it
is challenging to understand how they affect the decisions
surrounding intubation. As these challenges are likely universal
across institutions, we believe our findings are likely
representative of the management and outcomes of NIPPV in
pediatric HCT patients in the US.

In summary, the high rate of cardiac arrest and mortality
among children post-HCT receiving NIPPV should raise a high
level of concern and push our field to consider earlier intubation
in this population. If NIPPV is to be optimally utilized in the
HCT population, an objective model to identify which children
may benefit from a trial of NIPP. It may also inform the timing
of NIPPV initiation and help reduce the rates of complications
with intubation. In this study we found that respiratory rate at
4 hours and vasoactive use are independent risk factors for
NIPPV failure.
Frontiers in Oncology | www.frontiersin.org 7163
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Background: Children with cancer are at high risk for clinical deterioration and
subsequent mortality. Pediatric Early Warning Systems (PEWS) have proven to reduce
the frequency of clinical deterioration in hospitalized patients. This qualitative study
evaluates provider perspectives on the impact of PEWS on quality of care during
deterioration events in a high-resource and a resource-limited setting.

Methods: We conducted semi-structured interviews with 83 healthcare staff (nurses,
pediatricians, oncology fellows, and intensivists) involved in recent deterioration events at
two pediatric oncology hospitals of different resource levels: St. Jude Children’s Research
Hospital (SJCRH; n = 42) and Unidad Nacional de Oncologıá Pediátrica (UNOP; n = 41).
Interviews were conducted in the participant’s native language (English or Spanish),
translated into English, and transcribed. Transcripts were coded and analyzed inductively.

Results: Providers discussed both positive and negative perspectives of clinical
deterioration events. Content analysis revealed “teamwork,” “experience with
deterioration,” “early awareness,” and “effective communication” as themes associated
with positive perception of events, which contributed to patient safety. Negative themes
included “lack of communication,” “inexperience with deterioration,” “challenges with
technology”, “limited material resources,” “false positive score,” and “objective tool.”
Participants representing all disciplines across both institutions shared similar positive
opinions. Negative opinions, however, differed between the two institutions, with
providers at UNOP highlighting limited resources while those at SJCRH expressing
concerns about technology misuse.
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Conclusion: Providers that care for children with cancer find PEWS valuable to improve
the quality of hospital care, regardless of hospital resource-level. Identified challenges,
including inadequate critical care resources and challenges with technology, differ by
hospital resource-level. These findings build on growing data demonstrating the
positive impact of PEWS on quality of care and encourage wide dissemination of
PEWS in clinical practice.
Keywords: cancer, critical care, pediatric oncology, early warning systems, clinical deterioration, qualitative analysis
INTRODUCTION

Pediatric patients with cancer are at risk for clinical deterioration
due to multiple factors, including cancer-related complications
and treatment-associated toxicities (1). Up to 30 percent of
children with cancer will need admission to the intensive care
unit (ICU) at least once during their treatment (2). Delays in
transfer to the ICU for critically ill pediatric cancer patients are
associated with worse outcomes, including higher mortality and
end organ dysfunction (1).

Almost 15 years ago, the Institute for Healthcare
Improvement identified rapid response systems as a core
mechanism to decrease preventable morbidity and mortality
(3). To aid in rapid response notification, Pediatric Early
Warning Systems (PEWS) are used at many hospitals. PEWS
are bedside tools composed of a scoring instrument and an
associated intervention algorithm used to proactively identify
clinical deterioration and facilitate early transfer to the ICU (4).
PEWS have been validated for use with pediatric oncology
patients, including in resource limited settings (5–7), and have
been shown to reduce frequency of clinical deterioration in
hospitalized pediatric cancer patients (8) and improve
interdisciplinary communication (9, 10).

Although robust data exist describing the quantitative
impact of PEWS on patient outcomes (4), qualitative
analyses of the effects of these tools on the perception of
quality of delivered care are lacking. Furthermore, provider
perceptions of PEWS across hospitals with varying resource
levels remain understudied. In this study, we evaluate the
impact of PEWS on provider perceptions of care provided to
deteriorating pediatric oncology patients at two hospitals of
different resource levels.
METHODS

Research Design and Context
Interviews were conducted during the fall of 2018 at two
hospitals dedicated to the care of children with cancer: Unidad
Nacional de Oncologıá Pediátrica (UNOP) in Guatemala City,
Guatemala and St. Jude Children’s Research Hospital (St. Jude)
in Memphis, USA. Study design and methods have been
previously described (10).

St. Jude and UNOP were chosen due to their similar patient
volume, size, and recent PEWS implementation (5, 11). In both
2166
hospitals, the PEWS scoring tool comprises vital signs, physical
exam, treatment requirements, and staff and family concern
paired with a response algorithm that defines the next steps in
patient care (Supplemental Figures 1 and 2).

While similar in organization, the two participating hospitals
have different resources. St. Jude employs more than 40
oncologists and 8 intensivists, while UNOP has 9 oncologists
and 4 intensivists. The nurse-to-patient ratios in the PICU and
inpatient wards are 1:1–1:2 and 1:4–1:6 in UNOP, while they are
1:1 and 1:2, respectively, at St. Jude. The estimated survival rate
for children treated in Guatemala, an upper middle-income
country, is approximately 65% compared to >80% in the
United States, a high-income country. For these reasons,
UNOP is considered a resource-limited setting, while St. Jude
is considered a high-resource setting.

Participants
We recruited physicians, advanced practice providers (APP), and
nurses at UNOP and St. Jude who were familiar with PEWS and
had recently been involved in the care of a patient with a
deterioration event (defined as a hospitalized pediatric
oncology patient who experienced a clinical worsening
requiring an unplanned transfer from the inpatient ward to the
ICU). A total of 83 interviews were conducted (Table 1) at which
point thematic data saturation was reached at each hospital and
within each discipline (12).

Interview Guide Development
and Data Collection
The bilingual research team developed an interview guide to
elicit provider perceptions of PEWS and its impact on the care of
pediatric oncology patients with recent deterioration events
(Supplemental Figure 3). Interviews were conducted by a
native speaker (MG, JG). The audio from the interviews were
recorded and transcribed for analysis. Spanish interviews were
professionally translated into English.

Data Analysis
Transcribed interviews underwent qualitative content analysis
using codes derived inductively from transcript review (13).
Code definitions are described in Supplemental Table 1 (10).
Each interview transcript was independently coded by two
researchers (MG, DG, GF). Transcripts were reviewed by a
larger team including a third-party adjudicator to establish
consensus and test inter-rater reliability (MG, DG, GF, AA).
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Segments with overlapping codes of “perception of deterioration
event” and “perception of PEWS” were explored. Additional
themes were identified and analyzed. An additional subanalysis
Frontiers in Oncology | www.frontiersin.org 3167
was conducted using only transcripts of participants who worked
at either institution before PEWS implementation. MAXQDA
software was used for data management and analysis. COREQ
guidelines were followed to ensure rigor of qualitative analysis
and manuscript preparation (14).

Human Subjects
This study was approved by the ethics committee at UNOP and
the St. Jude Institutional Review Board.
RESULTS

Positive Perception of Care Delivery
During Deterioration
Providers described elements that led to the positive perception
of deterioration events, including “teamwork” and “experience
with deterioration,” while PEWS influenced positive perceptions
through “early awareness and timely intervention” and “effective
communication” (Table 2).

Teamwork
At both hospitals, “teamwork” was a key theme that contributed
to positive perceptions of care delivery during deterioration.
Participants from all disciplines described how working
together helped patient management during these acute events.
Ward physicians in both institutions highlighted how their co-
workers offered to help when they had critical patients or other
urgent tasks: “We seek to help our team members, if there is a girl
that needs to be ventilated, we all support our colleague” (ward
physician, UNOP). Similarly, at St. Jude, physicians mentioned
TABLE 2 | Positive perception of care delivery during deterioration.

Theme Provider Example

Indirect impact of
PEWS

Teamwork Intradisciplinary
UNOP Ward Physician “Because it was late afternoon and many doctors were not present, I went downstairs and one of

my colleagues was there helping us.”
St. Jude Ward Nurse “There are other nurses checking in on you, ‘Are you okay, can I do something for you? What can I

bring you?’”
Interdisciplinary

UNOP Ward Nurse “Here if there is something that the oncologists have given us confidence is that they have always
taken us into account.”

St. Jude ICU APP “PEWS gets all the teams together and it makes them talk, and it makes them collaborate.”
Experience
with
Deterioration

UNOP Ward Physician “I think the intensive nursing staff has more experience in ventilating a child than the nurses who are
on the ward.”

St. Jude Ward Physician “I’ve seen this happen like 15 to 20 times where a patient who is consistently tachycardic without a
fever, they are automatically almost near the top of my list because that means they are about to go
into hemodynamic instability, it’s just matter of time.”

Direct impact of
PEWS

Early
Awareness

UNOP ICU Physician “Patients in general are detected early and in the ICU we have almost no patients detected late that
require many more interventions or that the outcome is fatal.”

St. Jude ICU Physician “I have personally caught patients early and transferred them to the ICU early, there have been less
[Rapid Response Teams] on the floor since it’s been implemented.”

Effective
Communication

UNOP Ward Physician “It’s a method that helps at least the nursing team to see some … some signs of the patient and
communicate to us any anomaly.”

St. Jude Ward Nurse “So, I feel like it gave our nurses on the floor a lot of empowerment to say, what I’m seeing and
what I’m, you know, assessing, is real, and I’m concerned, and this is my objective data for it.”
St. Jude, St. Jude Children’s Research Hospital; UNOP, Unidad Nacional de Oncologıá Pediátrica; PEWS, Pediatric Early Warning System; APP, Advance Practice Provider; ICU, Intensive
Care Unit.
TABLE 1 | Demographics.

St. Jude
n (%)

UNOP n
(%)

Worked at
St. Jude prior

to PEWS
implementation

n (%)

Worked at
UNOP prior
to PEWS

implementation
n (%)

ICU providers
ICU nurse 2 (5) 0 (0) 1 (2) 0 (0)
Advance practice
practitioner (NP/
PA)

5 (12) 0 (0) 5 (12) 0 (0)

ICU fellow 0 (0) 6 (15) 0 0 (0)
ICU attending
physician

6 (14) 1 (2) 5 (12) 1 (2)

Total 13 (31) 7 (17) 11 (26) 1 (2)
Floor physicians
Oncology fellow 6 (14) 6 (14) 0 (0) 0 (0)
Resident/

pediatrician
3 (7) 8 (20) 2 (5) 4 (10)

Advance practice
practitioner (NP/
PA)

7 (17) 0 (0) 5 (12) 0 (0)

Total 16 (38) 14 (34) 7 (17) 4 (10)
Nurses
Coordinator 2 (5) 8 (20) 2 (5) 4 (10)
Bedside nurse 11 (26) 12 (29) 9 (2) 7 (17)

Total 13 (31) 20 (49) 11 (26) 11 (27)
Total 42 (100) 41 (100) 29 (69) 16 (39)
ICU, intensive care unit; N/A, not available; NP, nurse practitioner; PA, physician assistant;
St. Jude, St. Jude Children’s Research Hospital; UNOP, Unidad Nacional de Oncologıá
Pediátrica. Adapted from Graetz D. et al. (10).
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how communication aided decision-making and allowed teams
to develop plans together: “I called the attending, the fellow …
and we were all in there so, we decided to go ahead and do push-
pull-bolus on him” (ward physician, St. Jude).

In addition to supporting other providers within their own
discipline, participants described how interdisciplinary
collaboration improved patient care: “It was in collaboration:
the oncologist who was in charge of the service, the intensivist on
duty, the intensive care personnel and the infectious diseases
specialist all helped and the treatment decision was taken
together” (ward physician, UNOP).

Experience With Deterioration
Respondents’ previous experience with critically ill patients
impacted their perceptions of clinical deterioration events:
respondents with more experience caring for critical children
were more likely to describe positive perspectives. This concept
was described similarly at both St. Jude and UNOP: “So, I think
in my case I’ve always taken measures, if not time appropriate, at
least in my shift, transfer if required or if not, it is handled in the
service but always with quick response” (ward nurse, UNOP); “I
think it was an appropriate move to have her have him evaluate it,
because especially as a young adult your heart rate and
respirations don’t have to be too terrible high for you to rank up
to a four, so I think it was okay” (ward APP, St. Jude).

Positive Impact of PEWS on
Quality of Care
All interviewees spoke positively about the impact of PEWS on
the quality of patient care. PEWS were seen to directly improve
care delivery through aiding with early clinical assessments,
timely interventions, and effective communication between
disciplines. Through this, PEWS also indirectly led to
improvements in patient care via themes associated with
positive perceptions of deterioration by encouraging teamwork
and helping identify deterioration for those with less experience.

Early Awareness and Timely Intervention
In both hospitals, PEWS prompted early evaluation, coded as
“early awareness.” Respondents from all disciplines described
PEWS as an alarm triggering timely evaluation or intervention.
At St. Jude, an ICU provider mentioned: “Now we seem to be
warding off a lot of that and we’re getting a lot more [activations
of the rapid response team] and a lot more catching these kids
earlier on in their disease process” (ICU APP, St. Jude). Similar
sentiments were seen at UNOP: “We have not taken care of a
respiratory arrest on the floor, since all patients have been
transferred on time with the use of PEWS” (ward nurse,
UNOP). Having a system that facilitates and justifies the
escalation of patient care was a recurrent concept.

Effective Communication
PEWS was also described as enabling interdisciplinary
communication, which in turn fostered teamwork and led to
positive perceptions of care. Nurses described how PEWS helped
them express their concerns to physicians: “Also it helps us to go
with the doctor and have a backup to tell him that this is
Frontiers in Oncology | www.frontiersin.org 4168
happening” (ward nurse, UNOP). Physicians perceived a
benefit to the whole care team: “In a way it empowers staff
because many times the staff at the bedside don’t feel like they’re
heard” (ICU physician, St. Jude).

Negative Perception of Care Delivery
During Deterioration
As participants reflected on critical patient events, they also
described negative perceptions of care delivery, which focused on
lack of communication, inexperience, challenges with
technology, and limited material resources, while PEWS
influenced negative views due to false positive scores and the
objective nature of the tool (Table 3).

Lack of Communication
Participants described lacking and ineffective communication
during deterioration events leading to negative perceptions of
care delivery. In both settings, providers negatively described
instances in which physicians were not notified of deteriorating
patients. At UNOP a participant stated: “The nurse didn’t
communicate to the doctor and the doctor didn’t monitor the
patient” (ward physician, UNOP). Similar impressions were
shared by clinicians at St. Jude: “A patient had a rapid response
called and transferred to the ICU, and the primary provider was
never notified” (ward physician, St. Jude).

Inexperience With Deterioration
At both institutions, providers with negative perceptions
regarding critical deterioration events often cited lack of
experience with patient deterioration as a variable that may
contribute to negative perspectives. At UNOP, a physician
noted that ward nurses are not used to performing critical
interventions: “For example, all the ventilation and tachycardia,
intensive is in charge of that part; ward nurses were not prepared
for [clinical deterioration], it had almost never happened, then we
brought the nurses from intensive care” (ward physician, UNOP).
A physician at St. Jude mentioned that when new healthcare
providers start working in their hospital, they have no experience
with deterioration in this patient population, so it takes more
time to start the appropriate interventions: “Some people would
have sent this kid to the ICU immediately, but you have a patient
needing high levels of care, with a resident who just got out of first
year and has no experience with St. Jude in terms of the unique
medical knowledge” (ward physician, St. Jude).

Limited Material Resources and Challenges With
Technology
Availability or lack of resources influenced the perception of
deterioration events and differed by institution. At UNOP,
negative perspectives of events focused on the lack of
infrastructure impacting the ability of teams to follow the
escalation pathway and provide appropriate critical care to
deteriorating patients. Specifically, a participant mentioned:
“The patient required intensive care and we hadn’t space in the
ICU, so we moved him to intermediate care” (ward physician,
UNOP). At St. Jude, participants did not describe infrastructure
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limitations. Instead, negative perceptions of deterioration events
were linked to challenges caused by technology limitations. For
example: “Another major barrier, and this is kind of a barrier
with communication with the ICU, is that the nurse practitioners
on-call on the on-call schedule, often the only number listed is not
a pager that they have, or a cellphone that they have, but an office
number, is an issue” (ward physician, St. Jude).

Negative Impact of PEWS on Quality of Care
While PEWS contributed to positive perceptions of care delivery,
90%of participants alsomentionednegative aspects ofPEWS.PEWS
were perceived to directly contribute to inadequate care delivery by
raising false positive alerts and theobjectivenature of the scoring tool.
PEWS indirectly contributed to inadequate care delivery through
limited material resources and challenges with technology.

False Positive Score
Some participants felt that the PEWS score did not correlate with
the clinical impression of the providers, indicating a false positive
score, defined as a high PEWS score triggering a rapid response
team activation or ICU consult without true need for care
escalation. Although false positives were mentioned at both
institutions, perceived outcomes secondary to false positives
differed between hospitals, causing a sense of alarm fatigue at St.
Jude and overuse of resources at UNOP. At St. Jude, participants
stated: “There’s also a sense of, we get patients who for whatever
reason, may have a higher score, but clinically are quite stable” (ICU
APP, St. Jude), and “[It] creates alarm fatigue, because, you know, it’s
mild tachycardia, but, there’s absolutely nothing, and really there’s
nothing wrong with that heart rate and nothing for us to be
concerned about at all” (ward APP, St. Jude). At UNOP,
respondents mentioned receiving consults on patients that have a
high score but do not need a critical intervention: “…Sometimes the
consults that I have had are things that … there are other factors …
Frontiers in Oncology | www.frontiersin.org 5169
that could affect certain values of the PEWS and maybe it is not a
patient that is unstable and that needs an emergency intervention”
(ICU physician, UNOP). Exclusively at UNOP, false positive alerts
led to a perception of excessive use of resources: “It harmed the unit
by bringing a girl who did not need to, that was the bad thing and we
lost resources” (ICU physician, UNOP).

Objective Tool
The strictly objective nature of the tool, coded as “objective tool,”
was viewed negatively at St. Jude, with participants describing
PEWS as too automatic: “Basically, the computer’s doing
everything for you and you don’t use your coworkers to help
you out” (ICU APP, St. Jude). An ICU nurse said that it takes
away the nurses’ clinical ability to evaluate the patient: “I don’t
think they’re looking at the patient, they’re looking at numbers,
numbers, numbers” and come up with a clinical judgment
“because the scoring system is so objective, I think it takes away
a lot of the nurse’s ability to think for themselves” (ICU APP, St.
Jude). This theme was not identified within UNOP interviews.

Perspective Before and After
PEWS Implementation
A subset of participants (54%, n = 45) worked at their respective
institutions prior to PEWS implementation, providing insight
into the impact of PEWS on patient care (Table 4). When
reflecting on the quality of patient care pre- and post-PEWS
implementation, participants from both institutions primarily
described the positive impact of PEWS. They mentioned PEWS
impact on early awareness and timely interventions: “Before,
I remember that we transferred patients almost ventilated to
intensive, then it was very late … but now if we can say that in
its entirety, it may be that one or the other that escape but almost
all patients are transferred early” (ward nurse, UNOP).
TABLE 3 | Negative perception of care delivery during deterioration.

Theme Provider Example

Indirect impact
of PEWS

Limited Material
Resources

UNOP ICU Physician “That part of not having a [ICU] bed, I think we were late and maybe we would have done another
intervention before.”

Challenges with
Technology

St. Jude ICU APP “We were finally called to the [PEWS] that morning—and it was kind of a sticky situation because
the paging system was down.”

Direct impact of
PEWS

False Positive
Score

UNOP ICU Physician “Maybe we will have more alarms that sound and are false alarms, and I know that that in general
is an annoying for ICU fellows and even for some ICU attendings.”

St. Jude ICU Physician “And just my concern it’s put a lot of workload on the ICU to the point that sometimes it’s the boy
who cried wolf and we maybe don’t pay much attention to it like we should.”

Objective Tool St. Jude ICU Physician I think, that’s what I was worried about that people do not use a score, a number rather than a
clinical judgment to say, “There’s something wrong with my patient.”

St. Jude ICU APP Now I’m seeing it across the board, I even see now, nurses who I deemed experienced in tenure,
rely heavily on these systems and I know them previously, and I know they know, you know,
better, for lack of a better description.

Lack of Communication UNOP Ward Physician “The nurse didn’t communicate to the doctor and the doctor didn’t monitor the patient.”
St. Jude Ward Physician “If the nurse doesn’t know to notify the provider, like not being notified that your patient is being

transferred to the ICU is really bad.”
Inexperience with Deterioration UNOP Ward Physician “Maybe she is a person who doesn’t have too much relation or contact with critical patient and

that’s why she is not concerned.”
St. Jude Ward Physician “Providers who have more difficulty with that would most likely be the residents because they do

not rotate through the ICU as an intern actually, so they don’t have that level of experience of
intubating a kid and seeing them on pressors.”
St. Jude, St. Jude Children’s Research Hospital; UNOP, Unidad Nacional de Oncologıá Pediátrica; PEWS, Pediatric Early Warning System; APP, Advance Practice Provider; ICU, Intensive
Care Unit.
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At UNOP, PEWS was described as positively changing
patient care and improving safety. Ward nurses stressed that
PEWS led them to prioritize vital signs: “We did not even handle
the vital signs, but we had a nursing assistant who wrote down the
signs” (ward nurse, UNOP). In addition, at UNOP, PEWS
encouraged nurses to complete a physical assessment on each
patient, which was not consistently done previously: “If you do
the [PEWS] you are required to do a total physical examination,
maybe before we didn’t do that 100%” (ward nurse, UNOP).

At St. Jude, ward nurses believed that the implementation of
PEWS helped with prioritizing patient care and facilitated activation
of emergency response systems. Ultimately, PEWS helped mitigate
the nurses’ feelings of criticism for calling a rapid response: “They’ve
kind of calmed down that judgment towards the nurse which helps
they understand this is the [PEWS] score this is why we’re being
called, it’s not the dumb nurse doesn’t know this or that” (ward nurse,
St. Jude). As a result of these changes, participants felt patient safety
improved: “In the 13 years I’ve been here, it’s probably been the most
impactful on patient safety” (ward nurse, St. Jude).

A model describing our findings regarding provider
perceptions of the quality of care delivered during clinical
deterioration and the direct and indirect impact of PEWS is
summarized in Figure 1.
DISCUSSION

This study builds on the growing understanding of the importance
of PEWS in the care of hospitalized children with cancer in
settings of varying resource levels. Our study provides additional
insights into how providers perceive the impact of PEWS on the
quality of care of deteriorating patients, including how it enhances
teamwork and effective communication, builds on clinical
experience, and promotes early awareness of clinical deterioration.
Frontiers in Oncology | www.frontiersin.org 6170
Despite interviews focused on clinically deteriorating patients,
all participants, regardless of discipline or resource setting,
mentioned positive characteristics of care delivery in these acute
situations. The positive themes concentrated on the perceived
efficiency of the team providing care and using PEWS to improve
clinical outcomes. Our findings support the idea that PEWS
increases interdisciplinary communication by empowering
providers and thus improving teamwork, contributing positively
to the perception of the quality of care delivered during
deterioration events (10). One of the foundations for safe care
delivery is effective teamwork, striving toward a common goal (15,
16), and our findings suggest that PEWS can facilitate this
phenomenon in the care of deteriorating patients. Furthermore,
when effective communication is lacking, teamwork is challenged,
leading to worse quality of care and negative provider experience.
These findings suggest that additional strategies to optimize team
communication can improve the quality of care.

Previous research has shown that PEWS assists with the early
identification of deterioration, thereby promoting patient safety
and improving outcomes (17). Our findings demonstrate that
bedside providers perceive these positive effects during routine
clinical care and, specifically, in the moments of critical
deterioration. This suggests that staff are invested in the use of
PEWS, possibly influenced by its relatively recent implementation.
Importantly, our cohort of participants included many providers
that worked at these two institutions before the implementation of
PEWS. This group concentrated on the positive impact of PEWS
on patient care and confirmed the opinion that PEWS promotes
patient safety. In addition, PEWS emphasized the role of nursing
in patient monitoring, specifically clinical assessment in low
resource settings, highlighting the role of nurses in the care of
hospitalized pediatric oncology patients (18).

At both institutions, barriers to care escalation existed that
were beyond the scope of PEWS: technology at St. Jude and
TABLE 4 | Perspective before and after PEWS implementation.

Provider Segment

UNOP Ward Nurse “If I see the two sides of the coin, because I was here before the [PEWS] was implemented, then we did see that it took us so long when
we were going to transfer a patient that was complicated to intensive.”

UNOP Ward Nurse “Compared now is a different world, the complication is detected early, we have been trained on the danger signals for a crash, the [PEWS]
has been closely studied.”

UNOP Ward Nurse “Having implemented the [PEWS] within the unit was gaining importance inside the hospital because we already had an instrument that
supported us and we could go to the doctor and tell him the case and one what I didn’t see according to the scale, so one relies on the
[PEWS] scale to say the patient is not well.”

UNOP ICU Physician “I believe that there is a difference that can be seen in the reduction of mortality, there may have an increase in admissions to intensive, but
we have a better survival and much shorter vasopressors times and better results after [PEWS] than before [PEWS].”

St. Jude ICU Physician “They wouldn’t call you till like the patient was actually, we would go to the floor and start like doing CPR, so sometimes, not every time,
but sometimes, but the culture now is like from the medicine room to the floors, they call us for whenever they’re concerned.”

St. Jude Ward Physician “I think, for the most part, it has improved, one, the ICU knowing about these sick patients early”
St. Jude Ward Physician “Especially for those of us who have been here previously where sometimes kids get way too sick and we don’t know if anything was going

on for a long period of time. It’s nice to have sort of a safety net as well.”
St. Jude ICU Physician “Now if you have an [PEWS] like no one will question you why did you call for ICU consult or for rapid response team because my [PEWS]

is high.”
St Jude Ward Nurse “and it would make you feel very uncomfortable if I ever needed to call again because people made you feel like you were dumb for calling

it”
St. Jude ICU APP “Yeah, I think that it’s helped foster closer relationships between nursing services and us, and giving us a presence that we didn’t have

before.”
St. Jude, St. Jude Children’s Research Hospital; UNOP, Unidad Nacional de Oncologıá Pediátrica; PEWS, Pediatric Early Warning System; APP, Advance Practice Provider; ICU, Intensive
Care Unit.
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limited resources at UNOP. Although one of the benefits of
PEWS is optimization of available resources (19), the lack of
infrastructure and staffing continued to be a perceived barrier for
ideal care at UNOP. Conversely, in a high-resource setting,
technological elements contributed to a negative perception.
These resource elements exist outside the reach of PEWS, but
nonetheless they should be considered prior to implementation
to maximize the impact of PEWS on patient outcomes.

Unsurprisingly, perceptions of deterioration events were
influenced by providers’ degrees of clinical experience.
Nonetheless, our study suggests that PEWS helps those with less
experience to feel more comfortable as it provides an additional
aid for patient management. In addition, the objective nature of
PEWS is often described as a strength, as it allows for a standard
and objective approach to deteriorating patients. Providers in this
study did not always view the objectivity of PEWS as positive,
pointing to frequent false positive alerts (high PEWS in patients
without true deterioration). Although many aspects of PEWS
scores are based on objective criteria such as vital signs, the
PEWS used at St. Jude and UNOP contains an additional point
for both provider and family concern, adding subjectivity to the
scoring. Clinician perceptions regarding the value of objective
PEWS criteria in contrast to individual clinical knowledge as the
most reliable source of decision-making likely impacts the
perceived value of PEWS in these settings. While high scores
triggering patient evaluation that does not result in escalation of
care are inherently needed for the correct use PEWS, this may
result in a perceived overuse of critical care resources, especially in
settings where these are more limited. Ultimately, for maximum
Frontiers in Oncology | www.frontiersin.org 7171
acceptability and efficacy, objective tools should be paired with
provider clinical judgement (9).

This study has several limitations. Despite interviews focusing
on patients that required unplanned transfer to the ICU, social
desirability bias may have prevented people from fully
expounding on the negative elements of these events (20). This
confounding element was mitigated by having voluntary
participation in the study and interviewers external to clinical
care teams and hierarchy structures. Although two resource-level
settings were chosen as representative of different resource
settings, the selected institutions are heavily focused on
pediatric cancer care and may not be representative of other
hospitals that provide care for children with cancer in either
resource setting. Nonetheless, the themes that were discussed are
likely applicable beyond these hospital contexts as they are
relevant to the clinical care of children with cancer. Also, while
interviews were conducted in two languages, Spanish interviews
were transcribed and translated to English for analysis in one
language. This process may have modified the intended message
of the interviewee. To minimize this, a bilingual research team
member reviewed a subset of translations prior to their analysis
without identified inconsistencies.

In summary, our study shows that providers that care for
children with cancer find PEWS valuable for improving quality of
care, regardless of hospital resource-level. These findings build on a
growing literature supporting the overall positive impact of PEWS
on clinical care, thereby encouraging widespread implementation of
PEWS in pediatric cancer settings. We also identified shortcomings
of PEWS that can be used to improve its use as part of ongoing
FIGURE 1 | Conceptual Model of Perceptions of Care Delivery During Deterioration.
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quality improvement. Further studies, including analysis of the
impact of PEWS in other care settings and among different patient
populations, will deepen our understanding of the impact of quality
improvement interventions and our ability to optimize their use to
improve team dynamics and patient outcomes globally.
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Objectives: To evaluate the associations between early cumulative fluid balance (CFB)
and outcomes among critically ill pediatric allogeneic hematopoietic cell transplant (HCT)
recipients with acute respiratory failure, and determine if these associations vary by
treatment with renal replacement therapy (RRT).

Methods: We performed a secondary analysis of a multicenter retrospective cohort of
patients (1mo - 21yrs) post-allogeneic HCT with acute respiratory failure treated with
invasive mechanical ventilation (IMV) from 2009 to 2014. Fluid intake and output were
measured daily for the first week of IMV (day 0 = day of intubation). The exposure, day 3
CFB (CFB from day 0 through day 3 of IMV), was calculated using the equation [Fluid in –

Fluid out] (liters)/[PICU admission weight](kg)*100. We measured the association between
day 3 CFB and PICUmortality with logistic regression, and the rate of extubation at 28 and
60 days with competing risk regression (PICU mortality = competing risk).

Results: 198 patients were included in the study. Mean % CFB for the cohort was
positive on day 0 of IMV, and increased further on days 1-7 of IMV. For each 1% increase
in day 3 CFB, the odds of PICU mortality were 3% higher (adjusted odds ratio (aOR) 1.03,
95% CI 1.00-1.07), and the rate of extubation was 3% lower at 28 days (adjusted
July 2021 | Volume 11 | Article 7056021173
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subdistribution hazard ratio (aSHR) 0.97, 95% CI 0.95-0.98) and 3% lower at 60 days
(aSHR 0.97, 95% CI 0.95-0.98). When day 3 CFB was dichotomized, 161 (81%) had
positive and 37 (19%) had negative day 3 CFB. Positive day 3 CFB was associated with
higher PICU mortality (aOR 3.42, 95% CI 1.48-7.87) and a lower rate of extubation at 28
days (aSHR 0.30, 95% CI 0.18-0.48) and 60 days (aSHR 0.30, 95% 0.19-0.48). On
stratified analysis, the association between positive day 3 CFB and PICU mortality was
significantly stronger in those not treated with RRT (no RRT: aOR 9.11, 95% CI 2.29-
36.22; RRT: aOR 1.40, 95% CI 0.42-4.74).

Conclusions: Among critically ill pediatric allogeneic HCT recipients with acute
respiratory failure, positive and increasing early CFB were independently associated
with adverse outcomes.
Keywords: artificial respiration, critical illness, hematopoietic stem cell transplant, respiratory failure, water-
electrolyte balance, renal replacement therapy, fluid overload
INTRODUCTION

Pediatric patients post-allogeneic hematopoietic cell
transplantation (HCT) are high utilizers of pediatric intensive
care unit (PICU) resources (1), particularly invasive mechanical
ventilation (IMV) (2). Acute respiratory failure (ARF) in this
population represents a leading cause of admission to the PICU
(3–5) and mortality among patients with ARF requiring IMV
remains unacceptably high at 42-60% (6–10). Therefore,
identification of modifiable factors to improve survival
are paramount.

There is consistent and reproducible evidence of an
independent association between positive fluid balance and
adverse outcomes in critically ill adult and pediatric patients
(11–13). Observational studies among critically ill pediatric
patients with ARF indicate associations between positive fluid
balance and oxygen deficits, fewer ventilator free days, and
higher mortality (14–19). The Fluid and Catheter Treatment
Trial (FACTT) in adults with ARF demonstrated that a
conservative fluid management strategy improved lung
function and shortened duration of IMV (20). Valentine et al.
(16) showed that fluid balance patterns in a pediatric cohort
with ARF were similar to the liberal fluid management arm,
rather than the conservative arm of the FACTT trial. This
suggested that known associations between positive fluid
balance and poor outcomes in patients with ARF had not
influenced pediatric practice. Notably, this analysis excluded
pediatric HCT recipients.

Studies in pediatric HCT recipients indicate that fluid
overload is a predominant indication for RRT (21). Similar to
those with ARF, mortality estimates are dismal in pediatric HCT
recipients receiving renal replacement therapy (RRT) at 54-77%
(21–23). Furthermore, when patients are treated with both IMV
and RRT, survival is especially poor (8, 24).

Data are sparse on the effect of fluid balance on outcomes in
pediatric allogeneic HCT recipients with ARF. Furthermore, the
role of RRT in managing fluid balance in HCT recipients with
ARF is not well defined. Our objective was to measure the
2174
associations between early cumulative fluid balance, PICU
mortality, and the rate of extubation in pediatric allogeneic
HCT recipients with ARF requiring IMV. We also sought to
determine whether these associations differed according to
receipt of RRT. We hypothesized that both positive and
increasing cumulative fluid balance early in the course of IMV
would be independently associated with adverse outcomes. We
also hypothesized that the relationship between early cumulative
fluid balance and outcomes would differ depending on receipt
of RRT.
MATERIALS AND METHODS

Design, Setting, and Patients
The current investigation represents a secondary analysis of a
multicenter observational retrospective cohort study of patients
post-allogeneic HCT admitted to the PICU with the diagnosis of
ARF from 2009 to 2014 (7). The parent study was coordinated by
the HCT-Cancer Immunotherapy subgroup of the Pediatric
Acute Lung Injury and Sepsis Investigators (PALISI) network.
Institutional Review Board (IRB) approval was obtained from the
12 participating pediatric centers. Each pediatric center
contributed up to 25 of their most recent consecutive HCT
patients requiring IMV in the study period. Additional IRB
approval was not required for the current analysis as the
dataset was de-identified.

There were 222 allogeneic HCT recipients aged 1 month to 21
years old with ARF requiring IMV in the parent analysis. All
indications, malignant and nonmalignant, for allogeneic HCT
were included. Patients who received their HCT prior to January
1, 2009, had an autologous transplant, or were intubated for
reasons other than critical illness (i.e. procedure) were excluded
from the parent study. For the present investigation, we
additionally excluded patients receiving <1 day of IMV,
patients with incomplete fluid balance data, and patients
missing RRT data. During dataset review, 5 additional patients
July 2021 | Volume 11 | Article 705602
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were excluded due to daily fluid intake or output values that were
extreme and implausible, thus were presumed to be data entry
errors. With these exclusion criteria, the final cohort was 198
patients (Figure 1).

Data Collection
Data recorded included demographics such as PICU admission
weight, age, sex, and race. Transplant specific variables included
days from HCT to PICU admission, number of transplants,
diagnosis leading to transplant, source of hematopoietic
progenitor cells, related or unrelated donor, and pre-transplant
conditioning. Clinical variables measured included the use of
supplemental oxygen 7 days prior to IMV or non-invasive
positive pressure (NIPPV) prior to IMV. Treatment with
inhaled nitric oxide (iNO), vasoactive or inotropic infusions,
RRT, and the presence of a positive respiratory pathogen were
recorded. RRT was defined as receipt of peritoneal dialysis,
intermittent hemodialysis, or continuous renal replacement
therapy. The timing, indication, and duration for RRT were
not recorded in the parent study.
Frontiers in Oncology | www.frontiersin.org 3175
Outcomes
The primary outcome of interest was PICU mortality, defined as
all-cause death prior to discharge from the PICU. Duration of
IMV was also a relevant outcome of interest, and was framed
within the context of time to successful extubation. Liberation
from IMV for >48 hours defined successful extubation. Therefore,
the secondary outcomes were the rate of extubation within 28 days
and 60 days. In the parent study, the median length of ventilation
was longer than for a general PICU population and many patients
were successfully extubated after 28 days. Therefore, we felt it was
relevant to evaluate this outcome using a 60-day follow-up period.

Definitions of Exposures
Daily fluid balance was measured as the total 24 hour input minus
output on each study day normalized per kilogram (kg) PICU
admission weight. Cumulative fluid balance (CFB) was then
measured as the daily running 24 hour total (input-output)
normalized per kg summed across consecutive days starting on
day of intubation (day 0). The last available consecutive day of
fluid balance data was the earlier of day 7 of IMV or the last day
FIGURE 1 | Patient flow diagram.
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of IMV. CFB on a given day between day 0 and day 7 was then
defined by percentage (%) CFB based upon the equation by
Goldstein et al. (25):

%CFB =
½Fluid in − Fluid out (liters)�
PICU  admission weight (kg)

∗ 100

The primary exposure of interest was % CFB from day 0 through
day 3 of IMV (referred to hereafter as day 3 CFB). Day 3 CFB was
evaluated as a continuous variable, and also categorically, either
dichotomized as positive or negative, or as multiple categories
(negative fluid balance, ≥0 to <10%, ≥10 to <20%, or ≥20%,
respectively). There were 26 patients intubated for <3 days with
CFB measured through the final day of IMV. For these patients
without day 3 fluid balance data, we used the CFB over the duration
of their IMV course. For the purposes of this investigation,
cumulative fluid balance (CFB), fluid balance, and fluid
accumulation replaced the term “fluid overload”.
Statistical Analysis
Categorical variables were summarized with frequency (%).
Continuous variables were expressed as mean ± standard
deviation (SD) when normally distributed or median with
interquartile range (IQR) otherwise. Patient demographic data
were summarized overall and by the exposure, positive vs.
negative day 3 CFB.

Day 3 CFBwas evaluated as a continuous, dichotomous (positive
vs. negative), grouped-linear (or ordinal), and categorical variable
(with negative day 3 CFB as reference) when assessing the
relationship with the relevant outcomes. The CFB categories were
Frontiers in Oncology | www.frontiersin.org 4176
analyzed in a grouped-linear fashion to account for the hypothesis
that each increase in CFB category would confer worse outcomes
(test of linear trend).

We evaluated the association between day 3 CFB and the
primary outcome, PICU mortality, with bivariate and
multivariable logistic regression models. We then evaluated the
association between day 3 CFB and the secondary outcomes, rate of
extubation censored at 28 and 60 days, with bivariate and
multivariable Fine and Gray competing risk regression (26).
Competing risk regression is a form of time to event analysis with
the event of interest being extubation and PICUmortality serving as
the competing risk. Competing risk refers to the possibility that
instead of extubation, a competing event could be observed, in this
case, PICUmortality. In traditional Cox regression, patients who die
would be censored and their censoring would be assumed to be
non-informative, which would be inappropriate in the present
study. Therefore, the final analysis produced a subdistribution
hazard ratio (SHR) that estimates the hazard of day 3 CFB on the
probability of extubation, while accounting for the fact that
mortality would preclude the occurrence of extubation. We
assessed for effect modification by treatment with RRT on the
associations of interest using interaction terms in the multivariable
regression models. We determined effect modification by statistical
significance of the interaction term between day 3 CFB and RRT in
our multivariable regression models.

We adjusted for several covariates defined a priori (age in years,
sex, days from HCT to PICU admission, presence of a positive
respiratory pathogen, and treatment with iNO, vasoactive or
inotropic infusions, and RRT) in the multivariable models
(Figure 2). We conducted a post-hoc sensitivity analysis excluding
FIGURE 2 | Directed Acyclic Graph. HCT, Hematopoietic Cell Transplant; RRT, Renal Replacement Therapy; iNO, Inhaled Nitric Oxide.
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the 26 patients with IMV courses <3 days performing the same
models described above. In all multivariable models, a p-value <0.05
was considered statistically significant. All statistical analyses were
performed using STATA 16.1 (College Station, TX).
RESULTS

Among the 198 patients in the cohort, 161 (81%) had positive
CFB and 37 (19%) had negative CFB through day 3 of IMV.
Defining categories of day 3 CFB, 19% were negative, 38%
were ≥0 to <10%, 24% were ≥10 to <20%, and 19% were ≥20%.
Baseline demographic, clinical, and transplant characteristics
are illustrated in Table 1 stratified by the exposure, positive or
negative day 3 CFB. Relative to the negative day 3 CFB group,
patients with positive day 3 CFB were younger (9.1 years vs. 13.2
years), weighed less (30.9 kg vs. 50.4 kg), had more time from
HCT to PICU admission (49 days vs. 34 days), and notably, were
less frequently treated with RRT (34% vs. 54%). Additionally,
fewer positive day 3 CFB patients were transplanted for
malignancy (50% vs. 68%) and conditioned with total body
irradiation (32% vs. 49%) (Table 1).

Mean % CFB for the entire cohort was positive on day of
intubation (day 0) and increased further on days 1-7 of IMV.
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Mean % CFB for IMV day 1, 2, 3, and 7 were +7.5% ( ± 8.4%),
+8.8% ( ± 10.2%), +9.2% ( ± 11.9%), and +11.5.% ( ± 17.3%),
respectively (Figure 3). Patients with negative day 3 CFB had a
mean % CFB = -5.2% ( ± 7.8%), and those with positive day 3
CFB had mean % CFB = +12.9% ( ± 9.8%). Additionally, patients
with negative day 3 CFB continued to have negative CFB
throughout the first week of IMV. In contrast, among those
with positive day 3 CFB, CFB remained positive (Figure 4).
Primary Outcome: PICU Mortality
The overall PICUmortality in the cohort was 61% (n = 121/198).
Mortality was 46% (n = 17/37) among patients with negative day
3 CFB and 65% (n = 104/161) among those with positive day 3
CFB. When stratified by CFB categories, mortality was 63% (48/
76), 65% (31/48), and 68% (25/37) among patients with ≥0
to <10%, ≥10 to <20%, and ≥20% CFB, respectively.

The association between day 3 CFB and PICU mortality was
analyzed with both bivariate and multivariable analyses
(Table 2). Multivariable analysis showed there was a strong
association between increasing % day 3 CFB and a higher odds of
PICU mortality. When adjusting for the covariates, for each 1%
increase in day 3 CFB, the odds of PICUmortality were higher by
3% (aOR 1.03, 95% CI 1.00-1.07, p<0.05).
TABLE 1 | Demographic, hematopoietic cell transplant, and PICU characteristics of study population.

Variable Total Cohort Positive Day 3 CFB Negative Day 3 CFB
N = 198 N=161 N=37

Demographics
Age, median (IQR), yr 10.2 (2.6-16.1) 9.1 (2.2-16.0) 13.2 (6.9-16.8)
Weight, median (IQR), kg 33.8 (13.5-58.6) 30.9 (13.1-55.0) 50.4 (25.0-66.0)
Female, n (%) 84 (42) 68 (42) 16 (43)
Race, n (%)
African-American or Black 24 (12) 17 (11) 7 (19)
Asian 13 (7) 11 (7) 2 (5)
Other 57 (29) 45 (27) 12 (33)
White 104 (52) 88 (55) 16 (43)

Transplant Characteristics
Transplant for malignancy, n (%) 105 (53) 80 (50) 25 (68)
Source of transplant, n (%)
Bone marrow 89 (45) 71 (44) 18 (49)
Cord blood 77 (39) 66 (41) 11 (30)
Peripheral blood 32 (16) 24 (15) 8 (21)

Related donor, n (%) 44 (22) 34 (21) 10 (27)
Conditioning with fludarabine, n (%) 95 (48) 76 (47) 19 (51)
Conditioning with TBI, n (%) 70 (35) 52 (32) 18 (49)
Transplant number, n (%)
First 167 (84) 136 (85) 31 (84)
Second 29 (15) 23 (14) 6 (16)
Third 2 (1) 2 (1) 0 (0)

HCT to PICU, median (IQR), days 44.5 (17-116) 49 (16-116) 34 (18-118)
PICU Characteristics
Oxygen 7 days prior to IMV, n (%) 76 (38) 65 (40) 11 (30)
NIPPV prior to IMV, n (%) 99 (50) 81 (50) 18 (49)
Positive respiratory pathogen, n (%) 72 (36) 58 (35) 14 (38)
Renal replacement therapy, n (%) 75 (38) 55 (34) 20 (54)
Vasopressors/Inotropes, n (%) 148 (75) 120 (75) 28 (76)
Inhaled nitric oxide, n (%) 57 (29) 45 (28) 12 (32)
July 2021 | Volum
CFB, cumulative fluid balance; Age, years; Weight, PICU admission weight in kilograms; TBI, total body irradiation; HCT, hematopoietic cell transplantation; O2, supplemental oxygen;
NIPPV, non-invasive positive pressure ventilation; RRT, renal replacement therapy.
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Furthermore, when day 3 CFB was examined dichotomously,
positive day 3 CFB was independently associated with a 3.42
times higher odds of PICU mortality (95% CI 1.48-7.87, p<0.01).
Relative to negative day 3 CFB, the odds of mortality were 2.15
times higher for ≥10-<20% and 2.45 times higher for ≥20% on
bivariate analysis. On multivariable analysis and relative to the
Frontiers in Oncology | www.frontiersin.org 6178
negative day 3 CFB group, the odds of mortality were 3.81 fold
higher for ≥10-<20% and 3.64 fold higher for ≥20% (Table 2).
When CFB categories were analyzed in an ordinal fashion, there
was evidence of linear trend. The multivariable analysis showed
that the odds of PICU mortality were higher by a factor of 1.49
for each increase in CFB category (95% CI 1.06-2.10, p<0.05).
FIGURE 4 | % Cumulative fluid balance over first week of invasive mechanical ventilation comparing negative vs. positive day 3 cumulative fluid balance groups.
FIGURE 3 | Mean % cumulative fluid balance by day of invasive mechanical ventilation. % cumulative fluid balance =[Fluid in-Fluid out (liters)]/[PICU admission
weight (kg)] *100.
July 2021 | Volume 11 | Article 705602
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In other words, the odds of PICU mortality were almost 50%
higher comparing adjacent CFB categories (i.e. negative to ≥0-
<10%, ≥0-<10% to ≥10-<20%, and ≥10-<20% to ≥20% CFB).

Secondary Outcomes: Rate of Extubation
at 28 Days and 60 Days
After accounting for the competing event of PICU mortality, day
3 CFB, analyzed as a continuous variable, was associated with the
rate of extubation at 28 and 60 days on bivariate and
multivariable analyses (Tables 3 and 4). After adjusting for the
covariates, % day 3 CFB was associated with a lower rate of
extubation. For each 1% increase in day 3 CFB, the rate of
extubation was lower by 3% at 28 days (aSHR 0.97, 95% CI 0.95-
0.98, p<0.001) and 3% at 60 days (aSHR 0.97, 95% CI 0.95-
0.98, p<0.001).

Positive day 3 CFB was independently associated with a lower
rate of extubation at 28 days (aSHR 0.30, 95% CI 0.183-0.478,
p<0.001) and 60 days (aSHR 0.30, 95% 0.192-0.482, p<0.001)
(Figure 5A). Linear trend was observed between CFB categories.
For each increase in CFB category, the probability of extubation
was significantly lower by 36% (aSHR 0.64, 95% CI 0.49-0.82,
p<0.001) and 35% (aSHR 0.65, 95% CI 0.51-0.82, p<0.001) at 28
Frontiers in Oncology | www.frontiersin.org 7179
and 60 days on multivariable analysis (Figure 5B). Finally,
relative to those with negative day 3 CFB, the rate of
extubation was significantly lower in each other CFB category
at 28 and 60 days (Tables 3 and 4).

Treatment With RRT
75 patients (38%) received treatment with RRT. Overall PICU
mortality was 72% (n = 54/75) compared to 54% (n = 67/123)
among patients not treated with RRT. Patients with negative day
3 CFB received treatment with RRT more often (54% vs. 34%).

Impact of RRT on PICU Mortality
Among patients not treated with RRT, the PICU mortality was
18% (3/17) in those with negative and 60% (64/106) in those with
positive day 3 CFB. Among patients treated with RRT, the PICU
mortality was 70% (14/20) and 73% (40/55) in those with
negative and positive day 3 CFB (Figure 6).

The association between positive day 3 CFB and PICU
mortality significantly varied by treatment with RRT (p<0.05).
On multivariable analysis, the association between positive day 3
CFB and odds of PICU mortality was significantly greater among
those not treated with RRT. Among patients not treated with
TABLE 3 | Association between day 3 cumulative fluid balance and rate of extubation (28 days).

Exposure: Day 3 IMV Unadjusted SHR pa Adjusted SHRb pa

(95% CI) (95% CI)

% CFB 0.97 (0.96-0.99) <0.001 0.97 (0.95-0.98) <0.001
Positive CFB 0.45 (0.27-0.74) <0.01 0.30 (0.18-0.48) <0.001
Categorical CFBc 0.72 (0.57-0.92) <0.01 0.64 (0.49-0.82) <0.001
(test of trend)
Categorical CFB
Negative CFB Reference Reference
≥0-<10% 0.49 (0.28-0.88) <0.05 0.32 (0.18-0.59) <0.001
≥10-<20% 0.47 (0.25-0.86) <0.05 0.28 (0.16-0.49) <0.001
≥20% 0.36 (0.18-0.72) <0.01 0.26 (0.13-0.52) <0.001
July 2021 | Volume 11 | Article
SHR, subdistribution hazard ratio represented with 95% confidence interval; CFB, cumulative fluid balance; IMV, invasive mechanical ventilation.
abold = statistically significant at a level 0.05.
bMultivariable logistic regression models were adjusted for age, sex, days from hematopoietic cell transplantation to PICU admission, presence of positive respiratory pathogen, and
receipt of renal replacement therapy, inhaled nitric oxide, and vasopressors/inotropes. Data was censored at 28 days.
cCFB categories = negative, ≥0 to <10%, ≥10 to <20%, or ≥20%.
TABLE 2 | Association between day 3 cumulative fluid balance and PICU mortality.

Exposure: Day 3 IMV Unadjusted OR pa Adjusted ORb pa

(95% CI) (95% CI)

% CFB 1.02 (1.00-1.05) 0.057 1.03 (1.00-1.07) <0.05
Positive CFB 2.15 (1.04-4.42) <0.05 3.42 (1.48-7.87) <0.01
Categorical CFBc 1.30 (0.97-1.74) 0.079 1.49 (1.06-2.10) <0.05
(test of trend)
Categorical CFB
Negative CFB Reference Reference
≥0-<10% 2.02 (0.91-4.48) 0.085 3.11 (1.25-7.75) <0.05
≥10-<20% 2.15 (0.89-5.15) 0.088 3.81 (1.40-10.36) <0.01
≥20% 2.45 (0.95-6.30) 0.063 3.64 (1.22-10.87) <0.05
7

OR, odds ratio represented with 95% confidence interval; CFB, cumulative fluid balance; IMV, invasive mechanical ventilation.
abold = statistically significant at a level 0.05.
bMultivariable logistic regression models were adjusted for age, sex, days from hematopoietic cell transplantation to PICU admission, presence of positive respiratory pathogen, and
receipt of renal replacement therapy, inhaled nitric oxide, and vasopressors/inotropes.
cCFB categories = negative, ≥0 to <10%, ≥10 to <20%, or ≥20%.
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RRT, the odds of PICUmortality were 9.11 times higher (95% CI
2.29-36.22) compared to 1.40 times higher (95% CI 0.42-4.74) in
those treated with RRT.

Impact of RRT on Rate of Extubation at 28 Days
and 60 Days
On multivariable analysis, there was not a significant interaction
between treatment with RRT and day 3 CFB with respect to the
rate of extubation at 28 days (p = 0.28) and 60 days (p = 0.08).
Among those not treated with RRT and positive day 3 CFB the
rate of extubation was 75% lower (aSHR 0.25, 95% CI 0.14-0.43)
and 78% lower (aSHR 0.22, 95% CI 0.12-0.39) at 28 and 60 days,
respectively. In contrast, the rate of extubation was 56% lower
(aSHR 0.44, 95% CI 0.18-1.04) and 50% lower (aSHR 0.50, 95%
CI 0.24-1.04) at 28 and 60 days among those treated with RRT
and positive day 3 CFB. Although the magnitude of the
associations between day 3 CFB and adverse outcomes were
greater among those not treated with RRT, they were not
statistically different from the associations seen among patients
treated with RRT.

Sensitivity Analysis: Excluding IMV
Courses <3 Days
Few patients with IMV <3 days had negative day 3 CFB (2/26) and
PICU mortality was high in this group at 81% (21/26).
We performed a post-hoc sensitivity analysis excluding the
26 patients with courses of IMV <3 days. In the multivariable
model, positive day 3 CFB remained associated with higher PICU
mortality (aOR 2.70, 95% CI 1.12-6.49, p<0.05) and a lower rate of
extubation at 28 days (aSHR 0.33, 95% CI 0.20-0.53, p<0.001), and
60 days (aSHR 0.35, 95% CI 0.22-0.56, p<0.001).
DISCUSSION

This analysis adds to the accumulating literature noting the
contribution of early positive cumulative fluid balance to
TABLE 4 | Association between day 3 cumulative fluid balance and rate of extubation (60 days).

Exposure: Day 3 IMV Unadjusted SHR pa Adjusted SHRb pa

(95% CI) (95% CI)

% CFB 0.97 (0.96-0.99) <0.01 0.97 (0.95-0.98) <0.001
Positive CFB 0.47 (0.29-0.76) <0.01 0.30 (0.19-0.48) <0.001
Categorical CFBc 0.73 (0.59-0.91) <0.01 0.65 (0.51-0.83) <0.001
(test of trend)
Categorical CFB
Negative CFB Reference Reference
≥0-<10% 0.52 (0.30-0.90) <0.05 0.34 (1.19-7.16) <0.001
≥10-<20% 0.47 (0.26-0.84) <0.05 0.28 (1.31-9.42) <0.001
≥20% 0.37 (0.19-0.72) <0.01 0.27 (1.06-8.59) <0.001
July 2021 | Volume 11 | Article
SHR, subdistribution hazard ratio represented with 95% confidence interval; CFB, cumulative fluid balance; IMV, invasive mechanical ventilation.
abold = statistically significant at a level 0.05.
bMultivariable logistic regression models were adjusted for age, sex, days from hematopoietic cell transplantation to PICU admission, presence of positive respiratory pathogen, and
receipt of renal replacement therapy, inhaled nitric oxide, and vasopressors/inotropes. Data was censored at 60 days.
cCFB categories = negative, ≥0 to <10%, ≥10 to <20%, or ≥20%.
A

B

FIGURE 5 | Cumulative incidence functions for extubation at 28 days.
Competing risk = PICU mortality (A) Positive vs. Negative Day 3 Cumulative
Fluid Balance. (B) Categories of Day 3 Cumulative Fluid Balance. CFB,
Cumulative Fluid Balance.
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adverse outcomes in critically ill patients with acute respiratory
failure. We were able to confirm these associations in 198
pediatric allogeneic HCT recipients with ARF requiring IMV
in several complementary analyses. We found that early positive
and increasing CFB were independently associated with higher
PICU mortality and lower rate of extubation at 28 and 60 days.
Not only was positive CFB an important threshold, there was
evidence of a dose-response relationship between CFB and worse
outcomes at our clinical cut points of negative, ≥0 to <10%, ≥10
to <20%, or ≥20% CFB. Finally, there was evidence that the
relationship between early positive CFB and PICU mortality
differed by receipt of RRT. We found that the consequence of
early positive CFB with respect to PICU mortality was
significantly more harmful among those not treated with RRT.

Our results demonstrate similar fluid balance metrics to both
the Valentine et al. study (16) and liberal arm of the FACTT trial
(20) in the first week of the respective study periods. By day 3 of
the study period, mean CFB was +8.5% ( ± 10.5%) in the
Valentine et al. study compared to +9.2% ( ± 11.9%) in our
cohort. Measuring CFB early in the course of IMV has precedent
in prior studies evaluating the association between CFB and
outcomes in patients with ARF (12–14, 27, 28). Nevertheless, the
threshold at which CFB becomes particularly harmful remains in
question. Observational data in critically ill pediatric patients
support prevention of at least >10-20% CFB (29–31). Previous
work by Michael et al. (32) demonstrated that among pediatric
HCT patients with acute renal failure, all survivors during their
hospital course maintained <10% fluid balance or reattained <10%
Frontiers in Oncology | www.frontiersin.org 9181
fluid balance with RRT treatment. Our results suggest that any
positive day 3 fluid accumulation could be highly detrimental, and
that in contrast, achieving a negative fluid balance early in the
course of IMV could be of benefit. This is supported by the fact the
negative day 3 CFB cohort remained negative in subsequent days
during the first week of IMV. We also observed a dose-response
relationship between increasing categories of day 3 CFB and more
adverse outcomes. Our results emphasize the clinical relevance of
the specified cut points of negative, ≥0 to <10%, ≥10 to <20%,
and ≥20% CFB.

No pediatric or adult studies to date have demonstrated a
causal contribution of fluid accumulation to mortality with some
arguing that positive CFB may represent a prognostic event and
mortality more reflective of underlying illness severity or shock.
However, a meta-analysis by Alobaidi et al. (11) that included 11
studies of critically ill children (n = 3200), demonstrated that
after adjustment for illness severity, there was a 6% increase in
odds of mortality for every 1% increase in fluid balance (aOR
1.06, 95% CI 1.03-1.10). In the present investigation, after
adjustment for the covariates, for each 1% increase in day 3
CFB, PICU mortality was 3% higher. Therefore, if it is well
established that early positive CFB represents at least a harbinger
of poor outcomes, the hope is that it can be a modifiable factor to
prevent or at minimum, mitigate.

Although the relationship between positive fluid balance and
mortality may be more nebulous, the relationship with lung
disease is more compelling. The FACTT trial demonstrated that
conservative fluid management improved lung function and
FIGURE 6 | PICU Mortality by Day 3 Cumulative Fluid Balance Stratified by Treatment with Renal Replacement Therapy. CFB, cumulative fluid balance; RRT, renal
replacement therapy; Non-Survivors, Patients with PICU Mortality.
July 2021 | Volume 11 | Article 705602
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increased ventilator free days (20). When Yehya et al. (33)
applied competing risk regression to the FACTT trial, the rate
of extubation was 30% higher among those in the conservative
fluid management arm (SHR 1.30, 95% CI 1.12-1.51). As our
exposure groups were hypothesized to have SHR <1, we were
able to reproduce similar findings such that positive and
increasing CFB were independently associated with a lower
rate of extubation. The finding that our results persisted to 60
days underscores not only the importance of a CFB threshold,
but the evolving emphasis of the timing of fluid accumulation
and subsequent downstream respiratory outcomes (34).

The pediatric HCT recipient may be uniquely at risk for positive
fluid accumulation during their PICU course. HCT recipients can
require hyperhydration for chemotherapy, total parental nutrition,
intravenous infusions for antibiotics, and frequent blood product
transfusions. Furthermore, activation and subsequent dysfunction
of the vascular endothelium has been implicated in triggering a
number of life-threatening HCT-related complications (35–37). It
has been proposed that complications such as transplant-
associated thrombotic microangiopathy (TA-TMA), idiopathic
pneumonia syndrome/diffuse alveolar hemorrhage (IPS/DAH),
veno-occlusive disease/sinusoidal obstructive syndrome (VOD/
SOS), and acute graft versus host disease (GVHD) can be traced
back to endothelial cell activation (38). This activation can occur as
a result of the chemo- and radio-therapy needed for conditioning
(38, 39). The transition from endothelial activation to the
phenotype of endothelial damage could be secondary to a
dysregulated host immune response and inflammation that alters
capillary permeability (40, 41). Presumptively, in the context of
capillary leak, this may make conventional mechanisms of fluid
management with diuretics and/or restrictive fluid strategies more
challenging. Furthermore, the high incidence of acute kidney injury
in this population only compounds the obstacles faced when
approaching fluid management in the PICU setting (42).

RRT has been suggested to have a role in mitigating the
adverse impacts of positive CFB on outcomes in critically ill
pediatric HCT recipients. Recently, Raymakers-Janssen et al. (23)
demonstrated that among 68 pediatric patients with cancer and
post-HCT, the odds of mortality were 6.2 times higher among
those with >10% CFB at RRT initiation. However, data regarding
the role of RRT in those with ARF is scarce. Elbahlawan et al. (43)
demonstrated among pediatric HCT recipients with ARF,
oxygenation and concurrently fluid balance improved with
initiation of RRT. However, it was unclear if the oxygenation
benefits were sustained or conferred any meaningful survival
benefit. In a case series by DiCarlo et al. (44) among 10
immunocompromised children (of whom 6 were post-HCT)
with ARF receiving early RRT, 9 were successfully extubated
and 8 survived. We observed that the negative day 3 CFB group
was more likely to be treated with RRT. However, mortality
estimates remained around 70% independent of positive or
negative day 3 CFB in those treated with RRT. High mortality
in the RRT cohort may be more reflective of high illness severity,
presence of multiple organ dysfunction, uncontrolled infection, or
disease relapse. Given that we do not know the timing, indication,
duration, specific modality of RRT or concurrent kidney
Frontiers in Oncology | www.frontiersin.org 10182
dysfunction, we cannot draw strong conclusions regarding
treatment with RRT and subsequent patient outcomes. On the
other hand, positive day 3 CFB was significantly more harmful
among those not treated with RRT. There was only 18%mortality
among patients with negative day 3 CFB and no treatment with
RRT. This may be an important group for which fluid balance
was a truly modifiable risk factor. We can only speculate that
these patients were either judiciously or actively managed with
respect to fluid balance and perhaps lacked the concurrent organ
dysfunction so characteristic of this patient population (45). The
association between day 3 CFB and rate of extubation did not
significantly vary by treatment with RRT. Nonetheless, the
magnitude of the association between positive day 3 CFB and
lower rates of extubation were greater in the non-RRT group.

The study has notable limitations. We cannot account for
fluid management prior to admission to the PICU or prior to
intubation. While study day 0 was day of intubation in the
current study, in the original investigation of this database,
median length of PICU stay prior to intubation was 0 days
(IQR 0-2) with 58% being intubated on the same day of PICU
admission (5). Therefore, fluid management in the time between
PICU admission and intubation may have influenced outcomes,
but this period was quite short in over half of the cohort.
Ultimately, the impact of fluid management on outcomes in
this population prior to admission to the PICU is an ongoing
research consideration. As this was a retrospective secondary
analysis, there is risk for residual confounding. Illness severity
and organ dysfunction scores were not present in original
dataset. We addressed this limitation by adjusting for variables
ostensibly reflective of illness severity, such as treatment with
vasoactive or inotropic infusions, iNO, and RRT as well as
presence of a positive respiratory pathogen. Finally, our study
population was sampled between 2009 and 2014. Therefore,
practices regarding fluid management in our cohort may be
more reflective of historical precedent rather than
current practice.

The present investigation has many strengths. We conducted
a multicenter study with a database that provided granular data
on a patient population that frequently experiences critical
illness. We were able to demonstrate similar directions of
association with multiple complementary analyses, which
persisted even with removal of the 26 patients with IMV
courses <3 days. We were able to apply a novel approach to
analyzing duration of IMV using competing risk regression and
isolating the association between CFB and extubation,
accounting for the competing risk of death. Given the large
sample size and multicenter nature of the investigation, these
results could be generalizable to pediatric allogeneic HCT
recipients with ARF requiring intensive care support.

In this multicenter cohort, early positive and increasing CFB
were independently associated with higher PICU mortality and a
lower rate of extubation among pediatric allogeneic HCT
recipients with ARF. The association between early positive
CFB with PICU mortality was significantly stronger in those
not receiving RRT. These results suggest that conservative fluid
management early in the course of IMV may improve outcomes.
July 2021 | Volume 11 | Article 705602
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The role of RRT in managing fluid balance in this vulnerable
population with ARF requires further investigation.
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Despite major advances in antimicrobial prophylaxis and therapy, opportunistic infections

remain a major cause of morbidity and mortality after pediatric hematopoietic cell

transplant (HCT). Risk factors associated with the development of opportunistic

infections include the patient’s underlying disease, previous infection history,

co-morbidities, source of the donor graft, preparative therapy prior to the graft

infusion, immunosuppressive agents, early and late toxicities after transplant, and

graft-vs.-host disease (GVHD). Additionally, the risk for and type of infection changes

throughout the HCT course and is greatly influenced by the degree and duration of

immunosuppression of the HCT recipient. Hematopoietic cell transplant recipients are at

high risk for rapid clinical decompensation from infections. The pediatric intensivist must

remain abreast of the status of the timeline from HCT to understand the risk for different

infections. This review will serve to highlight the infection risks over the year-long course

of the HCT process and to provide key clinical considerations for the pediatric intensivist

by presenting a series of hypothetical HCT cases.

Keywords: hematopoietic stem cell transplantation, pediatric, immunosuppressed, sepsis, opportunistic infection

INTRODUCTION

Hematopoietic cell transplant (HCT) is a potential cure for many malignant and non-malignant
diseases (1). As the indications for HCT broaden to include many genetic and inherited metabolic
disorders, and the use of other cellular therapies increases, pediatric patients will undergo HCT at
increasing volumes (2, 3).

In the pediatric intensive care unit (PICU), sepsis and infectious complications are common
causes for admission after HCT (4). In a University of California study of 1,782 pediatric HCT
patients admitted to the PICU, infection was documented in 45.7% of admissions, with 22.2%
mortality (5). Hematopoietic cell transplant recipients were found to more likely present in septic
shock and/or with respiratory failure than non-HCT PICU patients. Infections remain the leading
immediate cause of mortality in HCT patients in the PICU (5). An Italian study of 496 children
admitted to the PICU following HCT reported a mortality rate of 30–40% (6).

Hematopoietic cell transplant patients are at extraordinarily high risk for opportunistic
infections for at least a year after transplant depending on several factors including
underlying disease, donor graft source, and conditioning regimen among others; these factors
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will be discussed in further detail throughout this article (7–
10). The risk for specific infections greatly varies during this
timeline and depends upon several factors, particularly the state
of the patient’s immune system, which will not return to normal
for at least a year after HCT (7). It is important to have a
keen understanding of the various stages of HCT, associated
risk factors for infections, and the state of the immune system
throughout the HCT timeline, to successfully treat opportunistic
infections in HCT patients.

HEMATOPOIETIC CELL TRANSPLANT

The goal of a HCT is to eliminate a patient’s native bone marrow
(BM) cells and to replace them with healthy donor cells (11).
These native stem cells may contain a genetic mutation that is
driving a certain disease state, ormay be defective resulting in BM
failure, or a neoplasm that cannot be destroyed with conventional
chemotherapy or radiation (11). To destroy these errant
stem cells, high dose chemotherapy and often radiation, are
administered to ablate the BM tomake space for new stem cells to
begin the process of renewed hematopoiesis (12).Withmalignant
diseases, chemotherapy and radiation, “the preparative regimen,”
also serves the purpose of killing any remaining residual cancer
cells that may be present in the BM (13, 14). Donor cells are
taken from the BM, which is the origin of stem cell production
and differentiation, and this process is also referred to as a
bone marrow transplant (BMT) (15). Alternatively, donor cells
can be mobilized by administering medications to the donor
and subsequently collecting the stem cells from the peripheral
blood (a peripheral blood stem cell transplantation) (16). Donor
stem cells are considered allogeneic, meaning they originate from
another individual and not the patient (17). It is important
to understand that the very nature of an allogenic transplant
necessitates the use of immunosuppression for a short time to
allow for the immunologic establishment of the new stem cells
(17). For some conditions, the cure can be achieved with high
dose chemotherapy followed by the infusion of a patient’s own,
previously collected, stem cells (11). This is termed an autologous
HCT (11).

While relapsed, recurrent, and high-risk malignancies are
the most common indications for HCT, the expanding list of
conditions treated by HCT is diverse (18). Other indications
for HCT include hemoglobinopathies, immune dysregulation,
or deficiencies, BM failure syndromes, and inherited congenital
metabolic disorders (18, 19). Some of these patients, such
as those with BM failure syndromes or inherited congenital
syndromes, will not have experienced extensive treatment for
their disease before transplant (18). However, others, particularly
those with certain types of aplastic anemia and malignancy, will
have been heavily treated with chemotherapeutic agents and/or
immunosuppressive drugs even prior to transplant (20). This is
especially the case for patients with acute leukemia whomay have
received multiple courses of profoundly immunosuppressive
therapy before transplant to achieve remission (21). Bone
marrow failure patients may have spent weeks to years with
varying states of neutropenia and so their period of high-risk

status is longer than other patients (22). Additionally, patients
with prolonged neutropenia may have had previously treated
opportunistic infections prior to HCT (23). Providers should
note the individual degree of neutropenia before HCT while
caring for these patients for context when choosing diagnostic
tests and empiric treatment agents for infections after HCT (23).

PREPARATIVE REGIMEN

The preparative regimen is typically administered for 5–7
days prior to the transplant day (referred to as Day 0),
depending on the underlying disease state (24). It includes
high-dose chemotherapy with or without radiation (12).
Immunosuppression is also started a few days prior to transplant
for allogeneic HCT to allow for therapeutic drug serum levels
as new stem cells establish themselves (25). During this early
critical period, immunosuppression is key to prevent donor T
lymphocytes from recognizing recipient cell antigens as foreign
and attacking various organ systems (26). It must be noted
however that although this immunosuppression is necessary, it
contributes to delayed immune recovery following HCT (25).

Although anemia, lymphopenia, neutropenia, and
thrombocytopenia usually become more severe as the transplant
day nears and the cumulative effects of the preparative regimen
are manifested, the patient’s blood counts may not necessarily
drop to zero by transplant day (27, 28). Despite this fact, this
period places patients at high risk for spontaneous infection as
these residual neutrophils do not function properly because of
profound immune suppression (29). Existing portals of entry
such as mucosal breakdown from mucositis and skin breaches
from the presence of a central venous access line are risk factors
for infection (29).

The preparative characteristic that is most predictive of risk
of infection is its intensity which dictates the severity of tissue
damage including mucositis and the duration of pancytopenia
that follows (12). Patients receive various degrees of marrow
ablating chemotherapy as determined by their underlying disease
and comorbidities (12). Most pediatric patients with leukemia
will receive a myeloablative regimen—which destroys the BM’s
ability to regenerate stem cells and necessitates a replacement by
newly donated stem cells (14). As such, myeloablative approaches
(which may also include total body irradiation) lead to
prolonged periods of impaired mucosal barrier and neutropenia,
leaving patients at risk for neutropenia-related opportunistic
infection for the initial 3–6 weeks following transplantation
(29). After neutrophils engraft and become stronger in number,
the persisting immune deficit is lymphopenia. Lymphopenia
gradually improves over the first year following transplantation.

Other preparative regimens, called reduced intensity or
non-myeloablative regimens, are meant to result in reversible
myelosuppression and are often used for patients with significant
organ dysfunction or recent severe infection before HCT (30).
These regimens consist of lower doses of chemotherapy and
radiation but higher amounts of immunosuppressive drugs to
prevent rejection of the new graft, so these patients may not
become profoundly neutropenic (25, 31). For the first year after
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FIGURE 1 | Factors associated with infections by preparative therapy intensity.

transplant, their immune deficit is tied to lymphopenia, and as
with myeloablative regimens, may persist for up to a year after
transplant. Figure 1 summarizes infection risk by the intensity of
preparative regimen.

GRAFT SOURCE TYPES

Two main types of HCT exist—allogeneic and autologous (32).
Allogeneic stem cells are those that are donated by a healthy
family member or unrelated volunteer (32). Autologous stem
cells are those collected from the recipient prior to preparative
chemotherapy (33). Allogeneic stem cells provide the advantage
of allowing for the administration of high-dose chemotherapy
with the addition of foreign cells to destroy a recipient’s
underlying malignancy (11). In the setting of allogeneic HCT, the
first-choice donor is usually a human leukocyte antigen (HLA)
matched sibling donor (34). If there is not a matched sibling
available, then a HLA matched unrelated volunteer donor would
be utilized (34).

Donor stem cells are collected directly from the BM space
in a procedure called a BM harvest (35). They may also be
collected via peripheral blood after the donor is given a stem
cell mobilizing agent to move stem cells into the periphery for
collection (36). Additionally, umbilical cord blood (UCB) is a rich
source for stem cells and is used as anHCT source (37). Umbilical
cord blood units are stored in registries and are assessed for HLA
compatibility before infusion (37).

Autologous grafts are often thought of as “rescue” stem
cells (38). For certain types of solid tumors [especially
neuroblastoma and central nervous system (CNS) tumors],
high-dose myeloablative chemotherapy regimens are followed
by infusion of the patient’s own stem cells, termed a “rescue”
procedure (39). “Rescue” stem cell infusion allows for the
administration of essentially fatal doses of chemotherapy or
radiation with limited periods of neutropenia (39). For these
patients, the chemotherapy that precedes the autologous graft
administration is what is vital in curing the underlying
malignancy (39).

ENGRAFTMENT

Once a patient receives their new stem cells via a central venous
catheter, the cells circulate and home to the BM cavity (40).
Here, each stem cell either makes another stem cell or gradually
matures to eventually make a blood cell (41). Once sufficient
cells have been made, the patient has achieved engraftment
(42). The period of recovery that follows is dictated by the
wait for engraftment, or the new BM’s ability to produce blood
cells including neutrophils, red blood cells, and platelets (43).
Neutrophils are key in protecting from infection and are by
convention used as the time indicator for the establishment of
the new BM (42). Once the neutrophil count is sustained at
>500 cells/µl for 3 consecutive days, the donor stem cells are
considered “engrafted,” dating back to the first day of the 3-day
consecutive run (42). Day to engraftment varies but in general,
peripheral blood transplant recipients engraft on average at 14
days after the transplant day (known as day 0), BM recipients on
day 14–21 days, and umbilical cord recipients on day 21–28 (44–
47). For patients who receive autologous transplants, the time to
engraftment is dependent on preparative therapy and underlying
disease and typically ranges from 10 to 21 days (48, 49). Patients
who do not engraft by day+42 following transplant are likely not
to engraft at all, so this time point is considered the definition of
graft failure (50).

The period immediately following the completion of
preparative therapy, but before neutrophil recovery, is a
high-risk period for infections (51). Prolonged neutropenia,
mucosal barrier breakdown, central line presence, regimen-
related toxicity (lung, renal, gastrointestinal, hepatic, and/or
cardiac toxicities among others), and the altered microbiome
all contribute to infection risk (52). Cell count reaches a nadir
between 5 and 7 days after the preparative therapy and is often
the time point when a critical care provider may encounter an
HCT patient in need of intensive care secondary to infectious
etiology (51).

As oral or gastrointestinal mucositis evolves, patients are at
risk for infection by enteric Gram-negative bacilli, oral Gram-
positive organisms, and gastrointestinal streptococcal species
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(21, 53). Septic shock in HCT patients can lead to high
mortality rates, in particular when the originating bacterium
is a Gram-negative organism (51). Patients remain at risk for
infection with esophageal or enteric Candida species during this
time (54). However, diagnosis of bloodstream yeast infections
can be difficult to confirm despite frequent blood culturing.
Sepsis from hepatosplenic or disseminated candidiasis can have
delayed diagnosis and as a result poor response to therapy,
once therapy is started (54). Sepsis from disseminated mold
infections such as aspergillosis, mucormycosis, or fusariosis
can carry mortality rates higher than 50% (55). Mucositis,
combined with the absolute neutropenia and lymphopenia that
can occur prior to engraftment, can lead to particularly severe
reactivations of herpes simplex virus (HSV) oral infections,
so patients often receive some form of viral prophylaxis (56).
Viral reactivation by human herpesvirus 6 (HHV6) during
neutropenia can lead to a fever of unknown origin that prolongs
neutropenia (57).

The source of graft is an important factor in dictating this risk
of infection, as each source is associated with a different length
of time to engraftment and graduation from the most high-
risk period for infection (42, 58). Prior studies have identified
HCT using UCB as a donor source as a particularly high-
risk graft due to delayed hematopoietic recovery and increased
day 100 mortality (59). Additionally, Young et al. confirm that
as peripheral blood transplants show the earliest engraftment,
these patients often seem to suffer fewer infectious disease
complications (9). Interestingly, when Barker et al. compared the
infection risk in a cohort of pediatric patients who underwent
HCT with unmanipulated BM or UCB graft, they found a
comparable risk of bacterial and fungal infection between the
two groups but higher risk of viral infection in the UCT group
(60). This demonstrates that although each patient’s risk factors
must be taken into consideration, a general understanding of
time to engraftment by graft source is a good estimator of the
risk of infection.

GRAFT-VS.-HOST-DISEASE

Graft-vs.-host-disease (GVHD) is a major cause of morbidity
and mortality after allogeneic HCT, and a major risk factor
for opportunistic infections (61). In general, the acute form of
GVHD (aGVHD) occurs after engraftment within the first 100
days following HCT, while chronic GVHD occurs afterward (62).
There may be some overlap between the acute and chronic forms
of GVHD. Acute GVHD occurs when allogeneic transplanted
cells recognize recipient antigens as foreign (63). Although there
is much effort to match the best donor to the recipient based
on HLA typing prior to transplantation, there may remain
numerous minor antigens expressed by the recipient that are not
tested for a match to the donor (64). Therefore, donor cells may
attack or destroy recipient cells (65). Common anatomic sites
for acute GVHD include the skin and liver, gastrointestinal tract
(65). The etiology of chronic GVHD (cGVHD) is less understood
than aGVHD but is due to T-lymphocyte imbalances and T-cell
autoreactivity (66, 67). Most but not all patients who develop

cGVHD have had aGVHDwhich can involve the skin, liver, eyes,
and lungs among other organ systems (66).

Methods to decrease the risk of GVHD include graft
manipulation and immunosuppressive medications (68, 69). T-
cell depletion (TCD) of the BM or peripheral blood involves
removing cyto-reactive T cells, after procurement of the graft
(68). However, these same T cells are important for protection
against bacterial, viral, and fungal infections (26). Van Burik et al.
studied the development of infection by graft source in 404 adult
patients and reported that the rate of infection did not differ
between the TCD grafts and conventional GVHD prevention
approaches; however, there was a greater incidence of severe
CMV and aspergillosis in that patient cohort (70, 71). Again,
an independent risk factor for infection was the development of
severe acute GVHD (70). Therefore, for patients who receives
a TCD graft, providers should be aware of these infectious
risk factors.

Immunosuppressive medications given just prior to HCT
and for months afterward is the main method to decrease
the risk of GVHD (69). Active GVHD is treated with added
immunosuppression, usually first with steroids and then
with other stronger immune-suppressive drugs (67, 72).
Immunosuppression to facilitate the acceptance of the new
immune system and prevent the development of GVHD is
given for 3–6 months following transplantation and then
tapered off if no GVHD has developed (73). Both GVHD
itself (by destroying the lymphoid microenvironment) and
GVHD therapies (which are further immunosuppressive)
place patients at risk for opportunistic infections (21, 74).
Unlike solid organ transplant, however, allogeneic HCT
patients do not require lifelong immunosuppression, as the
recipient eventually develops tolerance of the donor cells
(73). Since autologous transplant patients receive their own
stem cells, they do not require immunosuppressive therapy
after transplant (75).

IMMUNE RECONSTITUTION

After neutrophil engraftment, the patient remains at
extraordinarily high risk for bacterial, viral, and fungal
infections since the immune system is still undergoing gradual
reconstitution, which takes at least a year from transplant (76). It
is important to understand that although engraftment is defined
by neutrophil recovery, the components of the immune system
are not entirely re-established as impaired cellular and humoral
immunity persists (77). Neutrophils, monocytes, and NK cells
are the initial cells that recover, followed by red cell and platelet
recovery (78). Immune suppression delays this process further
(78). Generally, patients receive immune suppression for 3–6
months after allogeneic HCT (69). For patients who develop
aGVHD or cGHVD, immune suppression needs to be continued
longer, often for years (67).

After engraftment but prior to full immune system
reconstitution, impaired opsonization of encapsulated bacteria
and central venous line presence all remain important risk
factors for infections (76).
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After engraftment, when there is the persistence of functional
lymphopenia, the frequency of viral infections increases (79).
Improved lymphopenia and T-cell competence do not occur
until at least a year after HCT (79). Thus, this period places
patients at risk for cytomegalovirus (CMV) viremia, varicella-
zoster virus (VZV) shingles infections, and post-transplant
lymphoproliferative disorder (PTLD) from Epstein Barr virus
(EBV) (79). Although bacterial bloodstream infection remains
the leading cause of organ failure, viral infections can be
associated with high rates of mortality due to T-cell immune
incompetence, which can persist for weeks to months following
transplantation (5, 53). Bacterial infections are not uncommon
but are more frequent in the early pre-engraftment phase and
may be decreased with the use of prophylactic antibiotics (8).

SURVEILLANCE INFECTIOUS DISEASE
TESTING

To understand a patient’s infection risk prior to HCT extensive
infectious disease testing is performed prior to the onset of
preparative therapy (80). This includes testing of both the donor
and the recipient (80). Test results from the recipient indicate
whether any infection already exists that may pose a risk for
reactivation after transplant (80). Positive test results from the
donor that are discordant (negative) with the donor indicate
whether the recipient is at risk for a primary viral infection
acquired from the donor after transplant (81).

Tests include screening for previously acquired viral
infections, including hepatitis B, hepatitis C, human
immunodeficiency virus (HIV), human T-cell lymphotropic
virus type 1 (HTLV), West Nile virus, syphilis, Trypanosoma
cruzi, and since 2020, coronavirus disease 2019 (Covid-19) (21).
All patients also undergo viral serology testing of HSV, VZV, EBV,
and CMV to understand the possibility of reactivation during
periods of immunosuppression (80). Active CMV infections, in
particular, are known to portent poor outcomes after transplant
and thus must be treated prior to proceeding with HCT (82).
Barker et al. noted that positive recipient CMV status prior to
transplant was associated with a 1.3 higher fold risk of serious
infection, in a pediatric patient cohort of 136 patients (60).

Transplant candidates who live in or have spent time in
high-risk areas will have extra testing prior to transplant (83).
Depending on the specific geographic risks of an individual
patient, they may be screened for endemic pathogens such
as Strongyloides stercoralis, Coccidioides species, Histoplasma
capsulatum, Toxoplasma gondii, and malaria (81).

Donor serology testing prior to transplant parallels candidate
testing (21). Geographic screening is similar to that of the
recipient and is inclusive of the infectious disease assessment
for the expected recipient (83). Donor screening, depending
on the type of graft, must be completed at least 7–30 days
prior to stem cell collection. Screening includes both lab work
and medical history with travel history noted (21). Infections
such as HIV, acute CMV, acute hepatitis A, untreated active or
latent tuberculosis, toxoplasmosis, and Zika virus are considered
contraindications to donation (81). There may also be other

infections that will need to be considered and tested for on a case-
by-case basis (21). Most testing guidelines mirror blood donation
standards (21).

Prior to HCT, patients also undergo radiological testing
for evidence of any infection which may include computed
tomography (CT) imaging of their chest and sinuses to screen for
occult infection (84). For patients who have findings of infection
by CT chest or sinus, transplant is delayed for diagnostic testing
and/or anti-microbial treatment, with the goal of control or
resolution of the infectious disease prior to initiating preparative
therapy (85). It is known that patients with any active infection
at the time of transplant have poorer outcomes, as the infection
will likely worsen during the neutropenic phase of the transplant
course (86).

Prior to the availability of azoles, proceeding with transplant
with a known active fungal infection such as invasive aspergillosis
or disseminated candidiasis led to poor outcomes and was
widely considered a contraindication to HCT (87). Now, patients
achieve comparable overall survival, non-relapse mortality, and
relapse-free survival with appropriate pre-transplant antifungal
treatment (88). Therefore, a history of active fungal infection
prior to transplant is now tolerated during the pre-transplant
assessment period, and patients may proceed into transplant after
successful treatment with at least 4 weeks of anti-fungal therapy
and radiographic resolution (or in some cases stability) of the
infectious infiltrate (89). Some of these patients go on to receive
additional antifungal medications during transplant (87).

Patients undergo surveillance diagnostic testing for certain
viral infections (CMV, EBV, adenovirus) throughout the
HCT process, with the most frequent surveillance occurring
approximately weekly prior to the 100-day mark (90). Among
those three viral infections, CMV is particularly known to present
as a late-onset viral infection (91).

Figure 2 highlights how factors associated with HCT
contribute to infection risk.

PROPHYLACTIC ANTIMICROBIAL USE

Antimicrobial prophylaxis is important to prevent opportunistic
infections during HCT (92). Based on a patient’s pre-
transplant risk characteristics, prophylactic anti-infective agents
are initiated with the start of the preparative regimen
and may include antibacterial, antiviral, and/or antifungal
prophylaxis (10, 29).

In pediatric centers, guidelines for which bacterial agents to
use for prophylaxis differ, but as a general rule HCT patients
begin a fluoroquinolone a few days before HCT and continue the
fluoroquinolone until neutrophils recover to a sustained value of
>500 cells/µl (93–95).

Fungal infections (particularly Aspergillus species) can occur
at any time during the transplant process but are often associated
with prolonged neutropenia and particularly corticosteroid
use (53, 96). However, many anti-fungal azole agents cannot
be dosed during the chemotherapy portion of preparative
therapy due to risks of potentially fatal drug–drug interactions
and unacceptable hepatotoxicity (97). Therefore, patients
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FIGURE 2 | Phases of opportunistic infections among allogeneic HCT recipients. EBV, Epstein-Barr virus; HHV6, human herpesvirus 6; PTLD, post-transplant

lymphoproliferative disease. Reprinted from Tomblyn et al. (21). Copyright 2009 by Elsevier, Reprinted with permission.

often are placed on a broad spectrum echinocandin until
chemotherapy completes, after which patients resume their
prior prophylactic antifungal of choice given their transplant
characteristics (96, 98).

Antiviral prophylaxis is used for patients at risk for
CMV reactivation (transplant recipient is seropositive)
or primary infection (donor is seropositive when the
recipient is seronegative for prior infection) (99). Most
centers utilize acyclovir or valacyclovir for this purpose
(74). Adult patients receive letermovir in some centers,
and this therapy may or may not cross over into pediatric
transplant in coming years (100). Finally, patients remain
on Pneumocystis jirovecii pneumonia (PJP) prophylaxis until
1-year following transplantation as the T-cell repertoire remains
restricted (101).

THE GASTROINTESTINAL MICROBIOME

Antimicrobial resistance and antibiotic stewardship are
important facets to providing care for HCT patients (102). Due
to preparative chemotherapy, mucosal damage, and frequent
administration of empiric antimicrobials, the process of HCT
is associated with severe intestinal dysbiosis (103). The rich
diversity of the gut microbiome is disrupted and this process
may allow for a single, often resistant, strain of bacteria to
dominate (103). This loss of diversity is associated with increased
overall mortality (104). The predominant mechanism for
bacteremia following HCT is translocation of bacteria from
the oral or gastrointestinal tract (105). Vancomycin-resistant
Enterococcus and gram-negative bacteria can be associated

with significant morbidity (105). As such, it is often routine
practice to obtain weekly VRE surveillance rectal swabs for
HCT recipients not known to be colonized with VRE (106, 107).
Subsequently, for patients with known VRE colonization, it is
imperative to consider whether to initiate VRE-active agents
such as linezolid or daptomycin with fevers (108). Balancing
successful prophylactic antimicrobial use with maintenance
of the gastrointestinal microbiome is a continuous effort for
transplant providers. An important future direction includes
expanding understanding of other organ specific microbiomes
including the oropharyngeal, dental, skin, and lungmicrobiomes.

VACCINATION AFTER TRANSPLANTATION

After HCT, patients do not have appropriate humoral or cell-
mediated responses to immune insults (109). It is challenging
to ensure protective immunity during this period of profound
immunosuppression (110). Although ensuring adequate
vaccination prior to transplant is helpful, all HCT patients
require revaccination after transplant (109). If the HCT patient
is receiving routine childhood vaccinations prior to HCT, they
can receive inactivated vaccines no sooner than 2 weeks prior
to preparative therapy and live vaccines no sooner than 4 weeks
prior to preparative therapy (109).

Patients require reimmunization after HCT, which generally
begins 1 year after HCT at which point their immune system
has reconstituted sufficiently to ensure an adequate response
to the vaccine (110). A notable exception is the non-live
influenza vaccine which is given on day 60 or later after HCT
(111). Vaccines given at 1 year all contain inactive organisms
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or parts of organisms (110). Live vaccines are administered
2 years after HCT to prevent uncontrolled proliferation of
attenuated viral strains, as long as the patient is no longer
receiving immune suppression (112). Serologic testing can be
performed before measles, rubella, and varicella re-vaccination
(113). The Bacillus Calmette-Guerin tuberculosis vaccine, oral
poliovirus vaccine, cholera vaccine, oral typhoid vaccine, live
zoster vaccine, yellow fever vaccine, and oral rotavirus vaccine
are all contraindicated (114).

Vaccinesmay be given to those with GVHD (115). For patients
who receive rituximab as part of their preparative therapy, B-cell
recovery does not occur until 6–9 months after HCT (115).

Many providers may choose to trend the absolute CD4 and/or
CD19 count as a surrogate marker for signs of T and B cell
recovery, respectively (109). Often, vaccinations are deferred
until the CD4 count is >200/µl and the CD19 count is >20/µl,
although the use of these tests is highly variable to guide
vaccination time points and can be center specific (116).

As is evident, there is yet much to be learned about optimizing
vaccination schedule and discovering new markers of immune
response. For the PICU provider, knowing that theHCT recipient
is more than 2 years out from transplant suggests that their
vaccine schedule may be up to date, and glancing at their
immunization history could confirm that. Knowing that the HCT
recipient is between 1 and 2 years from transplant suggests the
patient may have received non-live vaccines. For the HCT patient
who is not yet 1 year from the transplant procedure, the current
illnessmay include infections with otherwise vaccine-preventable
encapsulated organisms.

CLINICAL CASE EXAMPLES

It can be challenging to understand the exquisite state of an
HCT patient’s immune system during times of severe infections
requiring PICU care. The important phases of HCT to consider
when assessing a patient’s infection risk and status are categorized
into pre-preparative therapy, during preparative therapy, before
engraftment, and after engraftment phases. Figure 3 highlights
the shifting infectious risk of the HCT patient based on a
variety of characteristics. We present a case-based overview and
review of the management of the pediatric HCT recipient in

the PICU with infectious complications by the phase of HCT.
As immunosuppression plays a special role throughout HCT,
it is discussed after the case vignettes. The following seven
hypothetical cases are presented in order along the timeline
for transplant.

Case Presentation 1, Prior to Preparative
Therapy for Transplant
A 2-year-old boy with a history of severe aplastic anemia (SAA) is
undergoing pre-transplant infectious surveillance in anticipation
of a myeloablative BMT. He initially presented with autoimmune
hemolytic anemia (AIHA) and immune thrombocytopenia (ITP)
following a viral illness and was treated for AIHA and ITP
with intravenous IVIG, rituximab, and steroids. Due to the
presence of autoimmune hepatitis, he was also being treated with
azathioprine. His cytopenias progressed despite therapy over
the next several months. He eventually developed pancytopenia
leading to his diagnosis of SAA after BM biopsy showed
cellularity of <5% (normal for age 90–95%). Pre-transplant
infectious disease surveillance was unremarkable except for an
abnormal chest CT. A 2.1 × 1.5 cm round subpleural mass was
noted in the left lower lobe with ground-glass attenuation in
the left perihilar region. On physical examination, the patient
was afebrile, breathing comfortably in room air with a normal
respiratory rate and oxygen saturation. Question: How should
this patient be managed? Answer: HCT should be delayed
while diagnostic procedures can be performed (bronchoscopy
with bronchoalveolar lavage) and the patient receives applicable
treatment for possible fungal pneumonia.

Case Discussion
This patient has multiple risk factors for opportunistic and
difficult-to-treat infections. First, his underlying diagnosis is
aplastic anemia. Despite the misnomer, aplastic anemia is a
failure of the BM to produce (or autoimmune destruction of)
hematopoietic stem cells that later differentiate into leukocytes,
red blood cells, and platelets. Therefore, depending on the timing
of diagnosis, SAA patients may have spent weeks, months, or
even years neutropenic by the time they come to HCT. The
length of time between diagnosis and definitive treatment is
related to survival outcomes (117). Additionally, the best mode
of therapy in pediatric patients is to undergo a matched sibling

FIGURE 3 | HCT characteristics and risk for infection.
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HCT. In cases where a matched sibling is not available (75–
80% of cases), patients are maintained on immunosuppressants
typically consisting of anti-thymocyte globulin or cyclosporine—
agents which can cause lymphopenia. This patient, who has
a diagnosis of hepatitis-induced SAA, is also being treated
with azathioprine which is immunosuppressive. Therefore, in
this setting, this patient’s diagnosis, as well as its subsequent
treatment, are considered risk factors. This clinical vignette
highlights the infectious risk factors of HCT patients even before
they come to transplant, which reveals the risk factors inherent to
the disease and its treatment. The provider needs to consider an
HCT patient’s risk factors that may exist outside the HCT process,
which in and of itself is a risk factor.

Case Presentation 2, During Preparative
Therapy Prior to Transplant
An 8-year-old boy, with a history of relapsed acute myeloid
leukemia (AML) after an UCT, is admitted to the hospital
to begin preparation for a second HCT, using a second UCB
graft that will be infused in 7 days. On the third day of
his myeloablative preparative chemotherapy, 4 days prior to
infusion of his second transplant, he develops a temperature
of 39.8◦C. On examination, he is hypotensive (blood pressure
is 64/32 mmHg) and tachycardic at 150 beats/min. His lungs
are clear to auscultation. Blood cultures are obtained from
his central line, and he is started on broad-spectrum empiric
antibacterial antibiotics. He receives multiple fluid boluses and
his hemodynamic status improves. Question: What is the likely
underlying etiology of his hemodynamic change?Answer:Gram-
positive infection of his central venous catheter.

Case Discussion
This patient is in the midst of his myeloablative preparative
chemotherapy prior to his second transplant and is likely
pancytopenic. This period marks the beginning of mucosal
breakdown that can lead to opportunistic infections, as the
preparative therapy affects rapidly dividing cells such as
the mucosal surfaces. This effectively makes a patient’s own
commensurate bacteria a potentially fatal source for infection. In
particular, oral streptococcal organisms can cause bloodstream
and neck soft tissue infections during the first 3 weeks after
transplant. As all patients undergoing HCT have a central venous
access catheter throughout transplantation, it is important to
consider the possibility of a catheter-associated infection with
each fever, as described in the case presentation. All neutropenic
HCT recipients who develop a fever are treated empirically with
an antibiotic with anti-pseudomonal ± Gram-positive activity.
In this setting, gram-positive bacteria are most commonly
isolated. Coagulase-negative staphylococci may not be that
virulent, but Staphylococcus aureus can be the cause of the severe
hemodynamic collapse. Vancomycin is indicated in this setting
and should be added to anti-pseudomonal therapy when there
is an abrupt decline in hemodynamic status. For patients with
central venous access catheters and hemodynamic stability, with
cellulitis or pain around the indwelling catheter skin exit site, the
addition of vancomycin is also appropriate.

Case Presentation 3, Two Weeks After
Transplant
A 6-year-old girl with a history of relapsed AML underwent
a myeloablative matched sibling BMT 14 days ago. She is
an inpatient in the hospital awaiting engraftment, receiving
supportive care with a prophylactic fluoroquinolone antibiotic
and transfusions until count recovery, when she suddenly
develops fluid-refractory hypotension (blood pressure 70/30mm
Hg). On examination, she is noted to be febrile to 39.6◦C
and tachycardic at 145 beats/min. She is noted to have
crackles on lung auscultation and has a distended but soft
abdomen. She is urgently transferred to the PICU where she
eventually requires support with multiple vasopressor agents
and mechanical ventilation. She is started on broad-spectrum
intravenous antibacterial antibiotics and undergoes CT imaging
of her abdomen, which identifies colitis. Question: What is the
likely underlying etiology of her sudden hemodynamic collapse?
Answer: Gram-negative sepsis secondary to translocation of gut
bacterial flora.

Case Discussion
This patient developed rapidly deteriorating gram-negative
septicemia. She received a matched sibling BMT 2 weeks
ago and had likely not yet achieved engraftment. Therefore,
she is at risk for severe opportunistic infections. For one,
the gut microbiota are known to play a part in transplant-
related infectious complications. She has also likely already
experienced considerable mucositis and likely has some
degree of epithelial cell damage in the gut which creates an
environment in which commensal bacteria can invade the
mucosa and submucosa to enter the bloodstream. Additionally,
the preparative chemotherapy destroys circulating granulocytes
and monocytes which are needed for gut healing (118). The
colitis noted on the CT scan likely describes that mucosal injury
with an associated influx of inflammatory mediators. During
this phase of HCT where the patient has received preparative
chemotherapy but has not engrafted their new cells, the provider
must recognize the risk the patient is at from commensal aerobic
and anaerobic bacterial organisms.

In the setting of an unidentified bacterial species or what
becomes presumed culture-negative sepsis, many HCT recipients
will receive double coverage with antibiotics directed at Gram-
negative bacteria and anaerobic bacteria (119). An anti-
pseudomonal beta-lactam can be escalated to a carbapenem
(for anaerobic coverage). Additionally, an aminoglycoside (for
gram-negative and some antipseudomonal coverage) is often
initiated until hemodynamic stability is achieved and a causative
organism identified. In the case of an unstable HCT patient,
vancomycin can be added for better gram-positive gut flora (i.e.,
enterococcal) coverage, and anti-fungal coverage can be added
or broadened to include coverage of regular candidal yeasts,
fluconazole-resistant yeasts, and/or molds. As in this example,
CT imaging of the abdomen is particularly important to perform
and was concerning for neutropenic bacterial enterocolitis with
possible intestinal necrosis.
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Case Presentation 4, One Month After
Transplant
An 11-year-old boy with an immunodeficiency disorder
underwent an HLA matched unrelated BMT. His transplant
course was relatively uncomplicated and he had appropriate
count recovery. On day 26 after his transplant, he developed
high persistent fevers and a gradual change in mental status
leading to florid encephalopathy. He was transferred to the
PICU after experiencing a short tonic-clonic seizure and inability
to maintain his airway. After intubation in the PICU, he
underwent a lumbar puncture that revealed CSF findings of
5 WBC, 0 RBC, 96 mg/dl protein, and 47 mg/ml glucose
(greater than two-third of the blood sugar level). CSF bacterial
aerobic and anaerobic cultures remained negative. He was started
on broad-spectrum antimicrobials including empiric antifungal
and antiviral agents. Question: What viral infection is an
emerging cause of encephalopathy in the HCT population?
Answer:HHV6.

Case Discussion
This case highlights the importance of maintaining a
broad viral differential diagnosis, particularly for cases of
encephalitis. HHV6 is a ubiquitous entity, with most individuals
experiencing a primary infection in childhood and with some
immunosuppressed individuals experiencing reactivation,
as may be the case with HCT. HHV6 can remain latent in
multiple organ systems including the CNS and in some cases
may integrate its DNA into the human genome (120). Typical
findings on MRI include limbic encephalitis but are not specific.
The diagnosis is best made by an astute provider sending CSF
DNA viral PCR studies (121). There remain no guidelines for
the best course of therapy (122). Since HHV6 has ∼75% DNA
homology to CMV, various antiviral medications used to treat
CMV infections can be used (123). It is important to note
that the usual toxicities associated with use of these antiviral

agents, such as BM suppression or kidney injury, can complicate
treatment courses.

Case Presentation 5, Six Months After
Transplant
A 13-year-old girl with a history of relapsed acute lymphoblastic
leukemia (ALL) underwent an UCT 6 months ago. She is
engrafted without evidence of GVHD and is no longer receiving
immunosuppression. She presents to the emergency department
with a fever of 40.1◦C and tachypnea. Her saturations are 88%
while breathing room air so she is placed on low flow oxygen via
nasal cannula. On examination, she is in obvious distress with
increased work of breathing and decreased breath sounds in the
left lower lung base with rhonchi. A chest radiograph is obtained
which shows a large opacity in the left lower lung field with
air-bronchograms and trace pleural effusion. Question: What
vaccine-preventable infection should be considered? Answer:

Streptococcus pneumoniae.

Case Discussion
This patient was started on broad-spectrum antibacterial
antimicrobial agents upon transfer to the PICU. A sputum

sample was obtained which showed the predominant
presence of gram-positive diplococci consistent with S.
pneumoniae. A sputum culture confirmed the diagnosis. The
differential diagnosis for bacterial causes for pneumonia in the
immunocompromised HCT patients includes community-
acquired bacteria such as S. pneumoniae, Mycoplasma
pneumoniae, and Haemophilus influenzae. Influenza A and
B viruses should be considered during annual flu seasons.
Opportunistic fungi including P. jirovecii, Aspergillus spp.,
and Cryptococcus spp. Geographically-restricted fungi such
as Coccidioides immitis, Blastomyces dermatitidis, and H.
capsulatum should also be considered. Although not performed
in this case, providers should consider bronchoalveolar lavage as
a diagnostic tool for identifying either a community-acquired or
opportunistic microorganism when sputum cultures do not lead
to finding the reason for infection in the lungs (124–126).

Case Presentation 6, 10 Months After
Transplant
A 13-year-old boy with a history of SAA underwent a matched
unrelated BMT 10 months ago. He is engrafted and has no
history of GVHD. He is not receiving immunosuppressive
therapy and remains on PJP prophylaxis per routine supportive
care guidelines. He presents to his hematologist with a recent
history of thrombocytopenia and a new-onset excruciating
headache refractory to over the counter analgesia. He is
admitted to the hospital for platelet transfusion and further
imaging. Unfortunately, he experiences a sudden neurologic
decline necessitating intubation. A brain MRI reveals numerous
enhancing lesions throughout both cerebral and cerebellar
hemispheres with punctate microhemorrhages and surrounding
vasogenic edema. He undergoes extensive infectious disease
testing of blood and cerebral spinal fluid. On lumbar puncture,
he is noted to have elevated intracranial pressure (ICP) with
a normal ophthalmologic exam. On expanded travel history,
he is identified to have lived in China for multiple brief
periods during his childhood, which assists in identifying his
diagnosis. Question: What is the likely underlying infectious
etiology of his MRI findings and neurologic decline? Answer:

CNS Toxoplasmosis.

Case Discussion
This patient presented with a CNS T. gondii infection,
a somewhat unusual infection even in the heavily
immunosuppressed BMT population and one that is often
fatal. He was at risk for Toxoplasma infection because his
Pneumocystis prophylaxis was changed from Bactrim to
dapsone earlier in his post-transplant course. This case imparts
an important lesson that non-sulfa-based Pneumocystis
prophylaxis regimens do not protect against toxoplasmosis or
nocardiosis or extrapulmonary pneumocystosis. Pneumocystis
prophylaxis with inhaled pentamidine can lead to upper lung
lobe Pneumocystis infections, where the nebulized pentamidine
does not penetrate well.

For this case patient’s infection, he was treated with a 6-
week course of pyrimethamine, leucovorin, and sulfadiazine
followed by maintenance pyrimethamine and clindamycin for
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12 months. As T. gondii is known to have increased prevalence
in geographical areas with cat exposure and possible food
contamination with cysts, this case highlights the importance
of soliciting a patient’s full travel and pet exposure (127). It is
important for the PICU provider to remain abreast of possible
exposures a pediatric BMT patient may have and how that might
cause systemic infection. Animals commonly kept as pets such
as lizards, snakes, turtles, and other reptiles are known to carry
and possibly spread Salmonella and Cryptosporidium parvum
(128). Baby chicks and ducklings are known to carry and possibly
spread Campylobacter jejuni (129). Cats are known to shed
T. gondii in their feces as above andmay carry Bartonella henselae
(130). Finally, household dogs may be infected with parasites
such as Toxocara canis (128).

Case Presentation 7, 18 Months After
Transplant
A 9-year-old boy with a history of cerebral adrenoleukodystrophy
(c-ALD) underwent an UCT approximately 18 months ago. His

HCT course was complicated by autoimmune cytopenias for
which he received multiple therapies over the last year including
rituximab, IVIG, mycophenolate mofetil (MMF), daratumumab,
and steroids. He presented to the ED with increased work
of breathing and oxygen saturation of 86% while breathing
room air. On auscultation of his lungs, he had poor aeration
bilaterally and copious coarse breath sounds. His Covid-19
testing was negative. He was transferred to the PICU for
respiratory support. At the time of admission, he was not on any
prophylactic antimicrobial agents. Question: What is the likely
underlying etiology of his sudden respiratory distress? Answer:
Pneumocystis pneumonia.

Case Discussion
As this patient was over 1 year from HCT, PJP prophylaxis
had been discontinued per standard procedure at the 1-year
transplant clinic visit. However, he then developed autoimmune
cytopenias and should have had Pneumocystis prophylaxis
restarted when immunosuppressive treatments were resumed.
In his case, he remained at risk for PJP while receiving highly
immunosuppressive therapy for his autoimmune cytopenia and
should have continued to receive prophylaxis due to continuing

exogenous immunosuppression. It is important for providers to
be aware that HCT patients must remain on PJP prophylaxis until
1 year after HCT or when patients are receiving >20 mg/day
of steroid.

DISCUSSION

The PICU provider needs to understand the unique infectious
risks present secondary to HCT and immunosuppression.
Pediatric HCT patients who require PICU level care are
complex and require a multisystem approach as well as a keen
understanding of where they are in the transplant process. PICU
providers must understand the shifting status of an HCT patient’s
infectious risk as they progress through the transplant process.
Although immunosuppression is thought to be largely associated
with the early phases of HCT, it is incumbent for the PICU
provider to understand what if any immunosuppressive therapies
the patient may still be receiving.

Respiratory and septic events are the main reasons HCT
patients are transferred to the PICU. When evaluating these
patients, it is important to also consider additional risk factors
such as the presence of a central venous access catheter and the
patient’s time spent neutropenic and/or immunosuppressed. The
care of the HCT recipient must remain focused on the likely
multiorgan dysfunction that is present during times of infection.
Although the clinical stability of a patient’s hemodynamic
status is paramount to good outcomes, providers must also
consider antimicrobial stewardship. It is important to narrow
antimicrobial coverage as soon as it is safe to do so (131). Use of
too much antibacterial prophylaxis during neutropenia can have
the deleterious effect of changing a patient’s enteral microbiome
(103). Pharmacists and infectious disease physicians alongside
both the HCT and PICU physicians are key in maintaining this
initiative. We hope this guide services as a reference for these
patients when they require PICU level care.
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Disseminated toxoplasmosis is an uncommon but highly lethal cause of hyperferritinemic

sepsis after hematopoietic cell transplantation (HCT). We report two cases of

disseminated toxoplasmosis from two centers in critically ill adolescents after HCT: a

19-year-old who developed fever and altered mental status on day +19 after HCT and a

20-year-old who developed fever and diarrhea on day +52 after HCT. Both patients

developed hyperferritinemia with multiple organ dysfunction syndrome and profound

immune dysregulation, which progressed to death despite maximal medical therapies.

Because disseminated toxoplasmosis is both treatable and challenging to diagnose, it

is imperative that intensivists maintain a high index of suspicion for Toxoplasma gondii

infection whenmanaging immunocompromised children, particularly in those with known

positive T. gondii serologies.

Keywords: hematopoietic cell transplant, toxoplasmosis, immune dysregulation, multiple organ dysfunction

syndrome, hyperferritinemia

INTRODUCTION

Toxoplasma gondii is an intracellular protozoan parasite transmitted bymeat containing tissue cysts
and through fecal–oral transmission that typically causes an asymptomatic or mild self-limited
infection (1). While the population prevalence of toxoplasmosis is decreasing, substantial
regional heterogeneity in seroprevalence remains (2, 3). Among immunocompromised patients,
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toxoplasmosis can cause a disseminated primary infection,
but most often represents reactivation of a prior infection.
Neurologic findings are the most common clinical
manifestations (4).

Toxoplasmosis after hematopoietic cell transplantation
(HCT) generally occurs within 6 months of transplant (5).
Features of toxoplasmosis typically include fever and non-
specific signs, including respiratory and neurologic symptoms
that overlap with other opportunistic infections (6). Serologic
testing for T. gondii can be unreliable in immunocompromised
patients; thus, diagnosis is often made by polymerase chain
reaction (PCR) testing or microscopic identification of parasites
in blood or tissue (7, 8). Pre-transplant serologic testing can
identify patients at risk of reactivation, which may prompt
earlier diagnostic evaluation. Exposed patients may benefit from
PCR-based surveillance for T. gondii (9).

Here, we report two cases of disseminated toxoplasmosis
in critically ill adolescents after HCT presenting with
hyperferritinemic sepsis and multiple organ dysfunction
syndrome (MODS). We review the heterogeneity of their
presentation, treatment, and outcome and highlight the
importance of prompt diagnosis and treatment of this highly
lethal condition. This report is considered not a research on
human subjects by both Institutional Review Boards (IRBs);
consent was not required by the IRB and not obtained from
the decedents.

CASE 1

A 19-year-old male with relapsed Philadelphia chromosome-
like B cell acute lymphoblastic leukemia who received
a haploidentical stem cell transplant developed fever on

FIGURE 1 | Clinical and pathological evidence of disseminated toxoplasmosis from the cases presented. (A) Axial and coronal contrast-enhanced magnetic

resonance imaging of the brain from case 1 showing rim-enhancing lesions. (B) Representative slides stained with hematoxylin and eosin (HE; left image) and

Grocott’s methenamine silver stain (right image) showing cysts containing Toxoplasma bradyzoites in the brain tissue from case 1. (C) Axial contrast-enhanced chest

computed tomography from case 2 showing bilateral centrilobular nodules and ground glass opacities. (D) Representative slides stained with HE showing neutrophils

containing Toxoplasma tachyzoites in peripheral blood from case 2.

post-transplant day +16. Blood culture was positive for Bacillus
cereus, which was treated with vancomycin and cefepime.

On day +17, he developed a headache and became
somnolent. Computed tomography (CT) scan of the head
showed a small left frontal intraparenchymal hemorrhage.
Magnetic resonance imaging (MRI) of the brain revealed
multiple ring-enhancing lesions consistent with possible septic
emboli, shown in Figure 1A. Magnetic resonance angiography
did not show evidence of intracranial aneurysm. Transthoracic
echocardiogram showed no evidence of intracardiac shunt, valve
disease, or vegetation. The patient was broadened to vancomycin
and meropenem for treatment of presumed disseminated B.
cereus. Due to persistent fever despite bloodstream clearance
of B. cereus, MRI with ring-enhancing lesions, and the
patient’s known immunoglobulin G (IgG) seropositivity for T.
gondii, trimethoprim/sulfamethoxazole (TMP/SMX) was started
empirically from days +22 to +25. This was discontinued given
the negative T. gondii PCR testing from blood, cerebrospinal
fluid, and bronchoalveolar lavage (BAL) specimens. Diagnostic
workup was negative for Aspergillus, Pneumocystis jirovecii,
Cryptococcus, and viral infection.

Given the ongoing fever, development of vomiting,
and diarrhea, an endoscopy was performed on day +49.
Methylprednisolone was given from day+49 to +52 for empiric
management of gastrointestinal graft-vs.-host disease (GVHD),
but pathology showed rare apoptotic bodies in the duodenum
and colon and did not support a diagnosis of GVHD.

On day +51, the patient developed rapid-onset respiratory
failure and progressive somnolence. CT scan of the chest
showed diffuse ground glass opacities. He was transferred
to the pediatric intensive care unit (PICU), where he
developed MODS with severe hypoxemic respiratory failure
and septic shock requiring mechanical ventilation and
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TABLE 1 | Results from cytokine panels obtained clinically to guide

immunomodulatory therapies.

Cytokine (pg/mL) Case 1:

day +54

Case 2:

day +64

Case 2:

day +92

IL-1β <5 <5 <5

IL-2 <5 <5 <5

IL-4 75 <5 <5

IL-5 5 21 21

IL-6 4,353 45 170

IL-8 154 86 <5

IL-10 60 184 26

IL-12 – <5 <5

IL-13 – <5 <5

IL-18 8,111 – –

IFN-γ 15 <5 13

TNF-α 2 – –

GMCSF 2 – –

CXCL9 1,681 – –

sCD163 5,575 – –

sIL-2R 5,835 9,330 2,739

IL, interleukin; IFN, interferon; TNF, tumor necrosis factor; GMCSF, granulocyte–

macrophage colony-stimulating factor; CXCL, C–X–Cmotif chemokine ligand; CD, cluster

of differentiation.

significant vasoactive support. He was treated empirically
with gentamicin, meropenem, TMP/SMX, amphotericin,
cidofovir, albendazole, and ivermectin, with plan to start
pyrimethamine/sulfadiazine when available. PCR testing of
repeat BAL fluid identified T. gondii. A splenic lesion was also
identified on ultrasound and biopsied, with PCR testing positive
for T. gondii. All other bacterial, viral, and fungal studies were
negative. TMP/SMX was dose-adjusted for the treatment of
disseminated toxoplasmosis.

In addition to antimicrobials, the patient was concurrently
treated with plasma exchange and intravenous immunoglobulin
for thrombocytopenia-associatedmultiple organ failure from day
+55 to +57. Despite therapy, he developed hyperferritinemia
(peak level, 49,000 ng/mL) with concurrent hepatobiliary
dysfunction and coagulopathy. The results of his clinical cytokine
panel from day +54 are shown in Table 1. He was also treated
with anakinra based on a reanalysis of a phase III randomized
trial showing a mortality benefit of interleukin-1 receptor
antagonist treatment in adult severe sepsis (10). A timeline of his
immune dysregulation and associated therapeutics is shown in
Figure 2A.

Given the patient’s declining respiratory status and persistent
MODS despite maximal support, his family elected to
discontinue life-sustaining therapy on day+58. Autopsy findings
were notable for evidence of disseminated toxoplasmosis, as
shown in Figure 1B. Numerous inflammatory foci and T. gondii
bradyzoites were seen in the myocardium and diaphragm.
Neuropathologic evaluation revealed numerous hemorrhagic
subcortical infarcts containing granulomatous inflammation and
T. gondii bradyzoite cysts.

CASE 2

A 20-year-old male with immune-mediated aplastic anemia
refractory to prior immune suppression therapy received an
unrelated donor peripheral stem cell transplant. Toxoplasma
serologies were not obtained during his pre-transplant evaluation
as per institutional practice. His initial transplant course was
uncomplicated, and he was discharged home on post-transplant
day +21. On day +52, he was readmitted for fever and diarrhea.
Due to fever and hypoxemia, a CT scan of the chest was
obtained on day +55 and showed bilateral centrilobular nodules
with right-sided predominance, as shown in Figure 1C. His
infectious workup included multiple BALs, blood, and urine
cultures and evaluation for Pneumocystis jirovecii and viral
etiologies, which were all negative. He was maintained on
broad-spectrum antibiotics and antifungal medications given the
persistent fever despite negative cultures. Due to progressive
hypoxemic respiratory failure, he was transferred to the PICU
on day +61, where he required intubation and mechanical
ventilation. Given the refractory hypoxemic respiratory failure,
he was cannulated to venous–venous extracorporeal membrane
oxygenation (ECMO) within 24 h of PICU transfer. His ECMO
course was complicated by shock, hyperferritinemia, and acute
kidney injury requiring renal replacement therapy.

Multimodal therapy for his immune dysregulation included
pulse dose methylprednisolone (2 g/day) followed by a prolonged
methylprednisolone course, plasma exchange, tocilizumab for
IL-6 blockade, and etanercept for tumor necrosis factor alpha
blockade, which was later transitioned to infliximab. A timeline
of the immunomodulatory therapies is shown in Figure 2B.
With improvement in his hyperinflammatory state, he was
decannulated from ECMO on day+73.

On day+90, he had recurrence of fever without other changes
in exam in the setting of a methylprednisolone taper; after a
multidisciplinary discussion, tocilizumab, infliximab, and pulse
dose methylprednisolone were administered for the management
of immune dysregulation. The results of his clinical cytokine
panel from day +64 to +92 are shown in Table 1. Despite
these interventions, he had worsening hyperferritinemia by day
+94 (peak level, 202,000 ng/mL), so anakinra was administered

and plasma exchange was repeated. Despite immunomodulation,
he continued to have refractory MODS with severe hypoxemic
respiratory failure and catecholamine-refractory shock. At the
request of his family, resuscitative efforts were discontinued on
day +95. On the day of his death, T. gondii tachyzoites were
noted on his peripheral blood smear (shown in Figure 1D),
which were subsequently confirmed to be T. gondii by PCR and
immunostaining. Postmortem analyses of the BAL specimens
from day +60 and +65 were also positive for T. gondii by
PCR. Postmortem T. gondii serologic testing was performed on
a pre-transplant blood specimen and was positive for IgG.

DISCUSSION

Toxoplasmosis is a rare but severe complication after HCT
that generally occurs within the first 6 months of transplant
and is associated with substantial morbidity and mortality

Frontiers in Pediatrics | www.frontiersin.org 3 August 2021 | Volume 9 | Article 719679201

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Lindell et al. T. gondii Reactivation After HCT

FIGURE 2 | Immune dysregulation and exposure to associated immunomodulatory therapies from the cases presented. (A) Timeline of C-reactive protein (CRP) and

ferritin values from case 1 showing progressive immune dysregulation. This patient was exposed to methylprednisolone, anakinra, intravenous immunoglobulin (IVIG),

and plasma exchange, as shown along the top of the panel. (B) Timeline of CRP and ferritin values from case 2 showing two distinct periods of immune dysregulation.

This patient was exposed to methylprednisolone, tocilizumab, anakinra, etanercept, infliximab, and plasma exchange, as shown along the top of the panel.

TABLE 2 | Previously reported cases of toxoplasmosis in adolescent and young adult patients (age ≤ 25 years) after HCT (since 2000).

Authors/Reference No. of

patients

Age (years),

sex

Date of onset

(post-transplant)

Site of

infection

Hospital

survival

De Medeiros et al. (12) 6 8, M Not reported CNS Yesa

11, M Not reported Disseminated Yesa

12, F Not reported Respiratory No

14, F Not reported CNS No

18, M Not reported CNS No

25, M Not reported CNS Yesa

Duzovali et al. (13) 1 8, M +76 days CNS Yes

Goebel et al. (14) 1 7, M +16 days Disseminated No

Megged et al. (15) 1 12, F +4 months CNS Yesa

Caselli et al. (16) 2 18, F +16 months CNS Yesa

20, F +52 days CNS Yes

Kerl et al. (17) 1 15, F +4 months CNS Yes

Rand et al. (18) 1 6, F Not reported Skin + Blood Yesa

Yang et al. (19) 1 15, M +66 days Disseminated No

Decembrino et al. (20) 3 6, M

14, F

16, M

+55 days

+55 days

+266 days

Disseminated

CNS

CNS

No

Yes

No

Czyzewski et al. (21) 3 9, M +352 days CNS + retina Yes

17, M +90 days CNS + retina Yes

17, F +58 days CNS Yes

Year 2019; Komitopoulou

et al. (22)

3 5, M +40 days Disseminated No

15, F +2 months CNS Yesa

16, F +5 months Disseminated No

Sanchez-Petitto et al. (11) 1 25, F +1 month Disseminated Yes

M, male; F, female; CNS, central nervous system.
aSurvived toxoplasmosis, but later died of another cause.

(3–5). These two cases highlight the potential for T. gondii
reactivation to result in hyperferritinemic sepsis and MODS
after HCT (11) and the lack of “classic” signs and symptoms
of T. gondii in critically ill patients after HCT. Management
of the immunocompromised patient with hyperferritinemic
sepsis requires a highly collaborative approach, incorporating
evaluation from critical care medicine, infectious disease, and

stem cell transplant. Reaching a diagnosis is challenging but
critical in these patients as some potential etiologies, including
T. gondii, may be successfully treated if the diagnosis is made
early in the clinical presentation. Several previous reports
focused on pediatric HCT patients have characterized the
association between toxoplasmosis and poor clinical outcomes,
as summarized in Table 2.
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In addition to progressive MODS, both patients developed
significant immune dysregulation during their clinical course,
as summarized in Figure 2. Immune dysregulation is a feature
of certain forms of critical illness and is highly associated with
mortality after sepsis (23), trauma (24), and cardiopulmonary
bypass (25). Immunocompromised patients, including allogeneic
HCT recipients, have an increased risk of immune dysregulation
and mortality in the setting of critical illness (26, 27). In the case
of toxoplasmosis, hyperferritinemia is thought to be precipitated
by several T. gondii virulence factors that influence macrophage
activation (28, 29). This activation also occurs in the microglia
(30) and may explain the predominance of the neurologic signs
and symptoms commonly seen in T. gondii reactivation.

Successful treatment of severe toxoplasmosis due to
reactivation in immunocompromised patients is challenging,
with limited data to support the recommended antibiotic
regimens. The combination of pyrimethamine, sulfadiazine, and
leucovorin is the recommended regimen for the treatment of
toxoplasmosis reactivation in an immunocompromised host
(31, 32). TMP/SMX is an alternative therapy if pyrimethamine
is unavailable or not tolerated. Both regimens combine a
sulfonamide antibiotic with a dihydrofolate reductase inhibitor.
Two small, prospective randomized controlled trials comparing
these combination agents have shown similar efficacy and a
favorable side effect profile associated with the use of TMP/SMX
(33, 34). Both pyrimethamine/sulfadiazine and TMP/SMX
achieve adequate tissue exposure, including within the central
nervous system (CNS) (35–37), and are treatments of choice for
disease involving the CNS (32).

The diagnostic and management challenges inherent to
critical illness after HCT also highlight the growing role for
physicians with clinical expertise in pediatric onco-critical
care. Immunocompromised children represent a small subset
of patients with critical illness, but account for a substantial
fraction of ICU mortality due to sepsis (27). As our mechanistic

understanding of immune dysregulation in these high-risk
patients continues to grow, we will have increasing opportunities
to study the role of novel targeted therapeutics in modifying
complex host–pathogen interactions. In the meantime, because
toxoplasmosis is an uncommon but treatable cause of MODS, it
is imperative that clinicians maintain a high index of suspicion
for T. gondii infection when managing immunocompromised
children with progressive organ failure despite maximal medical
therapies, particularly those with serologic evidence of prior T.
gondii exposure.
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Stenotrophomonas maltophilia is an important nosocomial pathogen in immunocom-
promised individuals and characterized by intrinsic resistance to broad-spectrum
ant ibacter ia l agents . L im i ted data ex is ts on i ts c l in ica l re levance in
immunocompromised pediatric patients, particularly those with hematological or
oncological disorders. In a retrospective single center cohort study in pediatric patients
receiving care at a large european pediatric hematology and oncology department, ten
cases of invasive S.maltophilia infections (blood stream infections (BSI), 4; BSI and
pneumonia, 3, or soft tissue infection, 2; and pneumonia, 1) were identified between
2010 and 2020. Seven patients had lymphoblastic leukemia and/or were post allogeneic
hematopoietic cell transplantation. Invasive S.maltophilia infections occurred in a setting of
indwelling central venous catheters, granulocytopenia, defective mucocutaneous barriers,
treatment with broad-spectrum antibacterial agents, and admission to the intensive care
unit. Whole genome sequencing based typing revealed no genetic relationship among
four individual S.maltophilia isolates. The case fatality rate and mortality at 100 days post
diagnosis were 40 and 50%, respectively, and three patients died from pulmonary
hemorrhage. Invasive S.maltophilia infections are an emerging cause of infectious
morbidity in patients receiving care at departments of pediatric hematology and
oncology and carry a high case fatality rate.

Keywords: children, cancer, transplantation, Stenotrophomonas maltophilia, blood stream infection,
pulmonary hemorrhage
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INTRODUCTION

Stenotrophomonas maltophilia (formerly: Pseudomonas or
Xanthomonas maltophilia) is an aerobic non-fermenting
Gram-negative bacil lus (NGNB) that can be found
ubiquitously in the environment (1). Next to Pseudomonas
aeruginosa and Acinetobacter spp., the organism is considered
the third most frequent nosocomial pathogen among non-
fermentative bacteria (2, 3).

Pneumonia and bloodstream infection (BSI) are the most
common clinical manifestations of S.maltophilia infections. Less
frequently, S.maltophilia can cause urinary tract infections,
cholangitis, peritonitis, wound infections, eye infections,
arthritis, meningitis, and endocarditis (4, 5). Patients with
hematologic malignancies are at high risk for S.maltophilia
infection because of chemotherapy-induced neutropenia and
immunodeficiency. Frequent exposure to broad-spectrum
antibiotics and the presence of central venous catheters further
enhance the risk of S.maltophilia infection (6, 7). The rate of
S.maltophilia BSI among BSIs in this patient population has been
reported to be as high as 60% (8–11).

Treatment of S.maltophilia infection can be difficult because
of the organisms inherent resistance to a variety of antibiotics
(12, 13). Trimethoprim-sulfamethoxazol (TMP-SMX) is the
drug of choice, and fluoroquinolones are the proposed
alternative. Similar to the treatment of Pneumocystis jirovecii
pneumonia, up to five-fold higher than regular doses of TMP-
SMX are recommended for severe infections (5, 14). Thus, the
therapeutic options for S.maltophilia infections are quite
different from those available for other NGNB, and
appropriate antimicrobial therapy is often delayed through
ineffective treatment during initial empirical therapy (15).
Accordingly, mortality rates are high in immunocompromised
and critically ill patients (11, 16), with 30-day mortality rates of
S.maltophilia BSIs ranging from 11% to 53% (8, 11–13, 17–19).

While series of adult cancer patients with invasive
S.maltophilia infections have been published in regular
intervals, few reports exist for pediatric patients with cancer
and/or allogeneic hematopoietic cell transplantation (HCT)
(20–22). We therefore analyzed the incidence, genetic
relatedness, clinical course and outcomes of invasive
S.maltophilia infections observed during the past ten years at
our institution, a high volume European pediatric cancer center
with an active allogeneic HCT program.
METHODS

Study Design and Setting
The study was a retrospective observational single center cohort
study of children and adolescents with oncological or
hematological disease including patients with autologous or
allogeneic HCT receiving care at the Department of Pediatric
Hematology and Oncology of the University Children’s Hospital
of Münster between January 2010 and July 2020 with the last
follow-up in October 2020. The Department’s referral patterns
Frontiers in Oncology | www.frontiersin.org 2206
and admission data at the time of the study have been reported
recently (23). Patients with S.maltophilia infection or
colonization were identified through the Hospital’s central
electronic medical information system. Inclusion criteria were
medical care at the Department of Pediatric Hematology and
Oncology; a diagnosis of either solid tumor, hematological
malignancy, a non-neoplastic hematological disorder, or status
post allogeneic HCT; and microbiology confirmation of
S.maltophilia in blood, usually sterile body sites or respiratory
secretions in the presence of pneumonia. Patient demographics,
disease related parameters, clinical course and outcome data
were retrieved from the medical information system and
analyzed. The primary endpoint of outcome was survival at
day +100 post diagnosis. Written informed consent for data
collection and analysis was obtained within the consent
procedure for cancer treatment, HCT, and specialized medical
care approved by the local institutional review board. Data
collection was accomplished by a pseudonymized standardized
case report form.

Standard Operating Procedures
All patients received treatment for their underlying condition
according to standard protocols of the German Society for
Oncology and Hematology (GPOH) or indiv idua l
recommendations of the respective study groups. Up to
December 2014, antibacterial prophylaxis was given to patients
undergoing HCT and consisted of penicillin, ciprofloxacin and
metronidazole in allogeneic and penicillin and ciprofloxacin in
autologous HCT recipients, respectively. Antibacterial
prophylaxis was discontinued starting 2015. Initial empirical
antibacterial therapy for fever and neutropenia consisted of
ceftazidime plus gentamycin until December 2016 and was
then replaced by piperacillin/tazobactam. Unstable patients
were to start with meropenem plus vancomycin and were
subsequently deescalated, as feasible. This regimen was also
used for escalation in patients with fever persisting for more
than 48-72 hours or a new fever after defervescence, with or
without additional empirical antifungal therapy at the discretion
of the attending physician. Suspected or proven infections were
treated according to current management recommendations. All
patients received TMP-SMX 8 mg/kg (max. 320 mg) twice
weekly as prophylaxis for prevention of Pneumocystis jirovecii
pneumonitis, and topical polyenes or azoles for prevention of
oropharyngeal candidiasis. Prophylaxis with TMP-SMX was
continued until three months after end of therapy in cancer
patients and until immunoreconstitution in allogeneic HCT
recipients. Standard antifungal prophylaxis consisted of
fluconazole for allogenic HCT recipients, and either
posaconazole or voriconazole for patients with acute myeloid
leukemia or recurrent leukemia (24, 25). Blood cultures were
drawn in case of fever and daily until defervescence and negative
results. Aerobic and anaerobic cultures with age-appropriate
blood volumes were obtained from each lumen of an
indwelling catheter or from a peripheral vein, if no catheter
was present. Respiratory cultures were obtained by tracheal
aspiration in intubated patients (n=4) and by sputum
induction in non-intubated patients, respectively. Cultures
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form other body sites were obtained only when infection was
clinically or radiologically suspected or on a case-by-case basis to
monitor bacterial colonization by swabs from the throat and the
perianal region. All patients were routinely screened for
colonization with methicillin-resistant Staphylococcus aureus by
a combined swab from the throat and the nares at each
hospital admission.

Definitions
Blood stream infection was defined as ≥ one positive blood
culture for either S.maltophilia or any other bacterial and fungal
pathogens obtained in a patient with fever and other signs of
infection, where present. Infections at other body sites were
defined by clinical and/or radiographic criteria. Pulmonary
infection was considered to be radiological evidence of
pneumonic infiltrates together with detection of S.maltophilia
in respiratory secretions and BSI. In the absence of documented
BSI, respiratory evidence of S.maltophilia together with direct
detection of S.maltophilia in the intraoperative tissue cultures, as
in patient 3 after open abscess surgery (Table 1), was considered
pulmonary infection.

Identification and Susceptibility Testing
Standard blood culture systems (BACTEC®, Becton Dickinson,
Sparks, Maryland, USA) were used for detection of bloodstream
isolates. Blood culture vials were incubated for up to 14 days.
Subsequent species identification was performed by Matrix-
Assisted Laser Desorption/Ionization Time of Flight-Mass
Spectrometry (MALDI TOF MS®, Microflex, Bruker, Bremen,
Germany). Susceptibility testing was done using disk diffusion
method in accordance with the standards of European
Committee on Antimicrobial Susceptibility Testing (EUCAST)
and interpreted using zone diameter breakpoints (EUCAST
clinical breakpoints [version 6.0]) for TMP-SMX.

Whole Genome Sequencing-
Based Typing
To determine the clonal relationship of S.maltophilia strains
isolated from blood cultures, available isolates were subjected to
whole genome sequencing (WGS)-based typing using the
Illumina MiSeq platform (Illumina Inc., San Diego, USA) as
described previously (26). Due to the retrospective character of
this study, only four individual samples from four different
patients were available for testing. Using SeqSphere+ software
version 2.0 beta (Ridom GmbH, Münster, Germany), all coding
regions were extracted and compared in a gene-by-gene
approach (core genome multilocus sequence typing, cgMLST)
using SM K279a strain (GenBank accession number
AM743169.1) as a reference sequence. Instead of a published
cgMLST scheme, which is not yet available, this ad hoc scheme
was used to differentiate the cluster. SeqSphere+ software was
used to display the clonal relationship in a minimum spanning
tree. For backwards compatibility with classical molecular
typing, i. e. MLST, the MLST sequence types were extracted
from the WGS data in silico.
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Statistical Analysis
Statistical analyses were carried out with SPSS Statistics 26 (IBM
Corporation, Armonk, NY, USA) software package. Overall
survival (OS) was calculated from primary diagnosis to death
or last follow-up. Comparison of the frequency of S.maltophilia
infections over time and statistical exploration of associations
between patient- and disease related parameters and mortality
were performed by the Fisher’s Exact test; univariate and
multivariate analyses were not performed due to the limited
sample size. The level of statistical significance was set at p<0.05
(two-sided).
RESULTS

Demographic and Clinical Characteristics
Between January 2010 and July 2020, a total of 502 distinct BSIs
were identified in children with oncological or hematological
disease including patients with autologous or allogeneic HCT
receiving care at the Department of Pediatric Hematology and
Oncology of the University Children’s Hospital of Münster. Of
these, nine BSIs were due to S.maltophilia, accounting for a rate
of S.maltophilia BSIs of 1.8% among all BSIs and of 7% among all
Gram-negative BSIs, respectively. Considering one additional
patient with documented pulmonary infection and positive
cultures from all other sources, there were a total of ten
invasive S.maltophilia infections in ten patients. Over time,
there was a numerical, but not statistically significant increase
in infected patients in the second half (2016–2020) of the
study (Figure 1).

The demographic and clinical characteristics of the ten
patients with invasive infections are listed in Table 1. Five
patients each were male and female, and the median age was
10.4 years (range, 0.8 to 17.9 years). Five patients had acute
lymphoblastic leukemia, and five patients had received allogeneic
HCT and were between 13 and 523 days (median: 63) post-
transplant. Seven patients were receiving antineoplastic or
immunosuppressive therapy, and all had an indwelling central
venous catheter at the time of diagnosis (Broviac-type, n=6;
percutaneous transient catheter, n=3; port-a-cath-type, n=1).
Among the 10 patients with invasive S.maltophilia infections,
four had isolated BSIs, three a BSI and concomitant pneumonia,
two a BSI and concomitant soft tissue infection, and one patient
had pneumonia with an intrapulmonary abscess without positive
blood cultures. In seven patients, superficial colonization by
S.maltophilia was detected. Most affected patients (n=8) were
receiving broad-spectrum antibacterial agents at the time of
diagnosis, most frequently carbapenems (n=8), glycopeptides
(n=7), and quinolones (n=6). All had an increased C-reactive
protein level , and seven patients were profoundly
granulocytopenic with an absolute neutrophil count < 500/uL.
Six patients required admission to the intensive care unit at
presentation, and four of these patients received mechanical
ventilation because of pneumonia (n=3) and respiratory failure
not related to pneumonia but to multiorgan failure
(n=1) (Table 1).
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TABLE 1 | Demographics, underlying condition and principal treatment, central venous cannulation, infection and colonization data, concomitant clinical data, treatment and outcome of ten pediatric patients with
ilia infections.

Pneumonia SM Tissue Infection Concomitant SM Colonization

No Yes **** Skin
No No Skin

Yes*** No Anus, skin, trachea
Yes*** No No
Yes*** No Anus, trachea
No No Skin, pharynx
No No Anus
No Yes **** No
No No No
Yes No Anus, skin, pharynx

ntibiotic Treatment Total Duration of
Treatment (days)

Survival
*****

Follow-up
(days)

openem; moxifloxacin 14 Yes 2053
P-SMX; meropenem;
xifloxacin; tigecyclin

20 Yes 395

openem; fosfomycin;
cyclin

45 No 45

openem; ciprofloxacin 1 No 2
P-SMX; meropenem 2 No 3
tazidim; colistin;
xifloxacin; tigecyclin

18 Yes 167

tazidim; colistin;
xifloxacin; tigecyclin

27 Yes 497

openem; colistin;
xifloxacin; tigecyclin

10 No 10

openem; ciprofloxacin 15 Yes 2446
tazidim; tobramycin 14 No 79

SP, desmoplakin; EwS, Ewing sarcoma; F, female; HCT, hematopoetic stem cell
ted donor; MRD, matched related donor; MUD, matched unrelated donor; SCID,

chronic graft-versus-host disease (GVHD) of the skin, off immunosuppression, low
uppression with sirolimus, anti-inflammatory antibodies, methylprednisolone 2 mg/
infection, and patient 8 had necrotizing fasciitis involving the lower extremities and
ith multiorgan failure, and one patient (patient 10) died two months after completion

nd another blood culture positive for Staphylococcus hemolyticus in the week after;
sa, Staphylococcus hemolyticus, and Enterococcus faecium in the week prior to
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oncological or hematological disease including patients with autologous or allogeneic hematopoietic cell transplantation and invasive S.maltoph

Patient No. Gender Age (years) Diagnosis Allo HCT; time after HCT (days)** Chemotherapy IST CVC SM BSI SM

1 M 9.2 HLH Yes (MMUD); 523 No No Yes Yes
2 M 4.6 DSP

Mutation*
No No No Yes Yes

3 F 11.6 ALL No Yes No Yes No
4 F 15.8 VSAA Yes (MRD); 63 No Yes Yes Yes
5 M 17.9 ALL Yes (MUD); 231 No Yes Yes Yes
6 M 5.2 ALL No Yes No Yes Yes
7 M 14.7 ALL Yes (MMUD); 15 No Yes Yes Yes
8 F 11.8 ALL Yes (MUD); 13 No Yes Yes Yes
9 F 2.8 EwS No Yes No Yes Yes
10 F 0.8 SCID No No No Yes Yes

Patient
No.

Broad-spectrum
Antibiotics

Defective
Skin Barrier

CRP
(mg/
dL)

WBC
(10³/μL)

ANC
(10³/
μL)

ICU
Admission

Mechanical
Ventilation

Concomitant
BSI

CVC
Removal

1 No Yes 3.5 8.2 0.7 No No No No Me
2 Yes Yes 11.3 27.5 21.7 Yes Yes Yes1 Yes TM

mo
3 Yes No 25.5 0.2 0 Yes Yes No No Me

tige
4 No No 19.8 0 0 Yes No No No Me
5 Yes Yes 37.9 0.3 0 Yes Yes Yes2 Yes TM
6 Yes No 6.1 0.7 0.2 No No No Yes Ce

mo
7 Yes No 23.0 0 0 No No No Yes Ce

mo
8 Yes Yes 3.3 0 0 Yes No No Yes Me

mo
9 Yes No 9.7 0 0 No No No Yes Me
10 Yes Yes 15.2 23.3 18.0 Yes Yes Yes3 Yes Ce

ALL, acute lymphoblastic leukemia; ANC, absolute neutrophil count; BSI, blood stream infection; CRP, C-reactive protein; CVC, central venous catheter;
transplantation; HLH, hemophagocytic lymphohistiocytosis; ICU, intensive care unit; IST, immunosuppressive therapy; M, male; MMUD, mismatched unre
severe combined immunodeficiency; SM, Stenotrophomonas maltophilia; WBC, white blood cell count; VSAA, very severe aplastic anemia.
* Associated with recurrent infections, especially skin; care at the Department of Hematology and Oncology; ** Conditions in allo-HCT recipients: Patient 1,
dose steroids (< 0.3 mg/kg prednisone equivalent); patient 4, primary graft failure; patient 5, chronic GVHD of the skin and the gastrointestinal tract, immunos
kg/d; patients 7 and 8 were prior to engraftment. *** including pulmonary hemorrhage (please see Figure 3 for details); **** patient 1 had a catheter exit-site
buttocks. ***** Four patients died in direct causal relationship to the infection from pulmonary hemorrhage (patients 3,4,5) and necrotizing fasciitis (patient 7) w
of treatment from unrelated causes in hospice care.
1 Staphylococcus hemolyticus, Staphylococcus aureus, Enterococcus faecalis and Candida albicans in the week prior to diagnosis of S.maltophilia infection a
2 Escherichia coli, Enterococcus faecium, Staphylococcus epidermidis in the week prior to diagnosis of S.maltophilia infection; 3 Pseudomonas aerugino
diagnosis of S.maltophilia infection.
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Concomitant Infections
Three patients were diagnosed with other BSIs in the week prior
and/or the week after S.maltophilia infection and were receiving
antibiotic treatment (patient 2 with Staphylococcus hemolyticus,
Staphylococcus aureus, Enterococcus faecalis and Candida
albicans in the week prior and another blood culture positive
for Staphylococcus hemolyticus in the week after; patient 5 with
Escherichia coli, Enterococcus faecium, Staphylococcus
epidermidis in the week prior; and patient 10 with
Pseudomonas aeruginosa, Staphylococcus hemolyticus, and
Enterococcus faecium in the week prior to S.maltophilia
infection, respectively). Two patients (patient 4 and patient 5)
showed concomitant low-level systemic Epstein-Barr virus
reactivation, and one patient (patient 4) had systemic Herpes
simplex virus 1 reactivation (Table 1).
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Antimicrobial Susceptibilities
and Genotyping
Using disk diffusion methodology in accordance with the
standards of European Committee on Antimicrobial
Susceptibility Testing (EUCAST) and an agar diffusion
diameter of > 16 mm assumed as susceptible (increased
exposure), 70% of all ten initial isolates were susceptible to
TMP-SMX. However, in one of the seven patients with a
TMP-SMX-susceptible initial isolate, a follow-up blood stream
isolate obtained three days after the initial one was tested non-
susceptible. WGS-based typing and gene by gene comparison of
four initial S.maltophilia blood culture isolates obtained from
four different patients showed allelic differences between strains
of at least 1604 alleles, thereby excluding any genetic relatedness
of subjected S.maltophilia isolates (Figure 2).
Antimicrobial Management and Outcome
The indwelling central venous catheter was removed shortly after
diagnosis in seven of the nine patients with positive blood cultures.
One patient (patient 7, Table 1) received repeated granulocyte
transfusions. Antimicrobial treatment of S.maltophilia infection
was highly heterogeneous and included combinations of
meropenem (7), fluoroquinolones (7), tigecyclin (5), colistin (3),
TMP-SMX (2), ceftazidime (1), fosfomycin (1), and tobramycin (1)
administered for a total treatment duration of 1 to 45 days (median:
14.5 days). Of note, in retrospect, it is difficult to distinguish precisely
between therapy directed at S.maltophilia, empiric treatment for
suspected infections or directed treatment of confirmed concomitant
infections, but the agents TMP-SMX and moxifloxacin were added
only when S.maltophiliawas detected. The 30-daymortality rate and
the overall mortality rate were 30% and 50%, respectively, after a
median follow-up time of 123 days (range, 2 to 2446 days). Four
patients died in direct causal relationship to the infection after 2, 3, 10
and 45 days after diagnosis from pulmonary hemorrhage (patients
3,4,5, Figure 3) and necrotizing fasciitis (patient 7) with multiorgan
failure (Table 1). Explorative statistical analysis of factors associated
with overall mortality in patients with invasive S.maltophilia
FIGURE 1 | Annual frequency of S. maltophilia infection in children with
oncological or hematological disease including patients with autologous or
allogeneic hematopoietic cell transplantation between 2011 and 2020. For
2020, cases until March are included. p = 0.34 for the comparison of the
proportion of S. maltophilia blood strem infections (BSI) (n = 9) among all
BSIs in 2016-2020 relative to 2011-2015 (n.s.).
FIGURE 2 | Minimum spanning tree of four S.maltophilia blood culture isolates obtained from four different patients. The tree is based on up to 1876 target genes,
pairwise ignoring missing values. Each dot represents one genotype (P1-P4). Different connecting lines and numbers on these lines show the number of alleles
differing between two genotypes.
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infections revealed the presence of pneumonia (p=0.047) and
admission to the intensive care unit (p=0.047) as being associated
with dismal outcome (Supplementary Table 1).
DISCUSSION

Stenotrophomonas maltophilia is a non-fermentative, Gram-
negative bacillus that has emerged as important nosocomial
pathogen in immunocompromised and critically ill patients (16,
27). Published experience in pediatric patients with cancer and/or
allogeneic HCT is limited to two separate studies reporting on a
total of 24 S.maltophilia BSIs (22, 28) and several larger pediatric
series that include a relevant proportion of patients with
hematological malignancies or solid tumors (24, 25, 29, 30)
(Table 2). In the study presented here, S.maltophilia accounted
for 1.8% of all BSIs and for 7% of those caused by Gram-negative
rods. Invasive S.maltophilia infection was associated with a
diagnosis of acute leukemia and/or allogeneic HCT, or
immunodeficiency, and occurred in a setting of impaired host
defences, defective mucocutaneous barriers, indwelling central
venous catheters, treatment with broad-spectrum antibacterial
agents, and admission to the intensive care unit. Four patients
Frontiers in Oncology | www.frontiersin.org 6210
died in direct relationship to the infection, including three
patients with pneumonia and pulmonary hemorrhage
(Figure 3), which has been reported to be associated with
S.maltophilia infection and status post allogeneic HCT (29, 44,
45). Similar to others (28), we found a numerical increase in
S. maltophilia infections over time. Molecular typing of a limited
number of blood culture isolates, however, confirmed that isolates
were genetically not related and suggests the absence of a
nosocomial outbreak (46).

The exact route of acquisition of S.maltophilia often remains
unknown. Nevertheless, isolation of the organism from mucosal
surfaces of the respiratory and/or the lower gastrointestinal tract
may herald later infection as many patients with S.maltophilia BSIs
were reported to be colonized prior to infection (5, 17). Indeed, the
oral microbiome has recently been described as a potential reservoir,
and real-time monitoring of the oral S.maltophilia relative
abundance has been suggested to identify patients at risk for
invasive infection (30). In our limited cohort, concomitant
colonization was detected in the majority of cases with invasive
S. maltophilia infection, but overall, there was no apparent
relationship between pharyngeal or respiratory colonization and
invasive infection.

Similar to previous reports (20), the majority of invasive
S. maltophilia infections in our cohort was associated with
FIGURE 3 | Radiographic findings in three patients with S.maltophilia infection and pulmonary hemorrhage. (A, B) 15-years old girl post allogeneic HCT for aplastic
anemia (patient 4). (A) Normal chest x-ray at day +1 following allogeneic HCT; (B) S.maltophilia-related sepsis and ultimately fatal diffuse pulmonary hemorrhage at
day +12 with detection of S.maltophilia in tracheal aspirates. (C, D) 17-years old male post allogeneic HCT for acute lymphoblastic leukemia (ALL) (patient 5).
(C) Normal chest x-ray obtained during evaluation prior to transplantation; (D) S.maltophilia-related sepsis with ultimately fatal diffuse pulmonary hemorrhage on day
+1 post-transplant. (E, F) 11-years old female with ALL (patient 3). First tracheal detection of S.maltophilia four days after microbiologically proven methicillin-
susceptible Staphylococcus aureus pneumonia. (E) Middle lobe bleeding and atelectasis on chest CT-scans twenty-four days after first S.maltophilia detection.
(F) Intrapulmonary abscess thirty-one days after first S.maltophilia detection; in the context of surgical resection, documentation of S.maltophilia from intraoperative
tissue. Death forty-five days after first S.maltophilia detection.
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indwelling central venous catheters. Six of the ten patients were
treated at the intensive care unit and four were on invasive
ventilation. Intensive care, mechanical ventilation, and/or central
venous catheterization have been identified as risk factors for
S. maltophilia BSI and/or dismal outcome (Table 2). Several
studies suggest a survival benefit for removal of indwelling
central venous catheters (8, 9, 17, 47–49), and international
guidelines strongly recommend prompt catheter removal in
S. maltophilia associated BSIs (50), independent on whether
the catheter is considered the source of the infection or being
colonized secondary to ongoing bacteremia.

Patients with S.maltophilia BSIs often have polymicrobial
infections (5), and their relative frequency in children seems to
be higher as observed with Pseudomonas aeruginosa (35). In the
cohort presented here, concomitant BSI occurred in 30% of
patients with S.maltophilia infection, which is below the rate in
previous series of pediatric patients (31, 33). Bacteria most
commonly recovered in temporal context with S.maltophilia
were coagulase-negative Staphylococcus and Enterococcus spp (8,
45). It remains unclear whether the detection of S.maltophilia is a
consequence of appropriate antimicrobial therapy for other BSIs
or whether the concurrent invasive infections simply reflect the
sum of immunodeficiency in the affected patients.

In eight of the ten cases, S.maltophilia infection occurred as
breakthrough infection in patients receiving broad-spectrum
antibacterial agents. Prior use of carbapenems has been
repeatedly described as a risk factor for S.maltophilia infection
(12, 17, 44, 51–53), and cumulative carbapenem use has been
identified to be associated with S.maltophilia in leukemia
patients with altered oral microbiome (30). Similarly, in the
majority of studies in pediatric patients investigating factors
related with outcome, prior use of carbapenems was associated
with dismal outcome of S.maltophilia BSI (22, 35, 39) (Table 2).
As a consequence, clinicians should be aware that breakthrough
infection with S.maltophilia may occur in severely ill patients
being treated with carbapenems.

Antibacterial therapy for S.maltophilia infections is challenging
because most clinical isolates are resistant to agents commonly used
for empirical treatment of febrile neutropenia or documented
infections by Gram-negative organisms, including extended-
spectrum penicillins, third-generation cephalosporins,
carbapenems, and aminoglycosides (53). In addition, current
recommendations for treatment are based on historical evidence,
case series, and in vitro susceptibility data rather than
pharmacokinetic/pharmacodynamic considerations and results of
controlled clinical trials (5). In general, TMP-SMX is the drug of
choice for infections by susceptible S.maltophilia isolates based on its
potent in vitro activity and documented clinical efficacy (10, 46).
Nevertheless, susceptibility varies between geographic regions and
resistance is an emerging threat (2, 5, 10, 16, 54, 55). Alternatives to
treatment with TMP-SMX include fluoroquinolones and tigecycline
(12, 13).However, in contrast toTMP-SMX, clinical breakpoints for
these agents have not been defined, which makes a valid
interpretation of in vitro susceptibility testing results with regards
to the prediction of clinical efficacy difficult. In our study, seven of
ten S.maltophilia initial isolates from patients with invasive
Frontiers in Oncology | www.frontiersin.org 7211
infections were susceptible in vitro to TMP-SMX, and in one of
these patients, isolates became resistant during treatment. Apart
from primary or secondary resistance, further concerns in
immunocompromised patients with cancer and/or allogeneic
HCT include the myelotoxicity of therapeutic doses of TMP-SMX
(18) and the widespread use of low and intermittent doses of the
agent for antibacterial or anti-Pneumocystis prophylaxis that may
result in the selection of resistant S.maltophilia strains (17). Indeed,
based on emerging resistance, it has been suggested by individual
experts to consider escalating therapies in immunocompromisedor
critically ill patients (49, 56). Previous observations on the use of
fluoroquinolones against invasive S.maltophilia infections have
demonstrated comparable patient survival relative to TMP-SMX
(12, 13, 57), and quinolone prophylaxis in adult cancer patients has
been associated with a reduced incidence of invasive S.maltophilia
infections (58). Nevertheless, quinolone monotherapy for
S.maltophilia BSIs should be critically reflected (19), as rapid
emergence of resistance to these agents has been observed both in
vitro and in vivo (5, 59).

Considering the small number of patients, the 30-day
mortality rate of 30% in patients with invasive S.maltophilia
infections in our study is in line with 30-day mortality rates of
S.maltophilia BSIs of 33% and 38% reported by others (17, 60).
In pediatric studies, the reported all-cause mortality rates in
patients with S.maltophilia infections range from 12.5% to 61%
with an attributable mortality of 0% to 18%, respectively (22, 31,
33, 37–39, 41) (Table 2). Many studies across all age groups have
reported risk factors for mortality associated with S.maltophilia
BSIs including prolonged hospitalization prior to BSI onset,
previous exposure to antimicrobial agents, use of indwelling
medical devices, a compromised health status, complex
medical care, granulocytopenia and/or transplantation, and
inappropriate therapy (5, 8–10, 15, 17, 18, 36, 48, 61–64).
While the limited number of patients included precluded
robust statistical assessments, the presence of pneumonia and
admission to the intensive care unit were both significantly
associated in explorative analyses with mortality in the present
study (Supplementary Table 1). Nevertheless, as it is often
difficult to distinguish between colonization and infection,
identification of risk factors for mortality is ultimately limited
to BSIs and may not consider the full spectrum of diseases caused
by the organism (7).

To conclude, as reflected in this limited series of heterogenous
patients, defined therapeutic strategies for invasive S.maltophilia
infections in immunocompromised pediatric patients, including
those with cancer and/or allogeneic HCT, so far lack uniformity
but remain an important goal. Clinicians should be aware that
breakthrough infections by S.maltophilia may occur during the
administration of broad-spectrum antibiotics, especially
following carbapenem use, and that these infections may be
associated with fulminant and fatal pulmonary hemorrhage, in
particular in allogeneic HCT patients (29). Detection of BSI by
S.maltophilia should prompt the removal of indwelling central
venous catheters and the immediate initiation of therapeutic
doses of TMP-SMX. Initial combination with second generation
fluoroquinolones and tigecycline until return of resistance testing
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TABLE 2 | Literature overview of case series reporting blood stream infections of S. maltophilia in pediatric patients.

Positive Effect on
Survival

Reference Publication
Date

A (31) 2000

A (32) 2002

A (28) 2006

utcome-related:
igh ALC prior infection
p=0.01)
ess mechanical ventilation
ays (p=0.006)

(33) 2015

A (34) 2016

SI-related:
onsultation with ID
hysician (p=0.04)

(35) 2016

A (22) 2017

A (36) 2017
A (37) 2017

utcome-related:
ombination of
iprofloxacin,
MP-SMX, and/or
inocycline (p<0.001)

(38) 2018

utcome-related:
ombination of

(39) 2019
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Patient
Collective

Study
Duration
(years)

S. maltophilia
Pts. (number)

Isolates
(number)

Source All-cause Crude
Mortality (%)

Attributed
Mortality (%)

Risk Factors (RF)

Pediatric
pts

6.5 79 85 non-respiratory 12.5 6.3 NA

Pediatric
pts

5 8 8 blood NA NA NA

Pediatric
cancer pts

4 6 6 blood NA NA NA

Infants <180
days
with heart
disease

5 32 47 blood, CSF, urine, eye,
wound, BAL

37.5 NA RF for outcome:
prolonged positive SM
cultures (p=0.008)
need for renal dialysis
(p=0.04)
presence of stroke (p=0.05)

Pediatric
pts

5 18 18 blood NA NA NA

Pediatric
pts

2 19 NA blood NA NA RF for BSI:
prior use of carbapenems
within 7 d (p=0.02)
prior ICU stay (p=0.03)
mechanical ventilation
(p=0.01)

Pediatric
cancer pts

13 18 18 blood NA 0 RF for BSI:
severe neutropenia (<100/
mm3; p=0.002)
hospital-acquired infection
(p<0.0001)
breakthrough infection
(p<0.0001)

PICU 0.3 NA 16 blood NA NA NA
Pediatric
pts

0.7 23 blood, respiratory,
urine

35 NA NA

PICU 5 31 91 blood, respiratory, soft
tissues

61 16 RF for outcome:
prior prolonged
hospitalization (p=0.002)
septic shock (p=0.003)
mechanical ventilation
(p=0.004)
indwelling central vein
catheter (p=0.03)
prior use of steroids
(p=0.04)
prior use of carbapenems
(p=0.004)
mechanical ventilation
(p=0.02)

Critically ill
children

5 NA 68 blood 42 18 RF for outcome:
prior prolonged
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TABLE 2 | Continued

All-cause Crude
Mortality (%)

Attributed
Mortality (%)

Risk Factors (RF) Positive Effect on
Survival

Reference Publication
Date

hospitalization (p=0.03)
nosocomial source of
infection (p=0.02)
septic shock (p<0.001)
chemotherapy (p=0.007)
carbapenems (p=0.05)

ciprofloxacin,
TMP-SMX, and
minocycline (p<0.01)

ft NA NA NA NA (40) 2020

r 33.3 NA NA NA (41) 2020

NA 3.9 RF for severe S.maltophilia
infection:
mechanical ventilation
(p=0.021)
prior ICU stay within 30 d
(p=0.005)
prior use of carbapenems
(p=0.007)

NA (42) 2020

NA NA NA NA (43) 2020

CSF, cerebral spinal fluid; d, days; ICU, intensive care unit; ID, infectious diseases; NA, not annotated; PICU, pediatric intensive care unit; pts,
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Patient
Collective

Study
Duration
(years)

S. maltophilia
Pts. (number)

Isolates
(number)

Source

Pediatric
pts

2 NA 104 blood, respiratory, so
tissues, CSF

Pediatric
pts

10 12 20 blood and/or cathete

Pediatric
pts

7.3 128 161 blood, respiratory,
CSF, wound

Pediatric
pts

2 NA NA blood

ALC, absolute lymphocyte count; BAL, bronchio-alveolar lavage; BSI, blood stream infection
patients; TS, tracheostoma.
Type of risk factor is underlined.
;
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and achievement of a stable clinical response may be considered
in view of the high case fatality rates.
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The number of disorders that benefit from hematopoietic stem cell transplantation
(HSCT) has increased, causing the overall number of HSCT to increase accordingly.
Disorders treated by HSCT include malignancy, benign hematologic disorders, bone
marrow failure syndromes, and certain genetic diagnoses. Thus, understanding the
complications, diagnostic workup of complications, and subsequent treatments has
become increasingly important. One such category of complications includes the
pulmonary system. While the overall incidence of pulmonary complications has
decreased, the morbidity and mortality of these complications remain high.
Therefore, having a clear differential diagnosis and diagnostic workup is imperative.
Pulmonary complications can be subdivided by time of onset and whether the
complication is infectious or non-infectious. While most infectious complications have
clear diagnostic criteria and treatment courses, the non-infectious complications are
more varied and not always well understood. This review article discusses pulmonary
complications of HSCT recipients and outlines current knowledge, gaps in knowledge,
and current treatment of each complication. This article includes some adult studies, as
there is a significant paucity of pediatric data.

Keywords: pulmonary complications, hematopoietic stem cell transplant, pediatric, non-infectious complications,
infectious complications
INTRODUCTION

Each year, approximately 2,500 children in the United States undergo hematopoietic stem cell
transplantation (HSCT) for malignant and non-malignant conditions (1, 2). Over the past few years,
improvements in supportive care have improved outcomes; however, pulmonary complications
continue to be a major cause of morbidity and mortality in children undergoing autologous and
allogeneic HSCT (3, 4). This article will review the causes of pulmonary complications post-HSCT,
evaluate the workup and diagnosis of patients with respiratory symptoms, discuss the management of
pulmonary complications, and outline the future direction of our understanding of these complications.

Incidence of Pulmonary Complications
Pulmonary complications occur in approximately 25% and 27% of pediatric and adult HSCT
recipients, respectively, and are a leading cause of transplant-related mortality (5). Overall, about
9% of HSCT recipients require invasive ventilation and 10% require non-invasive ventilation (4–
11). However, it is likely that pulmonary complications are underreported in both adult and
October 2021 | Volume 11 | Article 7558781217
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pediatric patients. Roychowdhury et al. (12) reviewed autopsies
and bronchoalveolar lavage (BAL) slides of patients who died
after HSCT and determined that pulmonary complications
occurred in 40 (80%) of the 50 cases and were a major
contributor of transplant-related mortality in 74% (37 of 50).
Furthermore, Inaba et al. (13) evaluated the incidence of
abnormal pulmonary function tests in 89 transplant survivors
and demonstrated that abnormal pulmonary function testing
was seen in 40.4% of baseline testing and 64% of post-
HSCT testing.

Timing of Pulmonary Complications After
Hematopoietic Stem Cell Transplantation
Time of onset from cell infusion is helpful when evaluating causes
of pulmonary complications: pre-engraftment (0–30 days), post-
engraftment (30–100 days), and late phase (over 100 days) (14).
The pre-engraftment period is marked by neutropenia, mucositis,
indwelling lines, and acute graft-versus-host disease (GVHD) (14–
17). Post-engraftment phase is marked by impaired cellular
immunity and acute GVHD. The late phase is marked by
impaired humoral/cellular immunity and chronic GVHD (14,
17, 18). In all phases, severe GVHD (II–III), acute or chronic,
increases relative risk of pulmonary complications. One study
notes an increase in relative risk of 2 with a 95% CI of 1.1–3.7
(4, 19).

Further Classification
Pulmonary complications after HSCT can be subclassified as
infectious vs. non-infectious (Table 1), related to the way
impairment of immune function differs over time after HSCT.
Pulmonary complications caused by infectious vs. non-infectious
etiologies have incidence ranging from 13.9%–54.8% to 10.2%–
39.7%, respectively.
Frontiers in Oncology | www.frontiersin.org 2218
INFECTIOUS PULMONARY
COMPLICATIONS

Infectious pulmonary complications occur at higher rates in both
allogeneic and autologous HSCT (Table 2) (5, 15, 17, 21, 22).
Infectious complications are higher in pre-engraftment and post-
engraftment phases and occur in 20%–30% of patients. This
increased risk is related to the impairment of immunological
function due to proximity of conditioning regimen and stem cell
infusion (14, 15, 21, 23). One study evaluating autologous HSCT
demonstrated infectious etiology of pulmonary complications at
an incidence of 13.9%, non-infectious at 10.2%, and patients
experiencing both at 3.5% (5). Bacterial, viral, and fungal
infections all contribute to pulmonary complications
after HSCT.
Bacterial Infections
Bacterial pneumonia is the most prevalent type of infectious
complication in all phases, with an incidence up to 45% (15, 21,
23, 24). In the pre-engraftment phase, the major causative agents
include Gram-negative organisms (such as Pseudomonas
aeruginosa) due to the poor mucosal barrier, acute GVHD,
central lines, and protracted neutropenia (14, 15, 22, 25). In the
late phase, infectious etiologies more commonly feature
encapsulated organisms and are associated with chronic GVHD.
This is likely due to continuation of immunosuppressive
medications (14, 15, 25, 26).

Nocardia infection has a low cumulative annual incidence.
One study noted a cumulative annual incidence of 1.75%
throughout the course of treatment, predominantly occurring
in the late phase (15, 27–29). Nocardial infection is more
common in patients with allogeneic HSCT, those with a
TABLE 1 | Infectious and non-infectious etiologies of pulmonary complications after stem cell transplant further subdivided by time after transplant.

Pre-Engraftment (Days 0–30) Post-Engraftment (Days +30–100) Late phase (over 100 days)

Infectious
Diagnoses

Bacterial
• Gram-negative organisms
• Gram-positive organisms

Fungal
• Candida

Viral
• Community-acquired viral pneumonia (e.g.,

influenza)
• Cytomegalovirus

Bacterial
• Gram-positive organisms
• Gram-negative organisms

Fungal
• Candida
• Aspergillosis
• Mucormycosis
• PJP

Viral
• Community-acquired viral pneumonia (e.g.,

influenza)
• Cytomegalovirus

Bacterial
• Gram-positive organisms
• Gram-negative organisms
• Encapsulated bacteria
• Nocardia
• Mycobacterium

Fungal
• Aspergillosis
• Mucormycosis
• PJP

Viral
• Community-acquired viral pneumonia (e.g.,

influenza)
• Cytomegalovirus

Non-infectious
Diagnoses

• Pulmonary hypertension
• Drug toxicity
• Peri-engraftment syndrome
• Diffuse alveolar hemorrhage
• Idiopathic pneumonia syndrome
• Pulmonary alveolar proteinosis

• Drug toxicity
• Diffuse alveolar hemorrhage
• Cryptogenic-organizing pneumonia
• Idiopathic pneumonia syndrome
• Pulmonary hypertension

• Cryptogenic-organizing pneumonia
• Bronchiolitis obliterans
• Pulmonary hypertension
• Drug toxicity
October 2021 | Volume 11 | Article 75587
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TABLE 2 | Infectious etiology summary (20).

Diagnosis Laboratory Testing Imaging Treatment

Bacterial
Gram-negative organisms -BAL fluid culture

-Blood cultures with
imaging findings

CXR/CT chest: consolidation or pleural effusion -Antibiotics based on
biogram or sensitivities
-Cephalosporins
-Aminoglycosides
- Fluoroquinolones
-Carbapenems

Gram-positive organisms -BAL fluid culture
-Blood cultures with
imaging findings

CXR/CT chest: consolidation or pleural effusion -Antibiotics based on
biogram or sensitivities
-Cephalosporins
-Vancomycin
-Daptomycin
-Penicillins

Encapsulated organisms -BAL fluid culture
-Blood cultures with
imaging findings

CXR/CT chest: consolidation or pleural effusion -Antibiotics based on
biogram or sensitivities
-Cephalosporins
-Penicillins
-Fluoroquinolones

Nocardia -BAL fluid culture
-Blood culture

CT chest: lobular and multinodular infiltrates, reticulonodular
infiltrates

Sulfonamide
-Trimethoprim-
sulfamethoxazole

Fungal

Aspergillosis -BAL galactomannan
-Serum galactomannan
and aspergillosis serum
PCR

CT chest: perinodular halos with ground-glass opacities Antifungal based on
sensitivities
Azoles
-Voriconazole
-Posaconazole
Polyenes
-Amphotericin B

Candidiasis -BAL fungal cultures
-Serum fungal cultures

CT chest: tree-in-bud changes, ground-glass opacities, cavitation Antifungal based on
sensitivities
Echinocandins
-Micafungin
Azoles
-Voriconazole
-Posaconazole

Mucormycosis -BAL fungal cultures
-Serum fungal cultures

CT chest: area of central ground glass necrosis surrounded by a
ring of consolidation

Polyenes
-Amphotericin B
Surgical resection

Viral

Cytomegalovirus BAL: CMV PCR
Serum: CMV PCR

CT chest: ground-glass opacities, air-space consolidations, and
reticulonodular patterns

Purine nucleosides
-Ganciclovir
-Valganciclovir
Pyrophosphate analog
-Foscarnet
-Cidofovir

Adenovirus -BAL: Adenovirus PCR
-Serum: Adenovirus PCR

CT chest: bilateral ground-glass opacities with a random distribution Pyrophosphate analog
-Cidofovir
Immunoglobulins

Community-acquired viral pneumonia
(RSV, HMPV, rhinovirus, and
parainfluenza)

-BAL: Respiratory viral
PCRs
-Nasal swab: Respiratory
viral PCRs

CT chest: multifocal patchy consolidation with ground-glass
opacities. Can have centrilobular nodules with bronchial wall
thickening

Supportive care
Immunoglobulins

COVID-19 -BAL: COVID PCR testing
-Nasal swab: Respiratory
viral PCRs
-Serum: Antibody testing

CT chest: Bilateral ground-glass opacities with peripheral
distribution, consolidations, linear opacities, septal thickening, halo
sign

Supportive care
Steroids
± Remdesivir
± Tocilizumab
Frontiers in Oncology | www.frontiersin.org
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Infectious etiologies of pulmonary complications. Describes diagnostic testing, imaging results, and most commonly used treatments, though there is institutional variation. BAL,
bronchoalveolar lavage; CMV, Cytomegalovirus; RSV, respiratory syncytial virus; HMPV, human metapneumovirus.
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history of acute GVHD, and those actively being treated for
chronic GVHD at the time of diagnosis (27, 28). Additional risk
factors include other concurrent infections, in particular, CMV
infection (27, 28). Nocardia tends to be disseminated at
diagnosis but commonly has a pulmonary locus (30). There is
some evidence that those who receive pentamidine prophylaxis
for Pneumocystis jirovecii also have increased risk, but this is
not consistently demonstrated throughout the literature
(28, 30).

Mycobacterium infections including both tuberculosis and
non-tuberculous subtypes occur at low incidence worldwide
(0.1%–5.5%) and are more prevalent in those who have
received an allogeneic HSCT. In the United States, incidence
has been reported from 0.0014% to 3% (31–33). Infection
typically occurs in the late phase, and while Mycobacterium
infections can be disseminated, infection is predominantly in the
lungs (31, 32). Tuberculosis infection is associated with older age
and chronic GVHD (34). Most recommendations are for
conservative management, with treatment if the patient has a
tuberculosis exposure even with negative skin testing. Currently,
there is no evidence for prophylaxis as incidence remains low
(32). Studies have demonstrated that it is likely safe to treat after
Day +100, and treatment consists of isoniazid, rifampin,
ethambutol, and pyrazinamide for 6–9 months (33).

Fungal Infections
Overall, the reported incidence of fungal infections ranges from
4% to 34%, occurring most commonly in allogeneic HSCT
patients and during the post-engraftment and late phases.
Mortality can be up to 33.3% (3, 4, 17, 23). The most common
fungal pulmonary complications in HSCT patients are invasive
aspergillosis, followed by invasive candidiasis, then mucormycoses
(17, 35). In one large multicenter study, incidence rates of each
fungal infection were reported as 43%, 28%, and 8% respectively
(35). There is an increase in fungal infections with protracted/
continued neutropenia (60 days or longer) and concurrent
GVHD (35).

Invasive aspergillosis has a reported incidence in autologous
HSCT of 1% to 5%, most frequently diagnosed in post-
engraftment and late phases (15, 35). Invasive aspergillosis
cases have continued to decline with the integration of
granulocyte colony-stimulating factor and azole prophylaxis in
treatment (14, 25, 36). Aspergillosis is diagnosed using a
combination of radiologic and serologic testing. Serum
galactomannan and aspergillosis serum PCR testing can be
sent for diagnosis, but the most sensitive/specific test is the
BAL galactomannan (14, 25, 37). The accuracy of testing has
been shown to be related to neutrophil count and underlying
condition (38). The current recommended treatment is with
antifungals such as voriconazole or amphotericin B (25, 37).

Overall, invasive candidiasis infections have been decreasing
in incidence, in particular, Candida albicans. There has been an
increase in the rate of Candida glabrata and Candida krusei,
likely secondary to antifungal prophylaxis (15, 39); one study
demonstrated that 70% of infections were attributed to that non-
albican species when analyzing autologous HSCT recipients with
Candida infections (35). Candida infections span the entire
Frontiers in Oncology | www.frontiersin.org 4220
course of transplant, peaking in the post-engraftment phase
before the first 120 days (35). Diagnosis is made through
fungal cultures from both serum and BAL. Initial treatment of
choice for Candida species is echinocandins (such as
micafungin) or voriconazole, with further modification based
on sensitivities of cultures (40).

Mucormycosis infections are also increasing in incidence with
the use of azole antifungal prophylaxis (25, 41). One study
showed an incidence of 8% with infections typically occurring
in the late phase (35). CT scans can be helpful for diagnosis and
can show reversed halo signs (an area of central ground-glass
necrosis surrounded by a ring of consolidation); however, for
diagnosis, BAL with fungal cultures are needed. Treatment is
with amphotericin B and accompanied by surgical resection if
without significant morbidity/mortality (14, 25, 41).

Of note, P. jirovecii pneumonia is a rare complication after
HSCT, with an incidence of 0.63% in allogeneic HSCT and 0.28%
in autologous HSCT recipients (42). In one study, when a patient
was diagnosed, they were 6.87 times more likely to die when
compared to their matched controls (42). Patients are at an
increased risk if they have GVHD and/or poor immune
reconstitution (42). As this complication is a rare cause of
pulmonary complications, it will not be discussed in significant
detail in this review.

Viral Infections
Viral pneumonia in all HSCT patients ranges between 4% and
21.9%, with a greater incidence in allogeneic HSCT patients.
The most commonly reported viral infect ions are
Cytomegalovirus (CMV) and adenovirus (17, 21, 23). In a
study evaluating the changes in rates of infection over time,
CMV disease fell from 8% to 5% from 1993–1997 compared to
2003–2007 (3). Mortality greatly varies between types of viral
infection, viral quantities, and autologous vs. allogeneic HSCT.
Respiratory syncytial virus (RSV), influenza, and parainfluenza
are other common etiologies of viral pneumonia that are seen
in HSCT patients (14).

CMV becomes a major cause of pneumonia starting at 3
weeks posttransplant and continues into the late phase. There
have been improvements in infection rates through careful
selection of donors, careful serology monitoring, and early
intervention. The greatest predictor of CMV infection is the
serology status of the recipient (14, 15, 23, 25, 43, 44).
Autologous HSCT patients have a reported incidence of 1%–
9% (15, 44). Again, acute GVHD and allogeneic HSCT patients
have an increased risk of CMV infection (14, 43). Diagnosis
requires radiologic and positive CMV PCR from BAL or viral
cultures (14, 15). Mortality still approached 31% in one study
focusing specifically on autologous HSCT recipients. While
letermovir can be used for prophylaxis, it has not been used to
treat active infections (45, 46). Treatment of CMV infection
includes gancyclovir and foscarnet with/without CMV
immunoglobulins (14, 15, 44). Resistance testing can be
performed if continued breakthrough viremia or increasing
viral count while on treatment. Some centers treat more
persistent or severe infections with virus-specific T cells
(targeted therapy) (14).
October 2021 | Volume 11 | Article 755878
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While a common community-acquired entity, RSV infection in
HSCT patients (as well as rhinovirus, parainfluenza, and human
metapneumovirus) has been shown in studies to progress to
pneumonia between 35% and 58% of the time (15, 47, 48). These
infections occur equally in autologous and allogeneic HSCT (15).
Additional risk factors for developing a significantpneumonia from
these commonviruses include severe lymphopenia, T cell-depleting
ormyeloablative conditioning, and acute GVHD (47, 48). RSV can
be particularly severe in HSCT patients, leading to additional
complications such as acute respiratory distress syndrome or even
diffuse alveolar hemorrhage (DAH) that results in invasive
respiratory support (4, 49, 50). One study reported that up to 10%
of their patients developed acute lung injury from RSV (50).
Chemoprophylaxis with palivizumab in high-risk children (RSV
outbreak or young infants) has been shown to have some benefit in
preventionofRSV infection (47).RapidRSVPCR is diagnostic, and
in severe cases, aerosolized ribavirin and immunoglobulins can be
considered, though there are little data to support an improvement
in mortality (14, 25, 49).

Otherviral infections that shouldnotbeexcluded fromevaluation
are human herpesvirus 6 (HHV6), herpes simplex virus (HSV), and
adenovirus. Going forward, additional studies will be needed on the
novel coronavirus disease 2019 (COVID-19) virus inHSCTpatients.
Frontiers in Oncology | www.frontiersin.org 5221
NON-INFECTIOUS COMPLICATIONS

While there has been significant reduction in developing
infectious complications secondary to improved prophylaxis,
improved diagnostic testing, and targeted antimicrobials, there
has been no significant improvement in the incidence of non-
infectious pulmonary complications in HSCT (Table 3) (8, 15,
51, 52). Two studies evaluating allogeneic and autologous HSCT
show non-infectious pulmonary complications with an incidence
of 28% and 10.2%, respectively (5, 17). Some main categories of
non-infectious pulmonary complications in HSCT include peri-
engraftment respiratory distress syndrome (PERDS), idiopathic
pneumonia syndrome (IPS), DAH, drug toxicity, cryptogenic
organizing pneumonia (COP), bronchiolitis obliterans (BO), and
pulmonary veno-occlusive disease. These complications also
have a typical time of presentation after stem cell infusion,
which will be further discussed below. Diagnosis is often
difficult due to significant overlap, poor diagnostic
confirmatory testing, and increased risk of invasive procedure
to identify the underlying etiology (8, 51, 52). This highlights the
need for studies to further investigate and better determine the
mechanism of these injuries, possible preventative measures, and
elucidation of better treatment options for these complications.
TABLE 3 | Non-infectious causes of pulmonary dysfunction.

Diagnosis: Laboratory Testing Imaging Treatment

Engraftment
syndrome/
PERDS

- No definitive laboratory testing - CXR/CT chest
- Pulmonary edema

- Corticosteroids
- Diuretics
- Supportive care

IPS -BAL fluid without signs of infectious process -CXR/CT chest: multilobular infiltrates IV corticosteroids
-TNF alpha-binding
protein
-Supportive care

DAH -BAL fluid:
–hemosiderin-laden macrophages
–Increasingly bloody samples

-CT chest: Lobular/lobar ground-glass
opacities. Prominent segmental bronchi

-IV corticosteroids
-Supportive care

Drug toxicity -BAL fluid: without signs of infectious process
-**Lung biopsy: hypersensitivity reaction with eosinophilic pneumonia

-CT chest: patchy ground-glass opacities,
sometimes with septal thickening

-IV corticosteroids
-Supportive care

COP -Lung biopsy: patchy plugs of granulation tissues filling lumens of distal
airways. Chronic interstitial inflammation and no prominent bronchiolar damage

-CT chest: patchy consolidations with
elongated distribution and ground-glass
opacities

-Corticosteroids
(systemic)

PHTN -None -ECHO: increased pulmonary vascular
resistance and elevated right ventricular
pressure

-Supportive care
-Oxygen therapy
-Inhaled nitric oxide
-Calcium channel
blockers
-Phosphodiesterase-
5 inhibitors

BO -Lung biopsy: constrictive bronchiolitis and submucosal bronchiolar fibrosis -CT chest: small airway thickening or
bronchiectasis
-PFTs: Obstructive pattern, not responsive to
albuterol

-Corticosteroids
(inhaled and
systemic)
-TNF-alpha
modulators
October 2021 | Volume
Describes diagnostic testing, imaging results, and most commonly used treatments, though there is institutional variation. BAL, bronchoalveolar lavage; PERDS, peri-engraftment
respiratory distress syndrome; IPS, idiopathic pneumonia syndrome; DAH, diffuse alveolar hemorrhage; COP, cryptogenic organizing pneumonia; PHTN, pulmonary hypertension; BO,
bronchiolitis obliterans; PVOD, pulmonary veno-occlusive disease; IV, intravenous; TNF, tumor necrosis factor.
**Not routinely performed.
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Peri-Engraftment Respiratory
Distress Syndrome
PERD typically occurs within the first 5 days of engraftment
(pre-engraftment phase) and is accompanied by established
clinical criteria, with pulmonary edema seen on imaging (25).
Clinical criteria include fever, rash, hepatic or renal dysfunction,
weight gain, hypoxemia, and transient encephalopathy (15, 53).
The etiology is not completely understood but thought to be
secondary to pro-inflammatory cytokines (54). PERD does have
a higher incidence in autologous HSCT patients, with studies
showing an incidence between 2.5% and 20% (5, 14, 54, 55).
Overall incidence seemed to increase over time, which is thought
to be secondary to the introduction of granulocyte colony-
stimulating factor during HSCT (56). Typically, there is a good
response to steroids (14, 15, 53).

Idiopathic Pneumonia Syndrome
IPS usually presents with fever, acute respiratory distress, and
alveolar damage that has an unknown underlying etiology (not
caused by infection or end organ damage) (8, 51, 52). Currently,
the best evaluation of etiology has come from murine models
that suggest conditioning regimens including lung irradiation,
cyclophosphamide, busulfan, or previous treatments with
carmustine (BCNU), etoposide, bleomycin, and cisplatin all
increased the risk of epithelial injury. This leads to activation
of pulmonary macrophages and alloreactive T lymphocytes.
Implicated cytokines include interleukin-6, interleukin-8, and
in particular tumor necrosis factor (TNF)-alpha (52, 56, 57).
Imaging is non-specific with multilobular infiltrates. BAL is
typically performed to rule out an underlying infectious
process (52, 58). Onset usually is in the later portion of pre-
engraftment to the beginning of the post-engraftment phase (21,
51). There is a higher incidence in allogeneic HSCT with a mean
up to 10% in allogeneic HSCT patients and 5.8% in autologous
HSCT patients (14, 25, 51, 58). The onset for autologous HSCT is
typically later in the mid-to-late post-engraftment phases (21,
58). Risk factors specifically for developing IPS include chest
irradiation, older age, being female, or solid tumor diagnosis
(58). Other risk factors that seem to increase the incidence of IPS
include high-dose cyclophosphamide and adding busulfan to the
conditioning regimen (52). Mortality is significant from 60%–
80% in allogeneic transplants, with few recent studies specifically
looking at mortality in autologous transplant patients (58). The
patients who develop this complication have the highest rate of
mortality once intubated (approaching 74%) (59).

Currently, first-line treatment with corticosteroids and
supportive care is recommended; however, studies are mixed
whether there is improvement in respiratory support or outcome
(52, 59). Etanercept (TNF alpha binding protein), has been
shown to reduce pulmonary vascular endothelial cell apoptosis;
one study evaluating the combination of steroids and Etanercept
demonstrated improvement in mortality, increasing D +28
survival to 73% (15, 57, 60). Thus, a randomized, double-blind,
placebo-controlled trial was initiated comparing etanercept to
placebo; all patients received methylprednisolone. This study was
unable to produce significant results in mortality/outcome;
however, the trial’s results are difficult to interpret as it was
Frontiers in Oncology | www.frontiersin.org 6222
halted due to poor study enrollment (25, 61). This demonstrates
again an area that necessitates further investigation to find
alternative treatment options and evaluate ways to improve
outcomes. Treatment with agents such as etanercept should
only occur after confirmation that there is not an underlying
infectious etiology. IPS additionally encompasses subcategories
including DAH and COP, which will be discussed later.

Diffuse Alveolar Hemorrhage
DAH is a subcategory of IPS that is defined by hemorrhagic
alveolitis. In pediatric and adult allogeneic HSCT, incidence of
DAH ranges from 5% to 12% with a median onset of 19 days as
compared to autologous HSCT recipients where DAH incidence
ranges from 2.1% to 12%, with a median time of onset of 12 days
(5, 58, 62, 63). Definitive diagnosis requires a BAL sample with at
least 20% of hemosiderin-laden macrophages, blood in 30% of
alveolar surfaces, with increasingly bloody samples (15, 58, 64).
In one study, DAH was associated with engraftment, an age over
40, solid malignancies, high fevers, severe mucositis, and/or with
renal insufficiency (65). Currently, treatment recommendations
include high-dose steroids and supportive care (5, 62). Small
studies have been performed in patients with DAH (both
transplant induced and not) that have evaluated inhaled/
nebulized tranexamic acid ± recombinant activated factor VII
with reported success; however, further investigation with a
larger sample size is required before integrating this into
standard of care (63, 66, 67). Despite early intervention and
supportive care, mortality historically has been up to 80%–100%
in allogeneic HSCT patients. Newer studies suggest that
mortality for autologous HSCT patients is closer to 28% and
70% for allogeneic patients (21, 58, 62, 64, 67). If DAH occurs in
the first 30 days, mortality is significantly lower (64).

Drug Toxicity/Delayed Pulmonary
Toxicity Syndrome
Drug toxicity has a varying degree of severity—from mild
dyspnea to respiratory failure requiring mechanical ventilation.
Incidence ranges from 22% to 49% in autologous HSCT patients
with a mean onset at Day +45 (post-engraftment phase);
however, there is a wide range from 21 to 149 days (52, 58 68).
Drug toxicity is seen more frequently in patients who have had
regimens including BCNU, etoposide, cyclophosphamide,
bleomycin, and cisplatin (52, 58, 68, 69). Radiologically, CT
scans are not specific but can demonstrate patchy ground-glass
opacities, sometimes with septal thickening. Biopsy can show
hypersensitivity reaction with eosinophilic pneumonia or, if
performed later, a thickening of the interstitium with early
fibrosis (51, 52). The treatment of choice is corticosteroids,
though little data are available on the overall mortality of this
complication (58).

Cryptogenic Organizing Pneumonia
COP tends to be a more subacute process with fever, dyspnea,
and cough (51). Incidence typically ranges from 0.9% to 10% and
can occur in both allogeneic and autologous HSCT patients (14,
15, 51). For allogeneic patients, there is a well-described
association with chronic GVHD, thus suggesting an immune-
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mediated response (51). For autologous HSCT patients, the
proposed mechanism is secondary to underlying infection or
drug toxicity (51). COP usually occurs within the first 100 days
and occurs more frequently in allogeneic HSCT patients. On
chest CT, patchy consolidations with elongated distribution and
ground-glass opacities can be seen (14, 51, 70). Diagnosis is
confirmed via biopsy that shows patchy plugs of granulation
tissues that fill lumens of distal airways (alveoli) with chronic
interstitial inflammation and no prominent bronchiolar damage
(15, 52). Corticosteroids remain the treatment of choice with a
slow taper, usually with significant improvement. In one study,
78%–80% of patients demonstrated a good response (14, 15, 52,
71). However, there are no studies looking at what duration of
steroid therapy is most appropriate. Additionally, COP tends to
have a widely varied reported relapse rate of 9%–58%, which is
likely secondary to no standardization of treatment across
institutions (52, 70).

Pulmonary Hypertension
Pulmonary hypertension (PHTN) is characterized by increased
pulmonary vascular resistance and elevated right ventricular
pressure (72). The incidence of PHTN is not well defined but
has been estimated between 15% and 28% with a mortality up to
55%–86% (73, 74). This complication most commonly occurs in
the late phase with a reported median of Day +70; however, the
range is wide from Day 0 to +365 (72). The underlying etiology
in HSCT is not well understood; the proposed mechanism is
endothelial injury in both pre/post-pulmonary capillary
vasculature, leading to smooth muscle proliferation, fibroblast
infiltration, and ultimately hypertrophy of the vasculature (72,
75). This damage can be instigated by other underlying disorders
such as thrombotic microangiopathy and atypical hemolytic
uremic syndrome (72, 73). Chemotherapy agents that have
been implicated include mitomycin, bleomycin, cisplatin,
vincristine, cyclophosphamide, and BCNU (76). Additional
risk factors include high-dose preparative chemotherapy and
radiation prior to transplantation. Diagnosis is usually obtained
via electrocardiogram and echocardiogram, but sometimes more
invasive measures are implemented, such as transesophageal
echocardiology or cardiac catheterization (72, 75). Biopsy can
be obtained to confirm the diagnosis and shows widespread
fibrous proliferation in the pulmonary venules and small veins;
however, this is not typically performed due to the morbidity and
mortality associated with the procedure (76). Treatment includes
supportive care, oxygen therapy, inhaled nitric oxide, calcium
channel blockers, and phosphodiesterase-5 inhibitors (72). For
long-term damage caused by PHTN, high-dose steroids can be
used, though there are no studies evaluating the effectiveness of
this treatment (76, 77). There are limited studies evaluating this
complication, and further investigation is warranted.

Bronchiolitis Obliterans
BO exclusively occurs in allogeneic HSCT patients and is one of
the most common causes of late-phase complications (from Day
+90 to 2 years) (15, 25, 51). Incidence ranges from 2% to 48%;
this wide range is likely secondary to the inconsistencies in
Frontiers in Oncology | www.frontiersin.org
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diagnostic criteria between studies (51). Associated features
include acute GVHD, older age, non-related donor, total body
irradiation, peripheral stem cell source, and busulfan-based
conditioning regimen (14, 25, 51, 52). BO is a histologic
diagnosis that can be made after lung biopsy, which shows
constrictive bronchiolitis and submucosal bronchiolar fibrosis
(15, 25, 51, 78). However, lung biopsies are not without
significant morbidity and mortality. Thus, clinical criteria have
been established through the National Institutes of Health
Consensus Development Project to describe bronchiolitis
obliterans syndrome (BOS). This requires four features to meet
diagnostic criteria. First, FEV1/VC <0.7 (or 5th percentile of
predicted). Second, FEV1 <75% of predicted with ≥10% decline
over less than 2 years. FEV1 should not correct >75% with
albuterol. Third, no identified infection. Fourth, evidence of air
trapping/bronchiectasis on high-resolution chest CT or residual
volume >120% of predicted value (79). While this is a useful
outline, studies have shown that not all patients with histologic
BO meet the established criteria of BOS. Treatment can include
both inhaled and systemic steroids with other immunosuppressive
medications, though very few studies demonstrated significant
clinical benefit (51). For patients whose symptoms are steroid
refractory, treatment can include Janus-associated kinase 1/2
inhibitors such as ruxolitinib (80, 81). Studies have been
published reporting 59%–68% overall response rate with a
tolerable safety profile (80, 82). Most common toxicities included
reactivation thrombocytopenia and anemia; some studies have
reported increased CMV reactivation, though this is not
consistently demonstrated across all studies (80–83). However,
these studies evaluated those 12 years of age or older; studies
evaluating effectiveness/dosing in children younger than 12 and
dosing are ongoing (81, 83). Other agents that are currently under
investigation include belumosudil and ibrutinib, though further
investigation is needed for use in pediatrics (84, 85). Despite
aggressive treatment, most patients have acute flares with
mortality rate being between 12% and 27% at 5 years due to
secondary infection or respiratory complications (8, 51, 78).

Other entities that can cause pulmonary complications that
are not discussed here include acute GVHD, pulmonary alveolar
proteinosis, pulmonary cytolytic thrombi, and chronic GVHD.
TIMELINE/CLASSIFICATION OF
PULMONARY COMPLICATIONS
POSTTRANSPLANT

HSCT is associated with a variety of pulmonary complications
that can be classified by time after stem cell infusion (Tables 4, 5).
Risk for developing pulmonary complications varies greatly by
type of transplant (allogeneic vs. autologous), previous treatments
(chemotherapy, radiation), and underlying demographics
of the patient (age and primary diagnosis). Despite our
increased knowledge surrounding pulmonary complications,
arriving at the correct diagnosis requires thorough and often
invasive evaluation.
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DIAGNOSIS OF PULMONARY
COMPLICATIONS

In the acute phase, initial evaluation starts with imaging (Table 6).
Chest X-rays are typically performed and can be helpful if an
infiltrative process is found, which would indicate a BAL is needed
for better evaluation (5, 23).However, chestX-rays canbenormal in
15% of patients, and thus, if clear, it is prudent to proceed with a
chest CT scan (5). Chest CT scans while sometimes suggestive are
rarely diagnostic (25). Ultimately, patients most often require
bronchoscopy with BAL or even lung biopsy to finalize diagnosis.
Of note, these interventions have better diagnostic yield after
imaging has been obtained (5).

Fiber-optic bronchoscopies are the next step to fully evaluate the
etiology of pneumonitis and are well tolerated. Cytology and
infectious studies (bacterial, fungal, and viral) are recommended.
Multiple studies evaluating BAL show it can be diagnostic in about
50% of cases and is more likely to identify infectious etiologies
compared to serologic testing and lung biopsies (4, 86–88). When
BAL is obtained within the first 24 h of symptoms, yield can be as
high as 75%; this is likely due to shorter duration of antibiotics (88).
Despite this, there have not been consistent data showing that
bronchoscopies have improved mortality likely due to skewed
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data, as only the sickest patients have bronchoscopies performed
(4, 17). In the pre-engraftment/early phase, if the patient requires
intubation for respiratory needs, at our institution, bronchoscopies
are typically performed. The reasoning for this is multifactorial. If
infection is suspected, this is confirmatory; if non-infectious
complication is suspected or ultimately discovered to be the cause,
ruling out concurrent infection is needed, as the treatment for many
non-infectious complications involves further immunosuppression
with steroids or other immunosuppressants. If developing in the late
phase and more chronic in nature, bronchoscopies are carefully
planned with input from pulmonology, bone marrow transplant,
and anesthesia teams. Of note, a recent study evaluated pediatric
patients’ BAL’s microbe-gene profile to see if a subset wasmore likely
to develop pulmonary complications. What was found was that
those with significant microbial depletion and concomitant natural
killer/T-cell activation have higher incidence of pulmonary
complication post-HSCT. This is a new and evolving field that
may allow for predicting those with complications and ultimately
help develop preventative measures (89).

The next diagnostic step can be a surgical lung biopsy;
however, this does come with significant mortality. Biopsy was
associated with a 4-fold higher procedure-related mortality of
about 8% with common complications being pneumothorax,
TABLE 4 | Infectious complications and the most common times in which complication develops.
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hemothorax, prolonged mechanical ventilation, and wound
dehiscence (23, 86). This procedure has been more successful
in identifying non-infectious causes of pneumonitis (86). In one
study, a diagnosis was found 62% of the time, with a change in
therapy made 57% of the time based on results (90). For those
with a specific diagnosis, Day +30 and Day +90 outcomes were
improved compared to those without a diagnosis (90). At our
institution, lung biopsies are not routinely performed on patients
with acute pulmonary deterioration but rather on the patients
with chronic or refractory pulmonary disease. The workup
mentioned above is almost always completed prior to
proceeding with biopsy, and if there are continued clinical
concerns or questions, biopsy is performed based on clinical
stability of the patient and suspected clinical diagnosis.
Unfortunately, there is limited literature to make uniformed
recommendations and remains at each clinician’s discretion.
LONG-TERM FOLLOW-UP

In less acute phases, pulmonary function testing (PFT) with
diffusion capacity [measured by diffusing capacity of the lungs
for carbon monoxide (DLCO)] is used as a marker both pre- and
post-HSCT to determine the risk of pulmonary complications
during HSCT and risk of mortality after HSCT (5, 9, 17, 91, 92).
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The pre-HSCT PFTs establish a baseline and identify
asymptomatic patients who have underlying pulmonary
changes. Based on PFT results, further evaluation and
adjustments can be made in conditioning regimens (22, 92).
Studies have suggested that worsening spirometry measurements
and DLCO are usually found immediately after transplant but
recover partially then ultimately stabilize (91, 93, 94). When PFTs
are abnormal, they typically show a restrictive rather than
obstructive pattern (93–95). Studies, though variable, show
poor baseline spirometry measurements, more pulmonary
complications, and worse post-HSCT spirometry measurements
if the patient had total body irradiation, lung metastasis, prior
thoracotomy, lung radiation, and previous chemotherapy (9, 91–
93, 95).
CONCLUSION

Pulmonary complications are common and cause significant
morbidity and mortality for HSCT patients. Both allogeneic
and autologous HSCT recipients experience these toxicities,
though they occur most frequently in allogeneic HSCT
patients. The process of the lung injury varies when comparing
pre-engraftment, post-engraftment, and late phases and whether
the underlying complication is infectious or non-infectious in
TABLE 5 | Non-infectious complications and the most common times in which complication develops.
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TABLE 6 | Diagnostic Algorithm of Pulmonary Complications after HSCT.
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assessment of patient’s ability to tolerate procedure.
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nature. Recently, the incidence of non-infectious complications
has been increasing. Thus, a better understanding of the etiology,
evaluation, and treatment of these disorders is needed.
Additionally, there are very few studies evaluating autologous
HSCT patients and the complications that affect these
individuals. Recently, a growing number of patients at our
institution experienced chemotherapy-induced pneumonitis,
highlighting the need for a better understanding of this
complication. Though murine models have helped elucidate a
proposed mechanism of injury, this has been much harder to
determine in our patients. Additionally, there are no readily
available biomarkers or serologic testing that definitively point to
chemotherapy-induced pneumonitis. Thus, it remains in large
part a diagnosis of exclusion and clinical intuition. Ultimately,
Frontiers in Oncology | www.frontiersin.org 11227
improved outcomes for patients with pulmonary complications
can be achieved by understanding the underlying etiology and
the mechanism of action of the resultant injury and by
standardizing the workup and treatment (including duration).
AUTHOR CONTRIBUTIONS

TF wrote the first draft and assimilated data. KM contributed to
editing the article with each subsequent draft. CT contributed to
editing the article. MD helped with the figures and edited
subsequent drafts. CD helped with final edits, primary
research, and tables. All authors contributed to the article and
approved the submitted version.
REFERENCES
1. D’Souza A, Fretham C, Lee SJ, Arora M, Brunner J, Chhabra S, et al. Current

Use of and Trends in Hematopoietic Cell Transplantation in the United
States. Biol Blood Marrow Transplant (2020) 26(8):e177–82. doi: 10.1016/
j.bbmt.2020.04.013

2. Majhail NS, Farnia SH, Carpenter PA, Champlin RE, Crawford S, Marks DI,
et al. Indications for Autologous and Allogeneic Hematopoietic Cell
Transplantation: Guidelines From the American Society for Blood and
Marrow Transplantation. Biol Blood Marrow Transplant (2015) 21
(11):1863–9. doi: 10.1016/j.bbmt.2015.07.032

3. Gooley TA, Chien JW, Pergam SA, Hingorani S, Sorror ML, Boeckh M, et al.
Reduced Mortality After Allogeneic Hematopoietic-Cell Transplantation.
N Engl J Med (2010) 363(22):2091–101. doi: 10.1056/NEJMoa1004383

4. Eikenberry M, Bartakova H, Defor T, Haddad IY, Ramsay NK, Blazar BR,
et al. Natural History of Pulmonary Complications in Children After Bone
Marrow Transplantation. Biol Blood Marrow Transplant (2005) 11(1):56–64.
doi: 10.1016/j.bbmt.2004.09.008

5. Afessa B, Abdulai RM, Kremers WK, Hogan WJ, Litzow MR, Peters SG. Risk
Factors and Outcome of Pulmonary Complications After Autologous
Hematopoietic Stem Cell Transplant. Chest (2012) 141(2):442–50.
doi: 10.1378/chest.10-2889

6. Dandoy CE, Rotz S, Alonso PB, Klunk A, Desmond C, Huber J, et al. A
Pragmatic Multi-Institutional Approach to Understanding Transplant-
Associated Thrombotic Microangiopathy After Stem Cell Transplant. Blood
Adv (2020) 5(1):1–11. doi: 10.1182/bloodadvances.2020003455

7. van Gestel JP, Bierings MB, Dauger S, Dalle JH, Pavlıč́ek P, Sedláček P, et al.
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52. Cengiz Seval G, Topçuoğlu P, Demirer T. Current Approach to Non-
Infectious Pulmonary Complications of Hematopoietic Stem Cell
Transplantation. Balkan Med J (2018) 35(2):131–40. doi: 10.4274/
balkanmedj.2017.1635

53. Maiolino A, Biasoli I, Lima J, Portugal AC, Pulcheri W, Nucci M. Engraftment
Syndrome Following Autologous Hematopoietic Stem Cell Transplantation:
Definition of Diagnostic Criteria. Bone Marrow Transplant (2003) 31(5):393–
7. doi: 10.1038/sj.bmt.1703855

54. Sheth V, Jain R, Gore A, Ghanekar A, Saikia T. Engraftment Syndrome:
Clinical Features and Predictive Factors in Autologous Stem Cell Transplant.
Indian J Hematol Blood Transfus (2018) 34(3):448–53. doi: 10.1007/s12288-
017-0899-4

55. Capizzi SA, Kumar S, Huneke NE, Gertz MA, Inwards DJ, Litzow MR, et al.
Peri-Engraftment Respiratory Distress Syndrome During Autologous
Hematopoietic Stem Cell Transplantation. Bone Marrow Transplant (2001)
27(12):1299–303. doi: 10.1038/sj.bmt.1703075
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Dengue induced-hemophagocytic lymphohistiocytosis (HLH) is increasingly recognized

as an important cause of secondary HLH. Early identification of dengue HLH and

directed therapy for HLH may help to alter the outcomes in critically ill patients. Soluble

interleukin-2 receptor (IL2R) is a useful inflammatory marker and is seen to correlate with

HLH disease activity. There is scarcity of data on IL2R in pediatric dengue patients with

HLH. All patients (age < 18 years) with severe dengue confirmed by positive dengue

IgM ELISA admitted to PICU were retrospectively enrolled. Patientswere screened for

presence of HLH according to HLH 2004 criteria. Hemogram, ferritin, fibrinogen, liver,

and renal function tests were noted. Patients who met four or more HLH criteria were

treated with steroids and IL2R levels were sent to confirm the diagnosis of HLH. Out

of 15 patients, nine patients met the criteria of HLH. IL2R levels were high in all HLH

patients (mean 51,711, range 18,000–98,715 pg/mL). Mean ferritin levels were high in

the HLH group as compared to non-HLH group (mean ferritin 34,593 vs. 3,206 ng/mL;

p-value 0.004). Liver dysfunction was notably higher in the HLH group compared to non-

HLH group (mean alanine aminotransferase 6,621 U/L vs. 165.6 U/L; p-value 0.04, mean

aspartate aminotransferase 2,145 U/L vs. 104.2 U/L; 0.04, bilirubin level 4.2 mg/dL vs.

0.7 mg/dL; p-value 0.03). Four patients in the HLH group had acute kidney injury (AKI)

and two required renal replacement therapy in the form of sustained low efficiency dialysis

(SLED). Requirement for invasive ventilation was exclusively seen in HLH group and three

patients developed ARDS. Two patients each in HLH and non-HLH group had shock

requiring vasoactive therapy in addition to fluids. Mean days of ICU and hospital stay

were higher in HLH group vs. non-HLH group but not statistically significant (6.4 vs. 4.4;

p-value 0.32 and 8.44 vs. 5.6; p-value 0.18 days, respectively). All children in HLH group

received steroids as per HLH protocol. In the HLH group, seven survived while two died.

In the non-HLH group, all five patients survived. We concluded that IL2R levels are high
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INTRODUCTION

Background
Dengue is a viral infection which can lead to severe illness
causing multiorgan dysfunction and mortality. It has no
specific treatment and management is essentially supportive.
Dengue-induced hemophagocytic lymphohistiocytosis (HLH) is
increasingly recognized as an important cause of secondary
HLH (1). HLH leads to overactivation of the immune system
and cytokine storm, thus precipitating multiorgan failure.
Recognition of HLH can be a diagnostic challenge in the
background of dengue, as its clinical features can mimic sepsis
and liver failure (2). However, early identification of dengue HLH
is important as directed therapy for HLH may help to alter the
outcomes in critically ill patients. Soluble interleukin-2 receptor
(IL2R), also known as soluble CD 25, is a useful inflammatory
marker and has been shown to correlate with HLH disease
activity (3). The interleukin-2 receptor is a transmembrane
protein which is upregulated on activated T cells, hence high IL2R
levels can be found in conditions associated with T cell activation,
including HLH, autoimmune lymphoproliferative syndrome, etc.
(4). Interleukin-2 induces lymphokine-activated killer cells and
thromboxane-A2 which may alter endothelial permeability and
plasma leakage. IL2Ris elevated in both primary and secondary
forms of HLH and hence is included in the diagnostic criteria of
HLH (5). To our knowledge, this is the first study which reports
IL2R levels in pediatric dengue HLH.

Aim
To study the IL2R levels in pediatric patients (<18 years) with
severe dengue with HLH.

Secondary Aim
To compare the clinical and laboratory characteristics of patients
with severe dengue with and without HLH.

METHODS

All pediatric patients with severe dengue confirmed by positive
dengue IgM ELISA or NS1 antigen admitted to our PICU
were retrospectively enrolled. Severe dengue was defined by the
presence of or plasma leakage causing shock/respiratory distress
or severe bleeding or severe organ impairment according to
WHO 2009 classification (6). These patients were screened for
the presence of HLH according to the HLH 2004 criteria (7).
Patients in whom five or greater criteria were met were diagnosed
with HLH. All patients with severe dengue who met four or more
HLH criteria were treated with steroids and IL2R levels were sent
in them to confirm HLH. The rest of the patients with severe
dengue (with three or less criteria satisfied) were managed as per
WHO standard protocol without steroids (6). Their clinical and
laboratory parameters were compared with the severe dengue
HLH patient group.

Hemogram, ferritin, fibrinogen, serum triglycerides, liver,
and renal function tests were noted in all patients. Ultrasound
abdomen was done to look for splenomegaly. Bone marrow
was planned only if needed for the diagnosis of HLH in

hemodynamically stable children. IL2R was measured in all
patients with suspected HLH (patients who satisfied at least
4 HLH criteria). It was measured by either eBiosecience
or Daclone Human soluble IL-2 ELISA kit. These are both
enzyme-linked immunosorbent assays for quantitative detection
of IL2R level in human serum. Clinical details including
pediatric risk of mortality (PRISM) score, presence of shock
requiring vasoactive therapy, need for invasive and non-
invasive ventilation, comorbidities, and outcomes were noted in
all patients.

Ethics
The Institutional Ethics Committee waived the need of ethic
approval and the need to obtain consent for collection, analysis,
and publication of retrospectively obtained and anonymized data
for this non-interventional study.

RESULTS

Fifteen patients with severe dengue were admitted in PICU
between December 2019 and December 2020. Table 1 shows the
demographic, anthropometric, and laboratory characteristics of
patient with severe dengue with and without HLH.

Out of 15 enrolled patients, nine met the criteria for HLH
and IL2R levels were raised in all nine patients. IL2R levels
could not be done in one additional patient with suspected HLH,
who satisfied four out of eight criteria as he had a catastrophic
course and expired within 12 h of admission. This patient was
hence excluded from analysis. Among the nine patients, seven
(77%) satisfied 5 HLH criteria and the remaining two satisfied 6
criteria. The remaining five patients with severe dengue satisfied
only three or lesser HLH criteria and were hence classified
into non-HLH group. Among the nine patients with confirmed
HLH, all had low platelet counts (<1 lakh/mm3) and high
ferritin levels >5,000 ng/mL except one (829 ng/mL). IL2R levels
were high in all HLH patients (mean 51,711, range 18,000–
98,715 pg/mL). Lactate dehydrogenase levels were high in all
patients (range 638–34,191 U/L). Splenomegaly was present in
all nine except one patient. Only one patient in the HLH group
had evidence of hemophagocytosis on peripheral smear. Bone
marrow examination could not be performed in any of the
patients due to hemodynamic instability or severe respiratory
distress. Four patients in the HLH group had AKI and 2 required
renal replacement therapy in the form of sustained low efficiency
dialysis (SLED). None of the patients in non-HLH group had
AKI. Admission urea was higher in HLH group (mean urea
83.22 mg/dL) as compared to non-HLH group (mean urea −27
mg/dL) but did not reach a significant level (p-value 0.06 and
0.17, respectively).

Mean ferritin levels were 34,593 ng/mL in the HLH group
vs. 3,206 ng/mL in the non-HLH group (p-value 0.004). Liver
dysfunction was notably higher in the HLH group compared to
non-HLH group (meanalanine aminotransferase 6,621 U/L vs.
165.6 U/L; p-value 0.04, mean aspartate aminotransferase 2,145
U/L vs. 104.2 U/L; 0.04, bilirubin level 4.2 mg/dL vs. 0.7 mg/dL;
p-value 0.03).
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TABLE 1 | Demographic, anthropometric, and laboratory characteristics of patient with severe dengue with and without HLH.

Severe dengue with HLH (N = 9) Severe dengue without HLH (N = 5) p-value

Mean age (years) ± SD 10.44 ± 5.22 13.4 ± 4.56 0.29

Male, n% 8 (88.8%) 4 (80%) 1

Mean BMI (kg/m2 ) ± SD 25.11 ± 7.64 22.36 ± 5.61 0.46

Mean BMI (Z-score) ± SD 1.72 ± 1.51 0.96 ± 1.26 0.33

Mean platelet count (per mm3 ) ± SD 49,111 ± 29,135.22 51,800 ± 58,104.45 0.93

SGOT (U/L) ± SD 6,621.55 ± 8,150.75 165.6 ± 132.73 0.04

Worst mean total bilirubin (mg/dl) ± SD 4.21 ± 4.01 0.7 ± 0.32 0.03

Mean ferritin (ng/mL) ± SD 34,593.22 ± 23,950.43 3,206.46 ± 3,195.664 0.004

Mean SGPT (U/L) ± SD 1,979.25 ± 2,416.24 104.2 ± 88.82 0.04

Mean IL2R (pg/mL) ± SD 57,111 ± 23,910 Not done

Mean PRISM 3 at 24 h ± SD 12.37 ± 13.17 4.8 ± 6.14 0.19

Mean PRISM 3 at 12 h ± SD 11 ± 6 6 ± 4.69 0.11

Mean LDH at admission (U/L) ± SD 7929.78 ± 10,811.8 542.4 ± 337.1184 0.07

Worst mean albumin (gm/dL) ± SD 2.49 ± 0.73 3.52 ± 1.34 0.17

Worst mean urea (mg/dL) ± SD 83.22 ± 83.93 20.8 ± 4.76 0.06

Worst mean creatinine (mg/dL) ± SD 1.53 ± 1.63 0.7 ± 0.21 0.17

Mean ICU stay (days) ± SD 6.44 ± 4.61 4.4 ± 2.79 0.32

Mean hospital stay (days) ± SD 8.44 ± 5.25 5.6 ± 2.07 0.18

Need for ventilation, n% 6 (66%) 1 (20%) 0.26

Mean Invasive ventilation days ± SD 2.88 ± 4.34 0 ± 0 0.08

Mean HFNC days ± SD 1.89 ± 2.09 0.8 ± 1.79 0.32

Vasoactive therapy besides fluids, n (%) 2 (22%) 0 (0%) 0.5

Outcome: number of patients who died n (%) 2 (22%) 0 (0%) 0.5

ALT, alanine aminotransferase; AST, aspartate transaminase; HFNC, high flow nasal cannula.

Four patients in the HLH group required invasive ventilation
and additional two patients required high concentration of
oxygen delivered via high flow nasal cannulae. In the non-HLH
group, one patient required high flow nasal cannulae oxygen
delivery and none required invasive ventilation. Three patients
in the HLH group developed ARDS. Two patients each in HLH
and non-HLH group had shock requiring vasoactive therapy in
addition to fluids. Mean days of ICU stay and hospital stay were
higher in HLH group vs. non-HLH group but did not reach a
statistical significant level (6.4 vs. 4.4; p-value 0.32 and 8.44 vs.
5.6; p-value 0.18 days, respectively).

All nine children in HLH group received steroids as per HLH
protocol (4). In the HLH group, seven survived while two died.
In the non-HLH group, all five patients survived.

DISCUSSION

Dengue infection is being increasingly recognized as a cause of
infection-induced HLH, especially in the endemic areas, and has
been reported to account for 26% of virus-associated HLH (8).
Persistence of fever is unusual in dengue and its presence along
with very high ferritin >10,000 ng/mL should be considered as
an important clue towards underlying HLH (9, 10). Patients
with dengue HLH who often get sick land up in the PICU in
a very critical condition with evidence of organ dysfunction.
Time is of utmost importance in such patients, as evaluation and

formal diagnosis of HLH may consume time, leading to delay in
initiation of HLH therapy.

The HLH 2004 criteria mandates that five out of eight
criteria should be fulfilled for definitive diagnosis of
HLH. While five of these criteria (fever, splenomegaly,
cytopenias, hypertriglyceridemia/hypofibrinogenemia, and
hyperferritinemia) can be easily obtained on routine clinical
and laboratory assessment, they may not all be fulfilled always.
Thus, a patient who falls short of any of these five criteria
cannot be definitively diagnosed with HLH. This is often the
case in a patient with severe dengue, when HLH is suspected,
but cannot be proved as <5 criteria are satisfied. The sick
condition of the patient makes it difficult to perform bone
marrow examination for diagnosis. In such a scenario, steroid
therapy may be delayed or withheld which can adversely affect
the outcomes.

The remaining 3 HLH criteria which can be useful for
diagnosis are natural killer cell function, IL2R, and genetic
testing. Of these, genetic testing is an expensive and time-
consuming process, hence, it is of limited practical value in the
acute setting. Natural killer function testing requires radioactive
reagents and specialized flow cytometry techniques. These are

both specialized tests and not easily available. On the other hand,
IL2R testing is advantageous, as it is simple, inexpensive, and
requires commercially available assay and provides quick results.
Since we had access to IL2R levels, definitive diagnosis of HLH
in our patients became easier. In the HLH group, 77% of patients
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satisfied five out of eight criteria and would have fallen short of
definitive diagnosis in its absence.

Extreme hyperferritenemia is traditionally considered as an
important clue to HLH. In our case series too, patients in HLH
group had higher mean ferritin levels compared to non-HLH
group. In certain forms of secondary HLH, IL2R has been found
to correlate with disease severity more consistently than ferritin
(3). Its specific role in dengue requires further close scrutiny.
Kumar et al. could not establish any significant association
between IL-2 levels and severity of dengue (11). We found
IL2R levels to be consistently high in dengue HLH and these
patients had higher PRISM scores than the non-HLH group.
IL2R may have a prognostic role as levels >10,000 U/mL have
been associated with poor outcomes in HLH (12).

In patients with severe dengue, life-threatening organ
dysfunction can occur. Distinguishing HLH from the myriad
clinical presentations of severe dengue is, therefore, difficult;
however, certain pointers exist. We noted that patients with
HLH were sicker at presentation (higher PRISM scores) and
had higher severity of liver, kidney dysfunction, and ARDS. The
need for invasive ventilation was exclusively seen in HLH group.
Liver involvement was particularly marked, with significantly
higher bilirubin and transaminase levels. These findings resonate
with other pediatric studies which have found hypoalbuminemia,
elevated alanine aminotransferase, and severe organ dysfunction
to be significantly higher in patients with severe dengue with
HLH than those without HLH (13). Longer duration of fever,
longer duration of hospitalization, and higher need for PICU
admission have also been linked to the presence of underlying
HLH in dengue (9). We also found that mortality exclusively
occurred in the HLH group, thus, possibly suggesting that
identification of HLH may play a prognostic role too.

Our study is small and retrospective in nature. Due to practical
issues, we were not able to carry out genetic testing, natural killer
function tests in our patients. While IL2R was high in all patients
in HLH group, the numbers are small and the lack of comparative
values makes it impossible to identify cut offs specific to dengue

HLH in children. More studies are needed to understand
dengue HLH better and define the true role of IL2R and
other cytokine.

CONCLUSION

HLH is rare but is a severe complication of severe dengue.
Patients with severe dengue and HLH have high ferritin levels
and can develop severe multiorgan dysfunction with poor
outcomes. IL2R levels are high in dengue HLH and thus useful
for definitive diagnosis of HLH. Since it is an easily implemented
test with high diagnostic value, it should be incorporated in future
studies. Early identification of HLH in severe dengue by sensitive
markers is important to initiate specific therapy in the form of
steroids, which are not otherwise used in dengue, to improve
chances of a better outcome.
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Background: Hyponatremia is a well-known adverse event of repeated therapy with
vincristine in oncological patients. However, to date, data in pediatric patients with
malignant diseases other than acute lymphoblastic leukemia (ALL) are sparse or lacking.

Materials and Methods: A retrospective study of 98 pediatric patients was conducted
to analyze the incidence of hyponatremia in a Caucasian cohort of newly diagnosed ALL.
For comparison, we further examined five other pediatric oncological cohorts (Hodgkin’s
disease, Ewing sarcoma, Wilms tumor, benign glioma of the CNS, Langerhans cell
histiocytosis) that receive alkaloids in their induction regimes.

Results: We found a high incidence of hyponatremia (14.7%) in our ALL cohort with a
trend toward male patients of elementary school age. None of the affected patients
showed neurological symptoms. By comparison, patients from other malignancy groups
did not show significant hyponatremia, regardless of their comparable therapy with
alkaloids. We here show a noticeable coincidence of hyponatremia and
hypertriglyceridemia in ALL patients, indicating a possible role of L-asparaginase-related
hypertriglyceridemia in the development of severe hyponatremia in such patients.

Conclusion:We report a higher incidence of hyponatremia following vincristine therapy in
Caucasian children with ALL than published before. This hyponatremia could not be
demonstrated in other oncologic cohorts treated with alkaloids. L-Asparaginase-induced
hypertriglyceridemia may play a role in the certainly multifactorial development of
hyponatremia in childhood leukemia.
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INTRODUCTION

Hyponatremia is an electrolyte disturbance commonly seen in
clinical practice. Its etiology is heterogeneous. The syndrome of
inappropriate secretion of antidiuretic hormone (SIADH) is the
most common underlying cause. It can occur as a paraneoplastic
phenomenon, as a result of central nervous system (CNS) lesions
(intracranial tumor masses or metastatic lesions, meningitis, or
cranial irradiation) or of pulmonary disease (pneumonia,
metastasis), or as an adverse effect of anticancer therapy
(1–4). Among vinca alkaloids, vincristine and, to a lesser
extent, vinblastine have been frequently reported to trigger
hyponatremia in oncological patients through a direct neurotoxic
effect on sites in the hypothalamus, the neurohypophyseal
tract, or the posterior pituitary gland (5–20). This neurotoxic
effect of vincristine has also been demonstrated in animal models
(21, 22). Vinca alkaloids are indicated for the treatment of a
variety of pediatric oncological diseases, among them acute
lymphoblastic leukemia (ALL), Hodgkin’s or non-Hodgkin’s
lymphoma, sarcoma, and some other tumor entities. Severe
hyponatremia of rapid onset (<48 h) is a medical emergency
that can lead to serious neurological complications, which may
be therapy-delaying or even life-threatening. Only sparse data
address hyponatremia during intensive therapy of pediatric
oncological patients. In this retrospective study, we focus on
the occurrence of severe hyponatremia during induction
chemotherapy with vinca alkaloids in a pediatric Caucasian
cohort of ALL patients. For comparison, we analyze five
additional similarly treated cohorts of pediatric patients with
oncological diagnoses other than ALL.
MATERIALS AND METHODS

Patients Included in the ALL-BFM 2009
Protocol
The retrospectively evaluated principal cohort included 98
children and adolescents (age >1 year to <18 years) with ALL
newly diagnosed at our institution (Department of Pediatrics I,
Medical University of Innsbruck) between December 2010 and
January 2019. Three patients were excluded from analysis
because transfer to another hospital resulted in absence of
serum sodium values for at least 10 consecutive days. Of the
remaining 95 patients, 56 were male (58.9%) and 39 were female
(41.1%). The mean age at diagnosis was 6.3 years (range 1.1 to
17.9 years, see also Table 1). All patients received chemotherapy
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according to the ALL-BFM 2009 protocol (Figure 1A, https://
www.clinicaltrialsregister.eu/ctr-search/trial/2007-004270-43/
DE). Relevant for this study is the weekly intravenous
administration of vincristine during induction therapy (four
doses, starting on day 8).

All high-risk patients received antifungal prophylaxis with
liposomal amphotericin-B instead of formerly used azoles.
Patients not meeting criteria for high-risk status received no
routine fungal prophylaxis at all.

Patients Included in Therapy Protocols
Other Than ALL-BFM 2009
Additionally, for comparison, we retrospectively analyzed five
pediatric oncological cohorts in which patients received
vincristine (or vinblastine) during their first weeks of
treatment: 28 patients with newly diagnosed Hodgkin’s disease
included in the EuroNet-PHL-C2 and the GPOH Register
therapy protocol (Figure 1B, OEPA scheme); 23 patients with
newly diagnosed Ewing sarcoma enrolled in the EuroEWING
2008 protocol (Figure 1C, VIDE cycle); 20 patients with Wilms
tumor during preoperative chemotherapy (Figure 1D, SIOP
2001 Wilms/SIOP 2014 Wilms Register); 16 patients with
initial diagnosis of a benign glioma of the CNS (Figure 1E,
SIOP-LGG 2004); and 9 patients with Langerhans cell
histiocytosis (Figure 1F, LCH-III/-IV). For information on the
general statistics, age distribution, and gender distribution of
these patient groups, see Table 1.

During the first days of induction chemotherapy, to prevent
tumor lysis syndrome, all newly diagnosed patients with great
tumor burden (especially those with ALL, Hodgkin’s disease,
Ewing sarcoma, or Wilms tumor) received hydration therapy
consisting of a semi-isotonic solution (50% NaCl 0.9%, 50%
glucose 5%, 40 ml/l sodium bicarbonate) administered
intravenously at 3 l/m2/24 h.

Laboratory Methods
Routine blood specimens for electrolyte determinations were
drawn daily or at least every 2 to 3 days during induction
chemotherapy (first 40 days). If hyponatremia was detected,
blood specimens were drawn at least twice a day or even more
often until serum sodium values normalized. Serum sodium was
detected by indirect potentiometry in our central laboratory
(Innsbruck Medical University Hospital). The standard range
of serum sodium in a healthy child is 132 to 145 mmol/l (23).
Severe hyponatremia (a “hyponatremic episode”) was defined
as a serum sodium level ≤130 mmol/l on at least 2 of 3
consecutive days.
TABLE 1 | General statistical information on patients included in the analyzed studies (age and gender distributions).

Diagnosis Inclusion period No. of patients Male Female Age at diagnosis

ALL cohort 12/2010–01/2019 95 (3/98 excluded) 56 (58.9%) 39 (41.1%) 6.3 years (1.1–17.9)
Hodgkin’s disease From 08/2013 (still open) 28 (2/30 excluded) 12 (42.9%) 16 (57.1%) 13.5 years (5.0–18.0)
Ewing sarcoma 05/2010–06/2019 23 11 (47.8%) 12 (52.2%) 11.9 years (3.0–18.1)
Wilms tumor From 10/2010 (still open) 20 6 (30.0%) 14 (70.0%) 3.5 years (0.5–14.8)
Benign CNS glioma From 04/2004 (still open) 16 (1/17 excluded) 7 (43.8%) 9 (56.2%) 3.6 years (0.4–11.5)
Langerhans cell histiocytosis From 04/2001 (still open) 9 5 (55.6%) 4 (44.4%) 5.1 years (0.2–11.6)
Oc
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Statistical Analysis
Analysis of primary study endpoints was performed with
descriptive and inferential statistics. The measured sodium
values of all patients on a particular day of treatment were
summarized in two calculated values for that day: the
minimum sodium values of all patients were averaged (= MIN)
as were the mean sodium values of all patients (= MEAN).
However, not every patient necessarily had a sodium value on
every single day. On the other hand, some patients had two or
Frontiers in Oncology | www.frontiersin.org 3238
more sodium values on some days. The measuring dots in the
diagrams (Figure 2) thus result from the above-indicated day/
MIN pairs and day/MEAN pairs (for both hyponatremic and
non-hyponatremic patients). Data analysis and statistical tests
were performed with a C++ program (version C++17).
Statistically significant differences between the sodium levels of
hyponatremic and non-hyponatremic patients were determined
with statistics F tests and subsequent T tests for all days of
treatment. p values and 95% confidence intervals for the
A

B

D

E

F

C

FIGURE 1 | Induction therapy protocols using vincristine or vinblastine: (A) ALL cohort: ALL-BFM 2009 (Protocol I, induction), (B) Hodgkin’s cohort: EuroNet-PHL-
C2 protocol and GPOH Register (OEPA scheme), (C) Ewing sarcoma cohort: EuroEWING 2008 (VIDE cycle), (D) Wilms tumor cohort: SIOP 2001 Wilms and SIOP
2014 Wilms Register (preoperative chemotherapy), (E) benign CNS glioma cohort: SIOP-LGG 2004, and (F) Langerhans cell histiocytosis cohort: LCH-III and LCH-IV protocol.
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A

B

FIGURE 2 | (A) Prevalence of hyponatremia in the studied ALL cohort: a considerable group of ALL patients showed statistically significant hyponatremia during
induction therapy (solid line, ± standard deviation) compared to the rest of the ALL cohort (dashed line), which remained within the standard range of sodium in
childhood (132–145 mmol/l). The start of the first hyponatremic episode was on average between days 27 and 28 (average day 27.6, curly brackets), although there
was a statistically significant difference between hyponatremic and non-hyponatremic patients from day 12 (p = 0.014, F test and T test, curly brackets). (B) Mean
sodium levels of all patients with the following diagnoses during the first 40 days of their initial therapy. Patients with Hodgkin’s lymphoma, Ewing sarcoma, Wilms
tumor, benign brain tumors, and Langerhans cell histiocytosis do not show hyponatremia during therapy with alkaloids (sodium levels within standard range).
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differences between the mean values were calculated. Statistical
associations between hyponatremia and, individually, age,
gender, CNS status, high-risk status, hypertriglyceridemia, and
hyperglycemia were calculated using Fisher’s exact test. p values
below 0.05 were deemed statistically significant. Graphic
presentation was performed with LaTeX (version TeX
Live 2020).

Ethics
The Ethics Committee of the Medical University of Innsbruck
approved the retrospective evaluation (EC No. 1477/2020). All
data were obtained from medical records. This study was
performed in accordance with the Declaration of Helsinki.
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RESULTS

Statistically Significant Severe
Hyponatremia in Caucasian Children
With ALL
The incidence of severe hyponatremia during ALL-BFM 2009
induction therapy was 14.7% (14/95 cases, Table 2) in our
Caucasian cohort, a value higher than those reported for
pediatric ALL cohorts (24, 25). The difference between
hyponatremic and non-hyponatremic patients was statistically
significant from day 12 after the start of therapy (Figure 2A,
day 12, p = 0.014, Supplemental Table). The average age of
hyponatremic patients was 9.0 (range 2.2–17.9) years, whereas
TABLE 2 | Prevalence of hyponatremia in the examined ALL cohort (14.7%).

Relevant factors Hyponatremia Normal sodium level Fisher’s exact test

ALL cohort 14/95 (14.7%) 81/95 (85.3%)
Age group
< 5 years 3/14 (21.4%) 47/81 (58.0%) p = 0.0369
5–10 years 7/14 (50.0%) 23/81 (28.4%)
10–13 years 0/14 (0.0%) 2/81 (2.5%)
>13 years 4/14 (28.6%) 9/81 (11.1%)
Average age (years) 9.0 (range: 2.2–17.9) 5.9 (range: 1.1–17.5)

Gender
Male 10/14 (71.4%) 46/81 (56.8%) p = 0.385
Female 4/14 (28.6%) 35/81 (43.2%)

CNS status
Negative 12/14 (85.7%) 76/81 (93.8%) p = 0.274
Positive 2/14 (14.3%) 5/81 (6.2%)

Risk group
Non-high risk 9/14 (64.3%) 65/81 (80.3%) p = 0.292
High risk 5/14 (35.7%) 16/81 (19.7%)

Triglycerides
>1000 mg/dl 6/14 (42.9%) 4/81 (4.9%)

p = 0.000177>500 mg/dl 1/14 (7.1%) 14/81 (17.3%)
Normal 3/14 (21.4%) 53/81 (65.4%)
No data available 4/14 (28.6%) 10/81 (12.4%)

Serum-protein
• During hyponatremia
> 8 g/dl 0/14 (0.0%) –

Normal 2/14 (14.3%) –

<5 g/dl 12/14 (85.7%) –

• After asparaginase
>8 g/dl 0/14 (0.0%) 0/81 (0.0%)
Normal 0/14 (0.0%) 24/81 (29.6%)
<5 g/dl 14/14 (100.0%) 57/81 (70.4%)

Serum-glucose
• During hyponatremia
>150 mg/dl 2/14 (14.3%) –

<150 mg/dl 12/14 (85.7%) –

• During induction therapy
>150 mg/dl 4/14 (28.6%) 28/81 (34.6%) p = 0.767
<150 mg/dl 10/14 (71.4%) 53/81 (65.4%)

}

October 2021 | Volume
Various factors that could possibly be related to hyponatremia were examined for their statistical significance, namely, age, gender, CNS status, risk group, and relevant laboratory
parameters (serum-triglycerides, serum-protein, serum-glucose). We were able to show a trend to male patients of primary school age (age p = 0.0369, gender p = 0.385). Hyponatremia
is not associated with positive CNS status (p = 0.274) or high-risk disease (p = 0.292). Interestingly, a statistically significant coincidence of elevated triglycerides (>1000 mg/dl) and
hyponatremia during ALL induction therapy (p = 0.00017) was observed. At least 42.9% of hyponatremic patients showed massively elevated triglycerides during hyponatremia, whereas
only 4.9% of non-hyponatremic ALL patients showed hypertriglyceridemia. On the other hand, serum protein and serum glucose were not responsible for a possible pseudohyponatremia:
57/81 (70.4%) non-hyponatremic patients showed hypoproteinemia during induction therapy and 12/14 (85.7%) hyponatremic patients showed hypoproteinemia at the time
of hyponatremia. No patient was observed with hyperproteinemia. Regarding serum glucose, we found 28/81 (34.6%) non-hyponatremic patients with hyperglycemia during
induction therapy and only 2/14 (14.3%) hyponatremic patients with glucose levels >150 mg/dl at the time of hyponatremia. Therefore, hyperglycemia is not associated with
hyponatremia (p = 0.767).
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the average age of non-hyponatremic patients was lower (5.9
years, range 1.1–17.5). Divided according to age groups, three
hyponatremic patients (21.4%) were aged <5 years, 7 (50%) 5–10
years, none 10–13 years, and 4 (28.6%) >13 years. Hyponatremic
patients were significantly older than non-hyponatremic
patients (p = 0.0369, Table 2). Furthermore, 10 (71.4%) of the
14 hyponatremic patients were male, while only 4 (28.6%,
Table 2) were female. However, no statistically significant
difference could be shown regarding gender (p = 0.385, Table 2).

The lowest sodium level measured was 123 mmol/l in one
patient. Of our hyponatremic patients, 71.4% (10/14) had only
one hyponatremia episode throughout induction therapy. One
patient had two episodes, another had three, and two each had
four episodes during induction. The first hyponatremic episode
started on average between days 27 and 28 (average day 27.6) but
occurred earlier or later in some patients (ranging from day 12 to
day 39 after start of therapy). A significant difference from non-
hyponatremic patients thus was demonstrated as early as day 12
(Figure 2A, p = 0.014, Supplemental Table). The median
duration of hyponatremia episodes was 3 days (median, range
2–6 days).

No Statistically Significant Occurrence of
Hyponatremia Episodes During Induction
Therapy in Patients Other Than the
ALL Group
For comparison, we analyzed other cohorts of pediatric patients
with newly diagnosed hemato-oncological diseases, all of whom
received vinca alkaloids (vincristine or vinblastine) in their first
weeks of induction therapy (Figures 1B–F). Dosage regimens
deviated somewhat from the usual schedule of weekly vincristine
doses: Patients with Ewing sarcoma received only one dose of
vincristine at the start of therapy, and patients with Langerhans
cell histiocytosis were treated with weekly vinblastine instead of
vincristine. We found that patients with Ewing sarcoma, Wilms
tumor, or Langerhans cell histiocytosis did not show any sodium
disturbances during their induction therapy (Figure 2B, mean
sodium levels remained within the standard range; see also
Table 3). In the patient cohorts with Hodgkin’s lymphoma
and benign tumors of the CNS, one patient each was detected
with one episode of hyponatremia (Table 3). In the Hodgkin’s
group, the single hyponatremic patient was a 5-year-old girl, and
in the cohort with benign CNS glioma the single patient was a
1.7-year-old boy.
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Association Between Severe
Hyponatremia and Other Relevant
Factors in ALL Patients
We were not able to prove a statistically significant association
between hyponatremia and CNS ALL involvement (p = 0.274) or
between hyponatremia and high-risk status (p = 0.292, Table 2).
Interestingly, a relatively high percentage of hyponatremic patients
(42.9%, 6/14) showed significantly increased serum triglyceride
values (>1,000 mg/dl) simultaneously with the hyponatremic
episode, whereas only 4.9% (4/81) of non-hyponatremic ALL
patients had triglyceride values >1,000 mg/dl during induction
therapy. This established a statistically highly significant association
between hyponatremia and hypertriglyceridemia in our ALL
cohort (p = 0.00017, Table 2). We infer that some instances of
hyponatremia thus may have been diagnosed because of an artifact
of measurement, representing “pseudohyponatremia.” Other
possible reasons for the development of pseudohyponatremia,
namely, hyperglycemia or hyperproteinemia, can be excluded in
our ALL cohort, because nearly all hyponatremic ALL patients had
normal serum glucose levels at the time of hyponatremia (12/14
patients had normal glucose levels, 2/14 had only slightly increased
serum glucose, Table 2, p = 0.767) and a high percentage showed
reduced serum protein values, with serum protein levels <5 g/dl in
12/14 (85.7%) hyponatremic patients (Table 2) but no
hyperproteinemia during hyponatremia.

Clinical Presentation of Hyponatremic
Patients
Clinically, our hyponatremic patients had no relevant serious,
especially neurological, complications. Relatively nonspecific
side effects such as lethargy or weakness during intensive
induction chemotherapy are difficult to attribute exclusively to
hyponatremia and can have various other causes, both therapy-
and illness-related. Of the patients with hyponatremia, 57.1% (8/
14) did not require any electrolyte or infusion therapy because
they lacked symptoms or signs; their “illness” was self-limited.
Three hyponatremic patients (21.4%) received one or at most
two isotonic infusions in a maintenance dose. Following a very
rapid decline in serum sodium levels, the final three patients
received sodium chloride 1 M (molar) as a substitute for sodium
at a dose of 1 mmol/kg as an isotonic infusion for 1 day each in
the absence of neurological symptoms. No patient underwent
fluid restriction in our hyponatremic cohort.
DISCUSSION

Electrolyte disturbances are common during cytotoxic therapy of
malignant diseases. Some chemotherapeutic agents trigger
hyponatremia, with SIADH invoked. Implicated are vinca
alkaloids (vincristine, vinblastine), cyclophosphamide,
ifosfamide, and platinum-based drugs as well as monoclonal
antibodies and small-molecule inhibitors (6, 26, 27). Only a few
reports exist of marked hyponatremia associated with anti-
neoplastic therapy in children. A retrospective study from
Poland identified severe hyponatremia in 11.9% of a cohort of
TABLE 3 | Difference between ALL patients and patients with other diagnoses
studied in this study (Hodgkin’s disease, Ewing sarcoma, Wilms tumor, benign
CNS glioma, and Langerhans cell histiocytosis) regarding occurrence of
hyponatremia during induction chemotherapy.

Hyponatremia Normal sodium level

ALL cohort 14/95 (14.7%) 81/95 (85.3%)
Hodgkin’s disease 1/28 (3.6%) 27/28 (96.4%)
Ewing sarcoma 0/23 (0.0%) 23/23 (100.0%)
Wilms tumor 0/20 (0.0%) 20/20 (100.0%)
Benign CNS glioma 1/16 (6.3%) 15/16 (93.7%)
Langerhans cell histiocytosis 0/9 (0.0%) 9/9 (100.0%)
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children with acute lymphoblastic leukemia treated using various
regimens, which included vinca alkaloids (24). A prospective
study from India identified marked hyponatremia/SIADH in
10.8% of a cohort of children with acute lymphoblastic leukemia
treated with vincristine (25). In our retrospective study, we
analyzed a cohort of 95 children with ALL who were
uniformly treated with vincristine once a week for 4 weeks
(ALL-BFM 2009 protocol; Figure 1A). Severe hyponatremia
occurred in 14.7% overall (Table 2), a rate higher than those
in the cohorts from Poland (11.9%) (24) and India (10.8%) (25).
The average age of hyponatremic patients was 9.0 years; the
average age of non-hyponatremic patients was lower (5.9 years).
Hyponatremic patients thus were significantly older than non-
hyponatremic patients (p = 0.0369, Table 2). Divided according
to age groups, three hyponatremic patients (21.4%) were aged <5
years, 7 (50%) 5–10 years, none 10–13 years, and 4 (28.6%)
>13 years.

In addition, 10 of the 14 hyponatremic patients were male
(71.4%), a proportion seemingly at substantial variance with that
in our cohort overall (56 of 95; 58.9%). However, within the
cohort as a whole no statistically significant difference could be
shown regarding gender (p = 0.385, Table 2), which may reflect
the general preponderance of males among ALL patients (28).
Our study nonetheless suggested increased susceptibility to
hyponatremia among males of primary school age. We did not
identify the predisposition for hyponatremia among girls aged
>10 years reported from India (25).

Published data on the incidence of hyponatremia in pediatric
oncological practice are limited to children with ALL, even
though vincristine is also used in other pediatric tumors. As
several reports ascribe severe hyponatremia in oncological
patients to vinca-alkaloid therapy (6, 12, 13, 16, 17, 20), we
investigated whether this held for non-ALL patients, on whom
reports are sparse, particularly in children (4), as with a case
study of a 4-year-old boy with Wilms tumor and severe
symptomatic hyponatremia and seizures after vincristine
administration (29). Our study is the first to compare
incidence of hyponatremia in patients with various pediatric
tumors treated with alkaloids. We found that therapy-associated
hyponatremia is unique to ALL, as episodes of hyponatremia
during induction therapy did not occur in statistically significant
numbers in patients with Ewing sarcoma (one vincristine bolus
at start of therapy), with Hodgkin’s lymphoma, Wilms tumor, or
benign CNS gliomas (weekly vincristine bolus during the first
weeks of therapy), or Langerhans-cell histiocytosis (weekly
vinblastine bolus during first weeks of therapy) (Figure 2B and
Table 3). Vinca alkaloids thus do not appear per se to suffice as
an etiology for hyponatremia.

What factors other than vinca alkaloids might contribute to
hyponatremia in ALL that are absent or irrelevant in other
malignancies? Janczar et al. reported an association between
hyponatremia with neurologic symptoms following vincristine
administration and CNS involvement with leukemia at
diagnosis. They emphasized the role of cytostatic therapy
rather than leukemia alone in severe hyponatremia, as no
hyponatremic episode occurred before treatment with
Frontiers in Oncology | www.frontiersin.org 7242
vincristine began (24). However, we found no association
between leukemic CNS involvement and hyponatremia in ALL
patients, as only 2 of our 14 hyponatremic patients had with
blasts in cerebrospinal fluid at presentation (p = 0.274, Table 2).
Nor could we state that high-risk ALL potentiates the
development of hyponatremia during induction therapy, as
only 5 of our 14 hyponatremic patients met high-risk criteria
(35.7%, p = 0.292, Table 2).

We examined in our ALL cohort various biomarkers that
might reflect susceptibility to hyponatremia during vincristine
therapy. Serum sodium values may erroneously be assessed as
low in patients with hypertriglyceridemia, hyperproteinemia, or
hyperglycemia when sodium is measured using indirect
potentiometry (30–33). Most ALL patients in induction
therapy, however, show pronounced hypoproteinemia due to
diminution in protein synthesis associated with asparaginase
therapy (34). Of our hyponatremic patients, 85.7% (12/14)
showed pronounced hypoproteinemia (<5 g/dl) coincident
with hyponatremia; 70.4% (57/81) of our non-hyponatremic
patients had serum protein levels <5 g/dl during induction
therapy. No patient showed hyperproteinemia at that time
(Table 2). Moreover, only 2/14 (14.3%) hyponatremic patients
had hyperglycemia coincident with hyponatremia, whereas 28/
81 (34.6%) non-hyponatremic patients were hyperglycemic
during induction therapy (p = 0.767, Table 2). We thus infer
that hyperproteinemia and hyperglycemia were not responsible
for artifactual hyponatremia, viz., pseudohyponatremia, in our
ALL cohort. Interestingly, in 42.9% (6/14) of our hyponatremic
patients marked hypertriglyceridemia (>1,000 mg/dl) coincided
with hyponatremia (Table 2). In another, a lesser degree of
hypertr ig lycer idemia (<500 mg/dl) coincided with
hyponatremia. In 4 (28.6%) of our 14 hyponatremic patients,
no serum triglyceride values during induction therapy were
available. However, two of these four triglyceride values rose
markedly during reinduction therapy. We suspect that the
percentage of hyponatremic patients with hypertriglyceridemia
may have been higher than detected, especially in view of
evidence that the incidence of hypertriglyceridemia in ALL
patients is relatively high (35). As triglyceride values >1 000
mg/dl were seen in only 4.9% (4/81) of non-hyponatremic
patients, but in 42.9% (6/14) of hyponatremic patients
(Table 2), we could demonstrate a statistically highly
significant association between massive hypertriglyceridemia
and the occurrence of hyponatremia in ALL patients during
induction therapy (p = 0.00017, Table 2).

In our department, nearly all newly diagnosed patients,
especially those with great tumor burden (ALL, but also other
entities such as Hodgkin’s lymphoma, Wilms tumor, and Ewing
sarcoma), receive intravenous semi-isotonic hydration (see
Materials and Methods) as tumor lysis syndrome prophylaxis.
Administration of hypotonic maintenance fluids may be
associated with a greater risk for hyponatremia than is
administration of isotonic solutions (36–40). Hyponatremia in
our patients thus might conceivably have reflected serum
dilution. Against this are, first, that hyponatremia was seen
mainly in the ALL cohort and not in similarly treated patients
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with other diagnoses, and second, that infusion therapy is usually
administered only for the first few days—up to at most 1 week—
after induction chemotherapy begins. However, hyponatremic
episodes were detected days later, as the decline in sodium levels
was statistically significant only from day 12 after therapy began
(Figure 2A, p = 0.014, Supplemental Table), precluding
dilutional artifact. Not only this: the prevalence of
hyponatremia is still high despite use of recommended isotonic
fluid regimes (41).

Certain medications used simultaneously with vinca alkaloids
may worsen the risk for hyponatremia in induction therapy for
ALL (27). However, hyponatremia has not yet been ascribed to
other cytostatic agents used during Protocol I of induction
therapy of the ALL-BFM 2009 study (Figure 1A). Known
possible potentiators are azole antifungals (itraconazole,
voriconazole, posaconazole, ketoconazole) (42–47). These
inhibit catabolism of vinca alkaloids, increasing exposure. Only
high-risk patients in our ALL cohort received antifungal
prophylaxis, however, and with liposomal amphotericin-B
rather than azoles. Azole potentiation of hyponatremia thus
cannot be invoked as contributory to hyponatremia in
our patients.

Nor can the type of therapy regimen with vinca alkaloids be
the only cause of the high incidence of hyponatremia in
childhood ALL. The weekly administration of 1.5 mg/m2/day
(maximum 2 mg) vincristine as an intravenous bolus is
absolutely comparable in dose and frequency to that used in
therapy regimens for other malignancies, regimens that in this
study were not associated with episodes of hyponatremia. The
first hyponatremic episode in our ALL cohort started on average
between days 27 and 28 (average day 27.6) but occurred earlier or
later in some patients (range from day 12 to day 39 after start of
therapy, Figure 2A). This is consonant with others’ observations,
which place the onset of hyponatremia approximately 7 days or
even longer after receiving vincristine intravenously (7, 9, 16, 48,
49). We propose, as suggested elsewhere (17), that development
of marked hyponatremia associated with vinca alkaloids
definitely requires repeated administration of vincristine. A
single dose may not be enough to cause severe hyponatremia
(for example, in patients with Ewing sarcoma).

In conclusion, we here show a substantial incidence of
hyponatremia in a pediatric ALL cohort during induction
chemotherapy with weekly administered vincristine.
Hyponatremic episodes were more likely in males of primary
school age. Occurrence of hyponatremia was not statistically
significant in cohorts of children with other malignancies and
comparable vinca-alkaloid therapy. None of our patients showed
hyponatremia-associated severe neurological symptoms or
complications, perhaps because sodium levels fell only moderately
(least observed, 123 mmol/l). In addition, some instances of
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hyponatremia were certainly factitious (pseudohyponatremia), in
part an artifact of hypertriglyceridemia. This might explain our
patients’ lack of neurological complications. We accordingly
recommend that serum triglycerides be determined regularly
during ALL induction therapy to permit assessment of whether
hyponatremia is artifactual (and can be disregarded) or true (and
warrants intervention).
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Pulmonary complications are common in children following hematopoietic cell
transplantation (HCT) and contribute to their morbidity and mortality. Early diagnosis is
essential for management and prevention of progression of lung injury and damage. In
many cases, diagnosis can be challenging and may require diagnostic imaging and more
invasive testing such as bronchoscopy and lung biopsy. We report the case of a 12-year-
old girl who developed recurrent episodes of acute respiratory failure requiring intensive
care unit admission in the post-HCT phase and describe the diagnostic and
multidisciplinary approach for her management. In addition, we review the diagnostic
approach of pulmonary complications post-HCT and highlight the utility and risks of
bronchoscopy and lung biopsy in these children.

Keywords: pulmonary complications, hematopoietic (Stem) cell transplantation (HCT), lung biopsy, broncho
alveolar lavage (BAL), diagnostic approach, diagnostic imaging
INTRODUCTION

Pulmonary complications are common in children following hematopoietic cell transplantation
(HCT) and contribute to morbidity and mortality in the post-HCT phase (1–3). Early identification,
diagnosis, and treatment of these complications are essential to limit morbidity and improve
outcome. However, diagnosis can be quite challenging as etiologies can overlap and obscure
diagnosis. In such complicated cases, laboratory testing and diagnostic imaging may not establish
diagnosis and further invasive diagnostic testing such as bronchoscopy and lung biopsy might be
needed. We report a 12-year-old girl who developed recurrent episodes of respiratory distress
requiring intensive care unit (ICU) admission in the post-HCT phase and describe the diagnostic
challenges and the multidisciplinary approach that is crucial in similar situations. Furthermore, we
present a review of the diagnostic approach of pulmonary complications post-HCT and highlight
the utility of bronchoscopy and lung biopsy to establish diagnosis in these children.
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CASE REPORT

A 12-year-old female patient with a history of T-cell acute
lymphoblastic leukemia presented to our ICU on Day +38
after her second haploidentical HCT due to a failed extubation
in the OR post bronchoscopy. Our patient had previously
undergone a haploidentical HCT with prep regimen consisting
of fludarabine, thiotepa, melphalan, cyclophosphamide and
rabbit ATG followed by a TCRa/b+ and CD19+ depleted graft
infusion. GCSF was administered until engraftment and
CD45RA-depleted donor lymphocyte infusion was given post
engraftment for immune reconstitution. Our patient’s first
haploidentical HCT was complicated by Cytomegalovirus
(CMV) viremia and acute grade II gastrointestinal graft versus
host disease (GVHD). CMV reactivation was treated with
ganciclovir, foscarnet and cytogam administration and GVHD
became quiescent with oral budesonide and beclomethasone. She
had a CNS relapse on Day +150, with subsequent bone marrow
relapse. She underwent remission induction chemotherapy and
proceeded to have a second haploidentical HCT. During her
second HCT, she received reduced intensity conditioning with
fludarabine, thiotepa, melphalan, cyclophosphamide, and rabbit
ATG, followed by a TCRa/b+ depleted graft and subsequent
memory T cell infusion (CD45A+ depletion). Our patient’s
second HCT was complicated by CMV reactivation requiring
ganciclovir therapy as well as rising LDH, complement level
(CH50), proteinuria, and acute kidney injury suspicious for
transplant-associated thrombotic microangiopathy (TMA). She
was started on eculizumab on Day +8 after her second HCT and
achieved engraftment on Day +11. Engraftment was complicated
by fevers and hyperferritinemia suspicious for secondary
hemophagocytic lymphohistiocytosis treated briefly with
Anakinra that was discontinued since she did not meet criteria
for diagnosis of hemophagocytic lymphohistiocytosis. She was
switched from sirolimus to ruxolitinib for GVHD prophylaxis.
She developed a brief oxygen requirement on Day +20, which
responded well to diuresis and she was discharged to home on
Day +34. On Day +37 she was readmitted with tachypnea, a new
oxygen requirement, and a diffuse bilateral airspace disease on
chest x-ray (Figure 1A). A bronchoscopy was performed on
day +38 to evaluate for an infectious etiology after elective
intubation, and she was successfully extubated on Day +39.
Broncho-alveolar lavage fluid was PCR positive for CMV, but
no other infectious source was identified. Her ganciclovir was
switched to foscarnet with cytogam added to improve coverage.
Her condition improved and she transferred back to the HCT
ward on Day +44. On Day +49, she was readmitted to the ICU
with worsening hypoxia. CT scan showed diffuse ground glass
appearance with air trapping in the lower lobes (Figures 1B, C).
Despite serum CMV titers remaining low, her respiratory status
continued to worsen. Lung biopsy by video-assisted
thoracoscopic surgery (VATS) was performed on Day +55 due
to uncertainty surrounding her diagnosis. Her lung biopsy
demonstrated organizing pneumonia with patchy consolidation
(Figure 2A), characterized by prominent fibroblastic
proliferation in terminal airways and numerous macrophages
occupying airspaces, compatible with cryptogenic organizing
Frontiers in Oncology | www.frontiersin.org 2247
pneumonia (COP) (Figure 2B). An occlusive arterial thrombus
was noted (Figure 2C), a possible sequela of TMA. Given these
biopsy findings, she was started on methylprednisolone 1 mg/kg/
day for COP. Steroids were well tolerated and were tapered over a
period of 4 months. Her eculizumab dosing was increased to
twice per week for better control of her TMA, and imatinib was
added to prevent progression of fibrosis. Her respiratory status
slowly improved, and she was transitioned back to the HCT unit
on Day +73, with stable settings on bilevel positive airway
pressure (BIPAP) support at night and minimal (1–2 liters/
min) supplemental nasal cannula oxygen during the day. She
was discharged to home on Day +84 with the same level of
respiratory support. Imatinib was discontinued on day +169 and
she was continued on Ruxolitinib. Clinical assessment on her last
follow-up on day +315 showed continued improvement in her
lung function with tolerance of her gradual wean of the BIPAP
support. Her clinical course is summarized in Figure 3.
PULMONARY COMPLICATIONS POST-HCT

Pulmonary complications post-HCT can be related to infectious
or non-infectious etiologies. Infections causing pneumonia or
ARDS can occur at any stage during the HCT course. However,
infectious organisms will vary with the specific immune
deficiency, whether humoral or cellular, depending on the
timing of transplant. The rate of infectious complications has
decreased with better strategies for pre-emptive testing and
surveillance as well as use of antimicrobial prophylaxis.
However, the incidence of non-infectious lung injury is still on
the rise. Late onset non-infectious pulmonary complications
usually follow a more predictable timeline after HCT (Table 1)
(1, 4–9).
DIAGNOSTIC APPROACH

Diagnostic Imaging
Pulmonary complications post-HCT are challenging for the
radiologist due to pre-existing co-morbidities and co-existence
of infectious and non-infectious etiologies, many of which have
overlapping imaging findings. Chest radiographs are rarely
sufficiently diagnostic and frequently falsely negative (10–17).
Thus, chest computed tomography (CT) and specifically high-
resolution chest CT has become commonplace in the
management of pulmonary complications in post-HCT
patients due to superior detection and characterization of
parenchymal abnormalities (11–13, 17, 18). The term “high-
resolution CT” engenders some confusion. Previously, this term
referred to a technique of thin collimation (1–2 mm) coupled
with a high-spatial-frequency reconstruction algorithm,
performed by sampling the lung at staggered intervals (e.g.,
four slices evenly spaced from apices to bases or one slice
every 2 cm) (19). Modern multi-detector helical CT scanners
acquire “thin slices” (<1 mm), routinely allowing for contiguous
imaging of the entire lung parenchyma and multiple high-
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resolution reconstructive algorithms to be performed following
image acquisition. Imaging of the entire chest is typically
performed without intravenous contrast during suspended full
inspiration and repeated during suspended expiration.
Examination of the lungs in expiration allows assessment of
focal areas of air trapping that are not evident during inspiration.
With modern-day multi-detector row CT scanners, the entire
chest can be scanned in less than 1 sec for infant-sized patients
and less than 2 sec for older children (20).
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Imaging findings on CT must be interpreted within the
appropriate clinical context. In the first 30 days, the frequency
of infectious and non-infectious complications is similar
(18). After 30 days, with immune system reconstitution,
the frequency of infectious complications decreases and the
spectrum of infectious organisms changes. In the neutropenic
phase, infectious complications commonly include bacterial
pneumonia, Respiratory syncytial virus (RSV), and invasive
fungal pneumonia such as aspergillus. Bacterial pneumonia
A

B

C

FIGURE 1 | (A) Chest x-ray obtained Day +42 demonstrates diffuse airspace disease bilaterally with more focal areas of consolidation in the left lung. (B, C) Thin-
section computed tomography (CT) obtained Day +49 (from 2nd transplant) demonstrate diffuse ground-glass opacification involving all 5 lobes.
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characteristically produces focal segmental or lobar
pulmonary opacities. RSV and other viruses typically have a
bilateral distribution and are often non-specific, ranging from
normal CT scans to small nodules, ground-glass attenuation,
Frontiers in Oncology | www.frontiersin.org 4249
and consolidation due to atelectasis or a combination of these
(21, 22). Guidelines for imaging diagnosis of pulmonary
aspergillosis include presence of one of the following
patterns on CT: Dense, rounded lesion(s) with or without a
A

B

C

FIGURE 2 | Pulmonary wedge biopsy, Day +55. (A) Patchy consolidation, 2x. (B) Organizing pneumonia with fibroblastic proliferation in terminal airways and
numerous macrophages occupying airspaces, 10x. (C) Pulmonary arterial thrombus with alternating bands of fibrin and platelets (lines of Zahn), 4x. (A–C).
Hematoxylin and eosin stain, magnifications using Leica Biosystems Aperio ImageScope.
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halo sign (surrounding ground-glass hazy opacity); air
crescent sign; cavity; or segmental lobar consolidation
(23, 24). Criteria for other pulmonary mold diseases include
prior criteria, with the addition of the reversed halo sign
(central ground-glass opacity surrounded by denser
crescentic consolidation). After 30 days, common pulmonary
infectious agents include herpes simplex virus (HSV) or
Frontiers in Oncology | www.frontiersin.org 5250
varicella zoster (VZ), CMV, pneumocystis jiroveci, and
fungal pneumonia. As with RSV, findings with HSV, VZ,
and CMV are non-specific and can include diffuse or
multifocal areas of ground-glass attenuation, consolidations,
and/or nodules (21, 25).

Non-infectious complications in the first 30 days include
pulmonary edema, IPS, DAH, and PERDS. The most common
complication in the first 30 days is pulmonary edema, which
manifests on CT as enlargement of pulmonary vessels, diffuse
ground glass opacification, septal thickening, and commonly
cardiomegaly and/or pleural effusions. CT findings in IPS are
non-specific and may include focal or diffuse airspace or
reticular opacities in the setting of rapidly progressive
respiratory failure. CT findings of DAH include diffuse
ground-glass opacities and a “crazy-paving” pattern, related
to intra- and inter-lobular thickening. Patients typically do not
have cardiomegaly, prominent pulmonary vessels, or effusions
differentiating this entity from edema. PERDS also
demonstrates diffuse ground glass opacification, which can be
associated with thickening of the interlobular septa, perihilar or
peribronchial consolidation, and pleural effusions. Patients
typically do not have cardiomegaly or other findings of
pulmonary edema. Clinically, the presence of a skin rash and
fever may be helpful for differentiation. In the early post-
transplant period (30–100 days after HCT), IPS continues to
be a common cause of respiratory symptoms. Additionally,
acute GVHD can occur, although it is rare. CT findings of acute
GVHD are non-specific and may include diffuse parenchymal
opacities that resemble pulmonary edema (18).

Non-infectious late pulmonary complications (>100 days
post HCT) include BOS, COP, or non-classifiable interstitial
pneumonia (26). BOS demonstrates evidence of air trapping
manifested as a mosaic attenuation pattern on CT. Mosaic
attenuation is a finding of intermixed areas of low attenuation
with areas of normal or increased attenuation. On expiratory
images, the areas of decreased attenuation become more
conspicuous. Thus, in patients >100 days post-HCT, it is
recommended that CT be performed with inspiration and
expiration phases (16, 27, 28). Additionally, patients with BOS
demonstrate bronchiectasis . Findings of organizing
pneumonia COP on CT include parenchymal consolidation
with dilated bronchi, ground-glass opacities, nodular
opacities, and/or the reversed-halo sign (18). Non-
classifiable interstitial pneumonia is a third CT finding seen
in post-HCT patients related to chronic GVHD. CT findings
include ground glass opacities, reticulation, and the crazy-
paving pattern in a predominant peribronchial distribution, as
well as traction bronchiectasis progressing to more typical
find ings o f fibros i s inc lud ing bronch i ec ta s i s and
honeycombing (18, 26).
PULMONARY FUNCTION TEST

The pulmonary function testing (PFT) is done routinely before
HCT to assess baseline lung function. PFT does not usually have
FIGURE 3 | Timeline of events for ICU admission.
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a role in early diagnosis of these pulmonary complications.
However, PFT can be useful as a follow-up tool to assess
response to therapy as well as a prognostic tool. BOS is
characterized by an obstructive pattern with FEV1/FVC
(forced expiratory volume in one second (FEV1)/forced vital
capacity (FVC) ratio) <0.7 and FEV1 <75%. COP is characterized
by a restrictive pattern with TLC less than the fifth percentile and
normal FEV1/FVC (3).
BRONCHOSCOPY/BRONCHOALVEOLAR
LAVAGE

Bronchoscopy with bronchoalveolar lavage (BAL) is usually
performed with the acute onset and persistence of respiratory
symptoms after antimicrobials initiation. In addition, if diffuse
alveolar hemorrhage is highly suspected, BAL can confirm the
diagnosis by retrieving sequential bloodier aliquots with BAL.
Diagnostic yield of BAL in children post-HCT ranges from 30 to
67% and results in change of therapy in 34–68% of cases
(Table 2). Viral and bacterial organisms are the most detected;
the most common virus identified is CMV. Many factors can
reduce the yield of this procedure, including duration of
antimicrobial therapy before the procedure (30), acute GVHD
GII-IV, and immunosuppressive therapy at the time of BAL (31).
Frontiers in Oncology | www.frontiersin.org 6251
In a cohort of 57 post-HCT patients, shorter time between
abnormal CXR and the BAL correlated with positive yield (2
days vs 6 days in patients with negative yield) (33). BAL yield is
reported to be 2.5× higher when done within 4 days of
presentation compared to later, and as high as 75% when
performed within 24 h (38). Complications are reported in 1–
31% of patients but are usually mild and short lived. Common
complications include mild, transient hypoxia and bleeding.
Recent introduction of metagenomic sequencing of these
samples is promising and may increase the BAL yield by
detecting a causative pathogen (39).
LUNG BIOPSY

Surgical Lung Biopsy
Earlier reports of surgical lung biopsy (SLB) questioned the
benefits of this procedure due to higher complication rates and
lack of modification of therapy with the findings (40, 41).
However, advances in surgical techniques as well as better
understanding and therapies of pulmonary complications post-
HCT improved yield and utility of this procedure. Surgical lung
biopsy can be performed either as open biopsy through
thoracotomy or currently more often thoracoscopically by
video-assisted thoracoscopic surgery (VATS). Compared to
TABLE 1 | Non-infectious pulmonary complications post-HCT.

Pulmonary
complication

Onset
post- HCT

Presentation Characteristic
findings

Histopathology Treatment

IPS Within 120 d Cough, hypoxia, dyspnea Widespread
alveolar injury

Diffuse alveolar damage, interstitial pneumonitis Corticosteroids
TNF inhibitors

PERDS Within 5 –7 d
of neutrophil
engraftment

Fever, rash, hypoxia Non-
cardiogenic
pulmonary
edema

Fluid overload prevention,
diuretics,
corticosteroids

DAH Within 100 d Cough, progressive hypoxia Progressive
bloody BAL

>20% hemosiderin-laden macrophages Platelet count >50,000,
correct coagulopathy,
corticosteroids, inhaled
TXA/inhaled rFVII

BOS 3–24 m Cough, dyspnea, wheezing Obstructive lung
disease: FEV1/
FVC<0.7
FEV1<75%

Intraluminal fibrotic plug of granulation tissue within
bronchioles, spare alveoli and alveolar ducts

Corticosteroids, inhaled
corticosteroids.
azithromycin, and
montelukast

COP 2–12 m Cough, dyspnea, fever, crackles Restrictive lung
disease:
reduced
TLC and
↓DLCO

Granular plugs of bronchioles extending into alveoli
with interstitial inflammation and fibrosis

Corticosteroids, macrolides

Pulmonary
VOD

Dyspnea, pulmonary arterial
hypertension with normal
pulmonary occlusion pressure

Rare but fatal
disease

Post-capillary pulmonary venular obstruction
resulting in pulmonary vascular congestion

Usually not effective
Corticosteroids
Heparin
Defibreotide

TA-TMA Usually within
3 m

Microangiopathic hemolytic
anemia, thrombocytopenia,
proteinuria, hypertension

Schistocytes on
blood smear
↑LDH
↑Blood sC5b-9

Endothelial injury with microthrombi, capillary flow
obstruction due to fibrin-related aggregates, and
platelet and leukocyte adhesion.

Cessation of offending
agent
Eculizumab
Rituximab
November 2021 |
IPS, idiopathic pneumonia syndrome; PERDS, peri-engraftment respiratory distress syndrome; DAH, diffuse alveolar hemorrhage; BOS, bronchiolitis obliterans; COP, cryptogenic
organizing pneumonia; VOD, veno-occlusive disease; TA-TMA, transplant associated thrombotic microangiopathy; TNF, tumor necrosis factor; TXA, tranexamic acid; BAL,
bronchoalveolar lavage; TLC, total lung capacity; FEV1, forced expiratory volume in one second; FVC, forced vital capacity; DLCO, diffusion lung capacity for carbon monoxide; d,
day; m, months; ↑, increased.
Volume 11 | Article 772411

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Elbahlawan et al. Diagnosis of Pulmonary Complications in Children Post-HCT
other lung biopsy approaches, SLB usually provides better tissue
samples, as tissue sampling is done under direct visualization.
Recent reports show a relatively high diagnostic yield that ranges
from 71 to 100% in children post-HCT (Table 3). In particular,
lung biopsy is superior to BAL in diagnosing non-infectious
etiologies such as COP and BOS. Infectious etiology is identified
in 15–58% of pediatric HCT patients with this procedure. In fact,
many infectious etiologies can be diagnosed and identified solely
by the BAL without the need for lung biopsy, which may explain
the lower infectious yield. In most instances (>70% of cases),
lung biopsy leads to change in therapy and often involves adding
immunosuppressive therapy. Children often require chest tube
placement for a brief period post-operatively. Other uncommon
complications that can occur in the context of lung biopsy
include prolonged air leak, hemothorax, and splenic injury.

Percutaneous Lung Biopsy
Percutaneous lung biopsy is another approach to retrieve a lung
tissue sample for examination. It can be performed by ultrasound
if the lesion or abnormality is in the lung periphery or by CT
guidance. Recently, Cleveland et al. reported the largest cohort of
68 immunocompromised pediatric patients (50 HCT) who
underwent 73 percutaneous lung biopsies (48). Percutaneous
lung biopsy was performed under either CT guidance (37%) or
US guidance (56%) or both (7%), mostly for lesions that are
pleural spaced (84%). Lesions were non-malignant in 48% of
cases (total diagnostic yield of 60% including malignancy
diagnosis). Major complications such as pneumothorax,
Frontiers in Oncology | www.frontiersin.org 7252
pulmonary hemorrhage, and death occurred in 10% of
patients. Complication rates were lower in the US-guided vs
CT guided biopsy approach, which can be attributed to the fact
that the biopsy of deeper parenchymal lesions was done only by
CT guidance.

Transbronchial Lung Biopsy
The utility of transbronchial lung biopsy (TBLB) is questionable
secondary to the low diagnostic yield and increased risk of
complications compared to bronchoscopy (49). In a large
cohort of 130 adults post-HCT, transbronchial biopsy yield
was <50% and <5% for infectious diagnostic yield. In addition,
TBLB had a 3× higher risk of complications compared to BAL
alone and did not lead to therapy modification. Transbronchial
biopsies are performed less often in the pediatric HCT
population as they render increased risk without a clear benefit.
BAL VERSUS LUNG BIOPSY

Approximately 35% of pediatric HCT patients undergo BAL, and
less often lung biopsy (8%) (34). Which procedure gives the most
helpful diagnostic information with the lowest complication rate
remains to be answered. Many studies have compared both
procedures in immunocompromised children but found no
consensus on the superiority of one procedure (30, 50). In a
study that compared BAL to lung biopsy in a pediatric cohort
post-HCT, the diagnostic yield of BAL was 40% compared to
TABLE 2 | Summary of studies evaluating BAL in children post-HCT with pulmonary complications.

Study Patients (N) Yield Diagnosis Complications

Ben-Ari et al (2001) (29) 52
Pediatrics

31%
Therapy change: 34%

Bacterial: 22%
Viral: 67%
Fungal: 22%

1%
Pulmonary hemorrhage

Eikenberry et al. (2005) (4) 90
Pediatrics

46% Fungal: 15% ND

Armenian et al. (2007) (30) 32
Pediatrics

50% Viral>Fungal>Bacterial Hemothorax: 3%

Kasow et al. (2007) (31) 89
Pediatrics

67% Bacterial: 87%
Viral: 23%
Fungal: 11%

17%
Hypoxia: 9%

Efrati et al. (2007) (32) 58(18 HCT)
Pediatrics

53%
Therapy change: 39%

Bacterial: 42%
Viral: 36%
Fungal: 6%

31%
Transient hypoxia: 18%
Mild bleeding: 6%

Forslow et al. (2010) (33) 57
Adult/Pediatrics

63%
Therapy change: 47%

Bacterial: 24%
Viral: 53%
Fungal: 23%

Transient hypoxia: 9%

Qualter et al. (2014) (34) 65
Pediatrics

40% Bacterial: 23%
Viral: 14%
Fungal: 12%

None

Nadimpalli et al. (2017) (35) 123 (75 HCT)
Pediatrics

31%
(HCT: 41%)
Therapy change: 68%

Bacterial: 29%
Viral: 28%
Fungal: 36%

ND

Tang et al. (2018) (36) 130
Adult/Pediatrics

58%
Therapy change: 61%

Bacterial: 38%
Viral: 70%
Fungal: 48%

ND

Eroglu-Ertugru et al. (2020) (37) 26
Pediatrics

54%
Therapy change: 46%

Bacterial: 36%
Viral: 50%
Fungal: 21%

22%
Mild/transient hypoxia: 20%
November 2021 |
Includes studies with >10 patients from 2000 to 2020.
HCT, hematopoietic cell transplant; ND, not described.
Volume 11 | Article 772411

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Elbahlawan et al. Diagnosis of Pulmonary Complications in Children Post-HCT
94% with lung biopsy. The median days of intubation was 8.5
days in the BAL group compared to 4 days in the lung biopsy
group (34). A meta-analysis of 95 studies in cancer and HCT
patients (both adult and children) compared the efficacy and
complications of BAL vs lung biopsy. Non-infectious etiology
was diagnosed in lung biopsy more often than BAL; however, the
rate of complication was higher in the lung biopsy group
compared to the BAL group (0.15 vs 0.008) (51).

The decision of which procedure to choose depends on the
situation and often requires a multidisciplinary team discussion
among transplant, infectious, pulmonary, surgical, radiology, and
ICU teams. If an infection or DAH is suspected, BAL is often the
initial diagnostic approach. However, in some instances, even with
the detection of a pathogen on BAL and giving appropriate
treatment, respiratory status may not normalize. In these
situations, multifactorial etiologies may be present and lung
biopsy can likely establish other diagnosis. In addition, SLB
should be the initial diagnostic tool when COP, BOS,
pulmonary fibrosis, and/or treatment toxicity are suspected.

CONCLUSION

Diagnosis of pulmonary complication post-HCT is complex and
often requires a multidisciplinary approach. Initial diagnostic
imaging may suggest the etiology of the pulmonary process.
However, in many instances, further diagnostic testing such as
Frontiers in Oncology | www.frontiersin.org 8253
BAL or lung biopsy is needed. BAL is useful for diagnosis of
infectious pulmonary complications; however, lung biopsy is
superior for diagnosis of non-infectious pulmonary
complications. Benefits and risks of these procedures should be
considered thoroughly, but an early decision aids in early
identification and treatment of the pulmonary process and
prevents further lung damage.
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TABLE 3 | Summary of studies evaluating lung biopsy in children post-HCT with pulmonary complications.

Study Patients (N) Type of LB Yield Diagnosis Complications

Hayes-Jordan et al. (2002)
(42)

19
Pediatrics

100%
Therapy change:
89%

Infectious: 32%
Non-infectious: 68%

Prolonged intubation: 37%
Persistent Pneumothorax: 10%

Wang et al. (2004) (43) 35
Adult/
Pediatrics

100%
Therapy change:
63%

Infectious: 34%
Non-infectious: 66%

8%
Death: 3%

Gassas et al. (2013) (44) 48(59 LB)
Pediatrics

OLB: 60%
TT: 19%
Percutanous: 21%

81%
Therapy change:
42%

Infectious: 15%
Non-infectious: 58%

No major complications

Qualter et al. (2014) (34) 16 (19 LB)
Pediatrics

OLB: 16%
VATS: 42%
CT guided: 42%

94% Infection: 58%
Fibrosis: 21%
GVHD: 16%

ChT: 42%
Hemorrhage: 5%

Uhlving et al (2015) (45) 44
Adult/
Pediatrics

OLB: 34
TBLB: 10

NA BOS: 23 (52% fulfilled BOS criteria
before biopsy)
Other non-infectious: 21

Pneumothorax: 22% (only 1 patient
required drainage)
Infection at incision: 17.6%
Minor bleeding: 2.9%

Ortega-Laureano et al.
(2018) (46)

29
Pediatrics

OLB
TT (76%)

96%
Therapy change:
86%

COP: 27%
Infectious: 24%
DAH: 21%

ChT: 86%
Bronchopleural fistula: 7%
Splenic injury: 7%
Hemothorax: 3%

Dieffenbach et al. (2019)
(47)

48
Pediatrics

OLB
TT

71%
Therapy change:
79%

BOS/GVHD: 19%
Other non-infectious: 17%
Infectious: 23%

ChT>7d: 25%
Hemothorax: 12.5%
Splenic injury: 12.5%

Cleveland et al. (2020) (48) 68(50 HCT)
Pediatrics

CT guided: 37%
US guided: 56%
Combined (CT+US):
7%

60% Infectious: 81% 30%
Major complications: 10%
Pneumothorax/Hemoptysis/Death
Novembe
Studies included having >10 patients from 2000 to 2020.
BOS, bronchiolitis obliterans; COP, cryptogenic organizing pneumonia; GVHD, graft versus host disease; ChT, chest tube; OLB, open lung biopsy; VATS, video-assisted thoracoscopic
surgery; TBLB, transbronchial lung biopsy; TT, transthoracoscopic; US, ultrasound; CT, computed tomography.
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The use of flexible bronchoscopy (FB) with bronchoalveolar lavage (BAL) to diagnose and
manage pulmonary complications has been shown to be safe in adult cancer patients, but
whether its use is safe in pediatric cancer patients remains unclear. Thus, to describe the
landscape of FB outcomes in pediatric cancer patients and to help define the populations
most likely to benefit from the procedure, we undertook a retrospective review of FBs
performed in patients younger than 21 years treated at our institution from 2002 to 2017.
We found that a greater volume of total fluid instilled during BAL was significantly
associated with increased probabilities of positive BAL culture (p=0.042), positive
bacterial BAL culture (p=0.037), and positive viral BAL culture (p=0.0496). In more than
half of the FB cases, findings resulted in alterations in antimicrobial treatment. Our study
suggests that for pediatric cancer patients, FB is safe, likely provides diagnostic and/or
therapeutic benefits, and has implications for treatment decisions.

Keywords: bronchoscopy, BAL, pediatric oncology, pediatric critical care, pediatric cancer
INTRODUCTION

Pulmonary complications are common events that result in significant morbidity and mortality for
cancer patients of all ages (1–4). The presence of pulmonary infiltrates in cancer patients presents a
diagnostic dilemma. The differential diagnosis includes malignant disease, inflammatory response,
and infectious disease, the last of which could have a bacterial, viral, or fungal etiology. Noninvasive
imaging is of limited utility in differentiating among these diagnoses. Thus, clinicians must often
choose among invasive procedures, including flexible bronchoscopy (FB) with bronchoalveolar
lavage (BAL), endobronchial ultrasound (EBUS) (5), radial EBUS, robotic bronchoscopy and
computed tomography (CT) guided navigation (6), needle aspiration, and open lung biopsy, to
yield a diagnosis. Of these options, FB with BAL is uniquely useful as a diagnostic and therapeutic
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lung examination procedure. Moreover, the BAL fluid obtained
during FB provides a sample of the alveolar microenvironment,
reflecting the greater respiratory system. This fluid may yield
microbes such as bacteria, inflammatory cells such as
macrophages, or malignant cells such as leukemic cells, which,
if diagnostic, can guide the management of cancer patients with
pulmonary infiltrates (7, 8).

In the present study, our primary objective was to describe the
diagnostic yield of FB with BAL in pediatric (9) cancer patients.
Our secondary objectives were to identify patient demographics
that influence the diagnostic yield; determine the safety of FB and
describe its short-, medium-, and long-term outcomes; and
describe the rate of patients in whom FB results changed
clinical management.
METHODS

Patients
We conducted a retrospective chart review of all cancer patients
younger than 21 years who underwent FB at MD Anderson from
2002 to 2017. Patients were identified from a database obtained
from an electronic medical record query for FBs performed on
pediatric patients by different physicians. We obtained discrete
data, including cancer diagnosis; age; sex; laboratory values;
diagnostic imaging data; pathology and microbiology results;
lung biopsy results; antimicrobial treatment at the time of FB and
after FB; noninvasive and/or mechanical ventilation data;
indication for FB; location of FB; type of airway device or
equipment used during bronchoscopy if indicated; specialty of
the physician performing FB; number of BALs; volume of BAL
fluid instilled; BAL return yield; lung segment and laterality of
BAL; complications of FB; type and timing of HSCT; duration of
hospitalization and intensive care unit (ICU) stay; and mortality.
Patients received platelet transfusions prior to BAL if the platelet
count was < 50 K/µL. Patients with a history refractory
thrombocytopenia received a platelet transfusion at the time of
the FB. If bleeding occurred during FB, patients were given
additional platelet transfusions as clinically appropriate. Clotting
parameters were requested only for patients with bleeding
tendencies prior to the FB.

Informed Consent and Data Security
MD Anderson’s Institutional Review Board approved the study
and waived the requirement for informed consent. Protected
health information was initially collected, but names and medical
record numbers were replaced with study numbers in the
analytical file and were not published nor part of the aggregate
data. Procedure and treatment dates were retained for analysis.

Information was retained on a password-protected network
server. Protocol-specific study numbers were created for each
study participant, and collected data were maintained in a secure
password-protected database located on a departmental network
server housed behind MD Anderson’s firewall. Complete
confidentiality was maintained throughout the study and the
preparation and submission of the manuscript.
Frontiers in Oncology | www.frontiersin.org 2257
Statistical Analysis
Patient demographics and clinical characteristics were described
and analyzed using means and medians for continuous variables
and percentages for categorical variables.

Baseline variables were summarized as means with standard
deviations or as frequencies with percentages. Rates of overall
survival (calculated from the time of FB) at 3, 28 and 180 days
were analyzed using the Kaplan-Meier method (10).

Binary outcomes were modeled by mixed effect logistic
regression with relation to each continuous or discrete
covariate, with a subject block to control for repeated
measures. Continuous outcomes were modeled by mixed-effect
linear regression with relation to each continuous or discrete
covariate. Where appropriate, these linear models were replaced
with generalized additive mixed-effect models with penalized
splines accommodating nonlinear relations between the outcome
and continuous covariates. Model-adjusted differences in
outcomes among levels of discrete covariates were estimated
with Tukey-adjusted contrasts.

Statistical analyses were performed using R statistical software
(11). All statistical tests were two-sided, with alpha=.05. Survival
modeling was performed using the “survival” package (12, 13).
Differences among discrete variable levels of covariates in the
linear and logistic models were estimated using the “emmeans”
package; this analysis included adjusted means weighted
proportionally to the covariate marginal frequencies. Catseye
plots were produced using the “catseyes” package (14–16).
RESULTS

FB Characteristics
Patient demographics are summarized in Table 1. FB
characteristics are summarized in Table 2. During the 16-year
study period, 198 pediatric cancer patients underwent a total of 264
fiberoptic FBs (range, 1-6 FBs per patient). The mean patient age at
the time of FB was 15.5 ± 5.2 years (range: 1.6-21.0 years). The
most common indication for FB was BAL, in 196 (99.0%) patients.

The most common underlying oncologic diagnoses were
acute lymphoblastic leukemia in 61 (30.8%) patients, acute
myelogenous leukemia in 54 (27.3%) patients, and Hodgkin
lymphoma in 30 (15.2%) patients. Of the 198 patients included
in the study, 75 (37.9%) underwent at least one HSCT.

At least one empiric antimicrobial treatment was initiated before
FB in 233 (88.3%) cases. Ninety-five (36.0%) FBs were performed in
patients who had acute respiratory failure and were on mechanical
ventilation. Thirty-eight (14.4%) FBs were performed in patients
who had acute respiratory failure and were on invasive mechanical
ventilation with a positive end-expiratory pressure (PEEP) ≥10
cmH20 and a fraction of inspired oxygen (FiO2) ≥0.5.

Complications
FB-related complications occurred in 26 (9.8%) cases. In 10
(3.8%) cases, FB-related complications occurred in patients who
had acute respiratory failure and were on invasive mechanical
ventilation; in 4 (1.5%) cases, the patients had complications
December 2021 | Volume 11 | Article 770523
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while receiving ventilation with a PEEP ≥ 10 cmH20 and a FiO2 ≥
0.5. Major complications including hypoxia, tachycardia,
hypotension and altered mental status occurred in 10 patients
(3.8%). Minor complications included transient hypoxia and/or
bronchospasm, bleeding and other occurred in 16 patients (6%)
(Table 3). The most common major complication was hypoxia
in 6 cases (2.3%), requiring ICU admission for non-invasive or
invasive mechanical ventilation, with one (0.4%) patient
Frontiers in Oncology | www.frontiersin.org 3258
requiring hospital transfer for inhaled nitric oxide. The most
common minor complication was self limited bleeding in 5
(1.9%) cases with one patient (0.4%) requiring instillation of
epinephrine. No associated mortality occurred as a result of FB.

Clinical Data
Clinical data are summarized in Table 4. These are categorized as
respiratory function, which details mean ventilator settings and
mean PaO2/FiO2 ratio, and bone marrow function, which details
mean results of Complete Blood Count (CBC) with differential
laboratory data

Bronchoscopy Results
Bronchoscopy results are summarized in Table 5. FB yielded a
specific diagnosis in 162 (61.4%) cases. In 4 (1.5%) cases, FB
yielded a diagnosis of malignancy consistent with the patient’s
underlying disease, including leukemia in 2 (0.8%) cases and
metastatic osteosarcoma in 2 (0.8%) cases.

In 64 (24.2%) FB cases, diffuse alveolar hemorrhage, defined
as greater than 20% hemosiderin-laden macrophages present in
BAL fluid, was present. Fourteen BALs returned fluid described
as bloody.

The most common organisms retrieved from BAL are described
in Table 6. In 157 (59.5%) FB cases, BAL yielded positive cultures
with single pathogens, including 35 (13.3%) cultures with bacteria,
32 (12.1%) cultures with viruses, 37 (14.0%) cultures with fungi, 3
(1.1%) cultures with PJP, 3 (1.1%) cultures with acid-fast bacilli, and
38 (14.4%) cultures with multiple pathogens. In 6 (2.3%) FB cases, a
culture was not obtained.

Biopsy
Lung biopsy, which was performed in 20 (7.6%) FB cases, yielded
a variety of diagnoses, including 1 (0.4%) case of bronchiolitis
obliterans organizing pneumonia, 1 (0.4%) case of metastatic
high-grade osteosarcoma, 1 (0.4%) case of reactive pneumonitis,
and 1 (0.4%) case of granulomatous inflammation with
extensive necrosis.

Clinical Management
The clinical management was altered after FB in 161 of 233 cases
(69.1%) of patients receiving empiric antimicrobial therapy. In
63 (27%) cases, antimicrobial therapy was narrowed, and in 98
(42.1%) cases, antimicrobial therapy was expanded.
TABLE 2 | Flexible bronchoscopy (FB) characteristics.

Characteristic No. of FBs (%), *n = 264

Indication for FB
BAL 245 (92.8)
Atelectasis 3 (1.1)
ETT position 1 (0.4)
Bronchial washing 1 (0.4)
Hypercapnia 3 (1.1)
Airway obstruction 1 (0.4)
Diagnostics 8 (3.0)
BAL + transbronchial biopsy 2 (0.8)

Bronchoscope insertion route
Oro/nasopharynx 105 (39.8)
LMA 35 (13.3)
ETT 113 (42.8)
Tracheostomy 11 (4.2)

Mean patient ± SD, BAL volume (mL)
Children (1-11 years) 46 ± 28
Adolescents (12-21 years) 76 ± 32

Antimicrobial treatment
Empiric antimicrobial treatment 233 (88.3)
Gram-positive antibacterial treatment 173 (65.5)
Gram-negative antibacterial treatment 193 (73.1)
Atypical antibacterial treatment 82 (31.1)
Anaerobic antibacterial treatment 19 (7.2)
Antiviral treatment 107 (40.5)
Antifungal treatment 180 (68.1)
PJP treatment 69 (26.1)

Acute respiratory failure 95 (36.0)
BAL, bronchoalveolar lavage; LMA, laryngeal mask airway; ETT, endotracheal tube; mL,
milliliters; PJP, Pneumocystis jirovecii.
*Unless otherwise noted.
TABLE 1 | Patient demographics.

Characteristic No. of patients (%), *n = 198

Mean patient age ± SD, years 15 ± 5.2
Female patients 85 (42.9)
Oncologic diagnosis
ALL 61 (30.8)
AML 54 (27.3)
Hodgkin lymphoma 30 (15.1)
Other diagnosis 53 (26.8)

Transplant status
Non-transplant 123 (62.1)
HSCT 75 (37.9)

Autologous 10
Allogeneic cord 30
Allogeneic related-donor 12
Allogeneic unrelated-donor 19
Haploidentical 4
SD, standard deviation; ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia;
HSCT, hematopoietic stem cell transplantation.
*Unless otherwise noted.
TABLE 3 | Complications.

Characteristic Children
(1-11 years)

Adolescents
(12-21 years)

(n) (n)

Major complications
Hypoxia 4 4
Tachycardia 1
Hypotension 1
Altered mental status 2

Minor complications
Transient hypoxia 1 2
Hypoxia and Bronchospasm 3
Bleeding 6
Other 2
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Outcomes
The mean duration of ICU stay was 17.4 ± 23.0 days, and the
mean duration of hospitalization was 30.20 ± 31.50 days. The 3,
28 and 180 day overall survival rates were 99.0%, 86.4%, and
60.1%, respectively (Figure 1).

Factors Associated With BAL Findings
Increased total fluid instilled during BAL (in mL) was
significantly associated with increased probabilities of positive
Frontiers in Oncology | www.frontiersin.org 4259
BAL culture (p=0.042, odds ratio [OR]=1.01, 95% confidence
interval [CI]=1.00-1.01), positive bacterial BAL culture (p=0.037,
OR=1.01, 95% CI=1.01-1.02), and positive viral BAL culture
(p=0.0496, OR=1.02, 95% CI=1.01-1.02) (Figures 2A–C) but not
positive fungal BAL culture (p=0.38, OR=1.01, 95%
CI=1.00-1.01).

There was a trend for older age to be associated with an
increased probability of positive BAL culture (p=0.062, OR=1.05,
95% CI=1.02-1.08). Older age was significantly associated with
an increased probability of positive BAL culture with multiple
organisms (p=0.013, OR=1.15, 95% CI=1.09-1.22) and with a
higher volume of total fluid instilled during BAL (p<0.0001,
slope=2.38, 95% CI=1.39-3.36) (Figure 3). Our study findings
did not demonstrate however a correlation between higher
positive cultures for any organism from 0-7 days vs. 7-14 days
and for subsets for, viral or fungal cultures with days of
antibiotics and time of FB (Figure 4).

A history of HSCT was significantly associated with an
increased probability of positive viral BAL culture (p=0.019,
OR=16.84, 95% CI=1.59-178). Among patients with a history
of HSCT, those who had received allogeneic unrelated-donor
HSCT were the most likely to have a positive viral culture.
Patients with a history of autologous HSCT had no positive viral
BAL cultures. Longer post-HSCT duration was significantly
associated with increased probabilities of positive BAL culture
(p=0.017, OR=1.35, 95% CI=1.19-1.53) and positive BAL culture
with multiple organisms (p=0.031, OR=1.62, 95% CI=1.3-
2.02) (Figure 5).

An ALC <24 cells/mL was significantly associated with a
longer duration of antimicrobial therapy prior to BAL (p=0.007,
ratio=1.65, 95% CI=1.15-2.35). There was a trend for a lower
ANC to be associated with an increased probability of positive
fungal BAL culture (p=0.07, OR=0.74, 95% CI=0.62-0.87). There
was also a trend for a lower AMC to be associated with an
increased probability of positive fungal BAL culture (p=0.055,
nonlinear estimated degrees of freedom=1.98).
DISCUSSION

In the current study, we describe the utility of FB with BAL
among 196 pediatric cancer patients. In this, single-center
review, we found that an increased total fluid volume instilled
during BAL was significantly associated with increased
probabilities of positive BAL culture, positive bacterial BAL
culture, and positive viral BAL culture in pediatric cancer
patients. Furthermore, we found that older patients were more
likely to receive a large BAL instillation volume and thus had
increased probabilities of a positive BAL culture and a positive
BAL culture with multiple organisms. Consensus on fluid
instillation, acquisition and processing in children was lacking
prior to Ratjen’s (17) and Riedler’s studies (18). In 2000, The
European Respiratory Society Task Force on bronchoalveolar
lavage in children described a variety of protocols for BAL fluid
instillation in pediatric patients (19). One approach is to instill 3
mL/kg divided into three equal aliquots for children weighing
TABLE 4 | Clinical data.

Variable Mean ± SD*

Respiratory function
SpO2, %, n=93 97.10 ± 2.60
Blood gas results

PaO2, mmHg, n=82 128.30 ± 70.30
PaCO2, mmHg, n=90 44.80 ± 10.20

Ventilator settings
PIP, cmH2O, n=54 28.4 ± 7.00
PEEP, cmH2O, n=84 9.6 ± 2.50
FiO2, n=93 0.61 ± 0.23
P/F ratio, n=82 224.50 ± 115.0
S/F ratio, n=88 181.90 ± 66.70

Bone marrow function
WBC count, leukocytes/mL, n=263 6,000 ± 9,100
ANC, neutrophils/mL, n=210 5,000 ± 6,900
AMC, monocytes/mL, n=197 800 ± 2,300
ALC, lymphocytes/mL, n=206 900 ± 1,700
Hemoglobin level, g/dL, n=260 9.5 ± 1.5
Platelet count, K/µL 102.8 ± 114.5
No. of FBs in patients with leukopenia (%)

Mild neutropenia (ANC <1500/mL) 63 (23.9)
Severe neutropenia (ANC <500/mL) 34 (12.9)
Monocytopenia (AMC <100/mL) 43 (16.3)
SD, standard deviation; SpO2, blood oxygen saturation; PaO2, arterial blood partial
pressure of oxygen; PaCO2, arterial blood partial pressure of carbon dioxide; PIP, peak
inspiratory pressure; PEEP, positive end-expiratory pressure; FiO2, fraction of inspired
oxygen; P/F ratio, measured partial pressure of oxygen in blood to fraction of inspired
oxygen; S/F ratio, blood oxygen saturation to fraction of inspired oxygen; WBC, white
blood cell; ANC, absolute neutrophil count; AMC, absolute monocyte count; ALC,
absolute lymphocyte count; FB, flexible bronchoscopy.
*Unless otherwise noted.
TABLE 5 | Bronchoscopy results.

Result No. of FBs (%),
n = 264

Malignant disease 4 (1.5)
Leukemia 2 (0.8)
Osteosarcoma 2 (0.8)

DAH 64 (24.2)
Lung biopsy 20 (7.6)
BOOP 1 (0.4)
Metastatic high-grade osteosarcoma 1 (0.4)
Reactive pneumonitis 1 (0.4)
Granulomatous inflammation with extensive necrosis 1 (0.4)

Clinical management altered after FB 161 (61.0)
Narrowed 63 (23.9)
Expanded 98 (37.1)
FB, flexible bronchoscopy; DAH, diffuse alveolar hemorrhage; BOOP, bronchiolitis
obliterans organizing pneumonia.
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less than 20 kg and to instill 3 mL/kg in 20-mL portions for
children weighing more than 20 kg (18, 20). Another approach is
to adjust the BAL instillation volume according to the child’s
Frontiers in Oncology | www.frontiersin.org 5260
functional residual capacity (21). Others use the method applied
in adults, which is to instill 2-4 aliquots of the same volume
(generally 10-20 mL), regardless of the patient’s body weight and
age (22, 23). In our study, children had BAL with 3mL/kg in 10-
20mL aliquots while adolescents had 2-5 aliquots of the same
volume (20 mL) following best practice guidelines as referenced.

We also found a trend for both neutropenia and
monocytopenia to be associated with an increased probability
of positive fungal BAL culture. This is consistent with the
findings of a prospective multicenter study by Villarroel et al.,
who found that an ANC ≤500 neutrophils/mL and AMC ≤100
monocytes/mL were each independently associated with an
increased probability of invasive fungal disease (24).

In addition, we also found that the type of HSCT was
associated with the probability of a positive BAL viral culture;
among HSCT patients, those who underwent allogeneic
unrelated-donor HSCT were the most likely to have a positive
culture. This association could be explained in part by the
myeloablative conditioning regimens patients receive in
preparation for HSCT, whereas the predominance of allogeneic
transplants may be explained by the use of immunomodulators
to prevent graft-versus-host disease, each resulting in a relatively
greater degree of immunosuppression (25). Our study also
showed that longer post-HSCT duration was significantly
associated with increased probabilities of both positive BAL
culture and positive BAL culture with multiple organisms. This
may be explained by the fact that after engraftment, B-cell and
CD4 T-cell recover slowly; however, HSCT patients are still at
risk for viral and fungal infections as well as infections caused by
encapsulated bacteria (26). In addition, our findings support
those of prior studies showing that BAL results influence
treatment decisions (1, 27). Antimicrobial treatment was
altered after more than half (69.1%) of the FB cases in the
present study, with treatment narrowed in 27% of cases and
treatment expanded in 42.1% of cases. In the cases where
antibiotics were expanded, the most common class switch were
done in patients with positive BAL cultures, worsening
respiratory symptomatology or as a result of overall clinical
deter iorat ion. These inc luded class switches from
cephalosporins to carbapenems, addition of gram-positive
coverage, anaerobic, antiviral, PJP and or atypical organisms’
coverage respectively. In cases where antibiotics were narrowed,
TABLE 6 | Most common organisms retrieved from bronchoalveolar lavage samples.

Gram-positive Gram-negative Virus Fungus AFB

Staphylococcus epidermidis Stenotrophomonas maltophilia Parainfluenza 3 Candida albicans Mycobacterium kansaii
Staphylococcus aureus Pseudomonas aeruginosa CMV Candida parapsilosis Mycobacterium avium
Streptococcus pneumoniae Klebsiella sp. (MDR) RSV Candida guillermondi Mycobacterium gordonae

Haemophilus sp. HHV6 Candida glabrata
Proteus mirabilis Adenovirus Aspergillus terreus

Influenza A Aspergillus niger
Rhinovirus Pneumocystis jirovecii
HSV Scopulariopsis

Rhizopus sp.
Cylindrocarpon
Curvularia dermatiaceous
Malbranchea sp.
December 2021 | Vo
AFB, acid-fast bacillus; CMV, cytomegalovirus; MDR, multi-drug resistant; RSV, respiratory syncytial virus; HHV6, human herpes virus 6; HSV, herpes simplex virus.
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FIGURE 1 | Survival of pediatric and AYA patients undergoing FB. (A) 3 day
survival. (B) 28-day survival. (C) 180 day survival. Solid lines indicate the
Kaplan-Meier survival curve, while dashed lines indicate 95% confidence intervals.
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the most common class switches were from carbapenems to
cephalosporins or as a result of de-escalation of antiviral, PJP,
antifungal coverage for patients with negative cultures, improved
clinical condition or recommendation from the infectious disease
consultant. Although we did not report sensitivities in the study,
the data we report reflects subset of oncology and stem cell
transplant patients who developed infections following standard
prophylaxis strategies. While antimicrobial prophylaxis and
therapies against bacterial, viral and fungal infections have
improved over time, pediatric cancer and stem cell transplant
Frontiers in Oncology | www.frontiersin.org 6261
patients, and perhaps, those in particular with lower respiratory
tract infections may not exhibit robust responses to anti-
microbial therapies in the absence of host immune defense
systems (26, 28, 29).

Our findings did not demonstrate a relationship between
timing of FB and diagnostic yield for infectious pathogens or
between timing of FB and FB complications. This may be due to
the fact that in 88.3% FBs, our subjects were receiving empiric
antibiotics at the time of the FB. This is contrary to others
findings, which found that as the duration of empiric
antimicrobials increased, the BAL yield for positive cultures
decreased (30–35).

The complication rate of FB in our study was 9.8%, with the
most common complication being hypoxia (5.3%). This
A

B

C

FIGURE 2 | Impact of total fluid instilled during BAL on culture results. (A)
Probability of positive BAL culture. (B) Probability of positive bacterial BAL
culture. (C) Probability of positive viral BAL culture. Regression curves are
shown as solid lines, bounded by shaded 95% confidence intervals.
Scatterplots show raw patient measures, jittered slightly for clarity.
A

B

C

FIGURE 3 | Impact of age on BAL. (A) Total fluid instilled during BAL. (B)
Probability of positive BAL culture. (C) Probability of positive BAL culture with
multiple organisms. Regression curves are shown as solid lines, bounded by
shaded 95% confidence intervals. Scatterplots show raw patient measures,
jittered slightly for clarity in the probability plots.
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complication rate is lower than that described by Efrati et al.
(30.6%) (36), but higher than in other studies (7, 37). A proposed
pathophysiologic mechanism is that as the pathologic process
involving the lung evolves, the parenchyma may become more
inflamed, thereby increasing the propensity for complications
such as bleeding and pneumothorax (31, 32).

Furthermore, in our study, the 3-day survival rate (99.0%)
was higher than the 28-day and 180 day survival rates (86.4% and
60.1%, respectively), which suggests that patients were more
likely to die from their disease than from complications related
to FB.

Prior studies have also shown that FB with BAL is useful in
the evaluation of pulmonary infiltrates in pediatric cancer
patients. In a prospective trial of 14 pediatric patients with
histories as varied as lymphoid and solid organ malignancies,
solid organ transplant, and systemic lupus erythematosus,
Pattishall et al. found that FB had a diagnostic yield of 71%,
with the most common organisms being PJP, cytomegalovirus
Frontiers in Oncology | www.frontiersin.org 7262
(CMV), Candida, and Aspergillus (27). In a retrospective
analysis, Efrati et al. compared a cohort of children with
cancer or primary immune deficiency (85% of whom
previously received broad-spectrum antibiotics) with a control
cohort of patients without a malignant diagnosis who underwent
FB with BAL during the same period. A diagnosis was obtained
in more than 80% of patients in both groups, and a definitive
organism was detected in 53% of the patients in the cancer
cohort and 18% of the patients in the control group, resulting in
treatment alteration rates of 33% and 21%, respectively.
Approximately 30% of the patients in the cancer cohort
experienced complications, most of which were related to
minor desaturations, whereas only 15% of the patients in the
control group experienced complications. One cancer patient
required mechanical ventilation following the procedure (36). In
another retrospective study of FB with BAL in 33 patients with
leukemia and pulmonary infiltrates, tracheobronchitis was
identified in 51% of patients, endobronchial hypersecretion in
A

B

C

D

FIGURE 4 | Impact of days of antibiotics and positive BAL cultures. (A) Probability of positive BAL culture. (B) Probability of positive BAL bacterial culture.
(C) Probability of positive viral BAL culture. (D) Probability of positive fungal BAL culture. Regression curves are shown as solid lines, bounded by shaded 95%
confidence intervals. Scatterplots show raw patient measures, jittered slightly for clarity in the probability plots.
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18%, and pulmonary hemorrhage in 21%. BAL cultures were
positive in 63% of patients, revealing Candida in 39% of patients
and Aspergillus in 9% of patients. There was a trend for early
bronchoscopy to be associated with improved overall survival
(35). In a recent review of 64 children diagnosed with leukemia,
FB with BAL revealed that 56% of patients had positive
microbiology results, including bacterial, viral, and fungal
infections. Antimicrobial coverage was changed in more than
83% of patients. Approximately 38% of patients who underwent
BAL had complications, the most common of which was hypoxia
Frontiers in Oncology | www.frontiersin.org 8263
(38). Prior studies report changes in antimicrobial management
after BAL (37–39) but won’t comment on prognosis and survival
except for three studies in which positive and negative BAL
results prompted antimicrobial changes (1, 40) but failed to show
improvement in survival (36). Most of these studies, whose
numbers of pediatric cancer patients ranged from 14 to 117,
were relatively small compared to adult cohort studies (1, 35,
37, 41).

Our study had limitations. First, because this study was an
exploratory, retrospective, single-center review, its findings may
reflect technical aspects of the performance of FB and/or
laboratory analysis that are unique to our institution. Second,
while the data obtained via FB led to alteration of antimicrobial
management in most cases, it is not clear whether those
alterations impacted patient outcomes. The retrospective
design of our study did not allow for this analysis. Lastly, the
statistical analyses involved multiple testing of associations
among the many variables, and no adjustment was made for
multiple testing. A larger, multicenter prospective observational
trial would attenuate institutional clinical practice influences and
have the statistical power necessary to definitively show
significant associations.

While acknowledging these limitations, our study also has
several strengths. To our knowledge, this is the largest study of
BAL in the pediatric oncology and HSCT population and the
only BAL study in pediatric cancer patients that reports on total
fluid volume instillation having an impact on BAL culture
results. Additionally, our observations regarding BAL
instillation volume and BAL culture positivity may help inform
clinicians’ practice while performing the BAL procedure.
Furthermore, the fact that BAL results altered antimicrobial
treatment in more than half of the FB cases we observed also
informs clinicians of the diagnostic utility of BAL when
presented with pneumonias of unclear etiology in pediatric
oncology and HSCT patients.

In summary, our study suggests that in pediatric oncology
and HSCT patients, FB is safe, provides diagnostic and/or
therapeutic benefits, and has implications for treatment
decisions. Larger multicenter study evaluating the role of FB in
pediatric cancer patients may further elucidate its utility for
clinical care in this population.
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Introduction: Pediatric patients who undergo hematopoietic cell transplant (HCT) or
chimeric antigen receptor T-cell (CAR-T) therapy are at high risk for complications leading
to organ failure and the need for critical care resources. Extracorporeal membrane
oxygenation (ECMO) is a supportive modality that is used for cardiac and respiratory
failure refractory to conventional therapies. While the use of ECMO is increasing for
patients who receive HCT, candidacy for these patients remains controversial. We
therefore surveyed pediatric critical care and HCT providers across North America and
Europe to evaluate current provider opinions and decision-making and institutional
practices regarding ECMO use for patients treated with HCT or CAR-T.

Methods: An electronic twenty-eight question survey was distributed to pediatric critical
care and HCT providers practicing in North America (United States and Canada) and
Europe through the Pediatric Acute Lung Injury and Sepsis Investigators (PALISI) Network
and individual emails. Responses to the survey were recorded in a REDCap® database.

Results: Two-hundred and ten participants completed the survey. Of these, 159 (76%)
identified themselves as pediatric critical care physicians and 47 (22%) as pediatric HCT
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physicians or oncologists. The majority (99.5%) of survey respondents stated that they
would consider patients treated with HCT or CAR-T therapy as candidates for ECMO
support. However, pediatric critical care physicians identified more absolute and relative
contraindications for ECMO than non-pediatric critical care physicians. While only 0.5% of
respondents reported that they consider HCT as an absolute contraindication for ECMO,
6% of respondents stated that ECMO is contraindicated in HCT patients within their
institution and only 23% have an institutional protocol or policy to guide the evaluation for
ECMO candidacy of these patients. Almost half (49.1%) of respondents would accept a
survival to hospital discharge of 20-30% for pediatric HCT patients requiring ECMO as
adequate.

Conclusions: ECMO use for pediatric patients treated with HCT and CAR-T therapy is
generally acceptable amongst physicians. However, there are differences in the evaluation
and decision-making regarding ECMO candidacy amongst providers across medical
specialties and institutions. Therefore, multidisciplinary collaboration is an essential
component in establishing practice guidelines and advancing ECMO outcomes for
these patients.
Keywords: extracorporeal membrane oxyenation, extracorporeal life support (ECLS), hematopoeietic cell
transplant, chimeric antigen receptor T-cell (CAR-T) therapy, pediatric oncology, pediatric critical care, onco-
critical care
INTRODUCTION

Pediatric and young adult patients who receive hematopoietic cell
transplant (HCT) are at high risk for multi-organ dysfunction and
need for critical care support. Analyses of the Extracorporeal Life
Support Organization (ELSO) database from 1991-2012 show
dismal outcomes for pediatric HCT patients who require
extracorporeal membrane oxygenation (ECMO) support, with
only a 5-10% survival to hospital discharge (1–3). Given the poor
outcomes, ECMO use for pediatric HCT patients is controversial
and many consider HCT as a contraindication for ECMO (4–9).
However, the indications for ECMO have evolved since its
introduction in the 1980s with increasing use in septic shock,
trauma, and pulmonary hemorrhage, conditions which were once
considered contraindications. Additionally, significant
advancements in HCT conditioning regimens, infection control,
supportive care, mechanical ventilation, and ECMO technology
have led to improved outcomes for both HCT and ECMO patients
(10–14). Over the last decade, recognizing these advances and the
knowledge gained from the care of critically ill pediatric HCT
patients, some centers have reported successful ECMO use in a
certainHCTpatients (15–19).These reportshave led toa renewalof
interest and suggest improving outcomes for pediatric HCT
patients supported with ECMO. This is also supported by recent
reports that demonstrate improved survival of 26-50% for pediatric
HCT patients supported with ECMO since 2010 (20, 21).

Chimeric antigen receptor T-cell (CAR-T) therapy is a novel
treatment option, offering high chance of remission for a
historically incurable patient population, particularly those with
relapsed or refractory leukemia (22–25). However, CAR-T therapy
comes with the risk of severe acute complications due to systemic
2267
inflammatory responses (including cytokine release syndrome
[CRS], immune effector cell-associated neurotoxicity [ICANS],
and CAR-T associated hemophagocytic lymphohistiocytosis
[carHLH]), rapid tumor cell death, and infection, which can
lead to cardiac and/or respiratory failure (22, 26–29). While to
our knowledge, there has been no reports of ECMO for post CAR-
T therapy complications in pediatrics, Stoner, et al, reported a case
of successful veno-arterial ECMO use in a pediatric patient with
septic shock as a bridge to CAR-T (30).

Given the global improvements in the care of pediatric HCT
patients and increasing use of CAR-T therapy, we surveyed
providers across North America and Europe to evaluate the
current opinions and practice regarding ECMO use for pediatric
patients treated with HCT and CAR-T therapy. We also sought
to assess the contribution of various patient- and disease-related
factors to ECMO candidacy. Further, as providing care for
critically ill patients treated with HCT and CAR-T therapy
requires provider input across multiple disciplines, we aimed
to evaluate differences in decision-making between providers
across specialties in order to identify ways to improve ECMO
access for this vulnerable patient population.
MATERIALS AND METHODS

Survey Development
We formed a multidisciplinary committee consisting of seven
pediatric critical care physicians, including one extracorporeal life
support program director, and two bone marrow transplant/
cellular therapy physicians to develop a 28-question survey to
evaluate three major content areas: (1) physician and institutional
December 2021 | Volume 11 | Article 798236
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experience in caring for pediatric HCT and ECMO patients; (2)
provider opinions and institutional practices regarding the use of
ECMO support for pediatric HCT patients; and (3) provider
opinions and institutional practices regarding the use of ECMO
support for pediatric CAR-T patients (Supplemental Figure 1).
The survey was distributed to a pilot group of pediatric critical care
and HCT providers for review and revised according to feedback
prior to study initiation (31).

Survey Distribution and Data Collection
The survey was distributed electronically to pediatric critical
care, pediatric bone marrow transplant and cellular therapy, and
pediatric oncology physicians at institutions across North
America and Europe. Included institutions were identified by
the authors as centers providing greater than 20 pediatric
allogeneic HCT/year, using publicly available data. Email
addresses for physicians were obtained through hospital or
organizational websites. The survey was also approved and
distributed to members of the Pediatric Acute Lung Injury and
Sepsis Investigators (PALISI) Network. Study subjects were
emailed an introduction to the study and link to the survey.
The survey was administered, and data stored anonymously on a
Red Cap database. All participants were given 56 days to
complete the survey with reminders sent after 14, 28, and 41
days to individual participants and after 1 month to PALISI
members. Consent to participate was implied with completion of
the survey. The study was reviewed and approved by the St. Jude
Children’s Research Hospital Institutional Review Board.

Statistical Analysis
The Chi-square test was used to compare the differences in survey
responses between groups: (1) pediatric critical care medicine
(PCCM) and non-PCCM providers, (2) respondents in
centers located in North America and Europe, (3) respondents
in high-volume and low-volume ECMO centers, (4) respondents
in high-volume and low-volume HCT centers, and (5)
respondents in centers with and without a protocol for ECMO
support in HCT patients. For items with less than 5 expected
responses, the Fisher’s Exact test was used instead of the Chi-
square test to ensure statistical validity. Normality was tested for
the total number of answers selected using the Shapiro-Wilk test.
For non-normally distributed data, the Mann Whitney U test was
conducted to compare the group difference. All analyses were
performed using SAS software, version 9.4, Copyright (c) 2016 by
SAS Institute Inc., Cary, NC, USA.
RESULTS

Survey Respondents
Our REDCap® database recorded a total of 511 survey invites. Of
these, 244 (47.7%) respondents started the survey and 210
(41.1%) completed the survey. Of the respondents who
completed the survey, 159 (76%) identified themselves as a
pediatric critical care physician and 39 (19%) reported that
they are their institution’s ECMO director. Forty-seven (22%)
respondents identified themselves as a pediatric HCT physician
Frontiers in Oncology | www.frontiersin.org 3268
or pediatric oncologist providing CAR-T therapy. Regionally,
184 (88%) respondents practice in the United States, 7 (3%) in
Canada, and 19 (9%) in Europe with the majority (95%) working
in an academic medical center. One hundred and seventy-one
(81%) respondents provided their current institution and 39 (19%)
preferred not to answer. Of those who provided their current
institution, there were 69 identified institutions.Within the United
States, participants identified 12 institutions in the Northeast (24
respondents), 14 institutions in the Midwest (44 respondents), 7
institutions in the West (31 respondents), and 17 institutions in
the South (50 respondents). There were 3 identified institutions in
Canada (4 respondents) and 16 institutions identified in Europe
(18 respondents). Most respondents, 201 (96%), reported that they
provide medical care for pediatric HCT patients and 103 (49%)
stated that their institution performs more than 30 HCTs per year.
186 (89%) of respondents reported that their institution provides
care to patients who have received or are receiving CAR-T
therapy (Table 1).

ECMO Use in Patients Undergoing HCT
The majority of respondents (99.5%) stated that they would
consider pediatric HCT patients as candidates for ECMO.
Specifically, 95.7% of respondents reported that they think
every HCT patient is unique thus candidacy for ECMO should
be considered on an individual basis. Only 3.8% responded that
they think the criteria for ECMO is the same between HCT and
other pediatric patients and 0.5% think of HCT as an absolute
contraindication for ECMO. Respondents cited the following
sources as contributing to their opinion regarding ECMO
candidacy for HCT patients: historical outcomes data (24.8%),
personal experience (23.8%), institutional experience or policy
(27.2%), current standard of practice in their region/country
(17.1%), or another source (7.1%). All respondents reported that
they would find a survival to hospital discharge < 60% as acceptable
for pediatric HCT patients supported with ECMO, with 49.1%
accepting 20%-30% and 29.5% accepting 30%-40% survival to
hospital discharge for this patient population. (Table 2).

On an institution basis, 80% of respondents reported that their
institution considers ECMO candidacy for HCT patients
individually while 6% of respondents reported that their
institution considers HCT as an absolute contraindication for
ECMO. Only 48 (23%) respondents reported that their institution
has a protocol or policy to address ECMO candidacy for these
patients, while 162 (77%) respondents stated that their institution
either does not have or were unsure if they had such a protocol/
policy. Discussion regarding ECMO candidacy involves input
from multiple disciplines including the on-call intensivist
(96.2%), on-call HCT physician (79%), patients primary HCT
physician (58.6%), ECMO director/consult team (82.4%), and
cannulating surgeon (61.4%). However, consensus regarding
ECMO candidacy amongst teams was often variable. Between
the critical care and HCT teams, 18.1% of respondents reported
that there is ‘always’ consensus and 64.3% reported that there is
‘sometimes’ consensus. Between the critical care and ECMO
consult team, 38.1% of respondents reported that there is
‘always’ consensus and 46.6% reported that there is ‘sometimes’
consensus regarding candidacy for ECMO support. (Table 3). To
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influence provider opinion towards ECMO candidacy in these
patients, 39.5% of respondents would look towards expert/
committee consensus statements, 29.5% further registry reports,
18.6% case reports/series, 7.2% clinical trials, and 5.2% feel that no
further studies are needed on this topic (Table 2).

We evaluated 15 patient and treatment related factors that
may influence ECMO candidacy and asked participants to
identify factors that they would consider as absolute or relative
contraindications for ECMO in the HCT patient (Table 4). Of
these, the most selected absolute contraindication was the
presence of multiple organ failure (54%), followed by
an expected 1-year survival <50% from the underlying
disease (38%) and active pulmonary hemorrhage (37%).
Frontiers in Oncology | www.frontiersin.org 4269
The most selected relative contraindication was a length
of mechanical ventilation > 14 days (34%), followed by
refractory thrombocytopenia (33%) and active pulmonary
hemorrhage (33%).

Pediatric critical care medicine (PCCM) providers selected
significantly more factors as absolute contraindications (3 [IQR
3] vs 2 [IQR 2], p<0.001) and relative contraindications (3 [IQR
2] vs 2 [IQR 3], p=0.002) compared to non-PCCM providers
(Supplemental Table 1). There was no significant difference in
the number of factors selected as absolute contraindications
between respondents from North America (United States and
Canada) versus Europe, high volume (≥30/year) versus low
volume (<30/year) ECMO centers, high volume (≥30/year)
versus low volume (<30/year) HCT centers, or centers with an
HCT ECMO protocol versus those without a HCT ECMO
protocol. Similarly, there was no significant difference in the
number of relative contraindications selected between
respondents from North American versus Europe, high volume
versus low volume ECMO centers, high volume versus low
volume HCT centers, or centers with an HCT ECMO protocol
versus those without a HCT ECMO protocol.

Compared to non-PCCM providers, significantly more PCCM
providers selected the need for two or greater HCTs (20.8% vs
7.8%, p=0.035), pre-engraftment (22% vs 7.8%, p=0.024), and an
expected 1-year survival < 50% due to underlying disease (46.6%
vs 9.8%, p<0.001) as absolute contraindications for ECMO. PCCM
providers were also significantly more likely to select allogeneic
transplant (8.2% vs 0%, p=0.035), less than 100 days since HCT
TABLE 1 | Respondent characteristics.

Variable N (%)

Total Respondents 210
Medical Specialty
Pediatric critical care medicine 159 (75.7)
HCT/Oncology 47 (22.4)
Other 4 (1.9)

Years of Experience
0-5 47 (22.4)
6-10 52 (24.7)
11-20 65 (31)
>20 46 (21.9)

ECMO Director
Yes 39 (18.6)
No 171 (81.4)

Organization Membership
PALISI 165
PALISI- HCT Subgroup 79
ELSO 140
PBMTC 65
None of the above 11

Institution Location
United States 184 (87.6)
Canada 7 (3.3)
Europe 19 (9.1)

Institution Type
Academic center 199 (94.8)
Private practice 0 (0)
Government Hospital 8 (3.8)
Other 3 (1.4)

Institutional ECMO Runs (per year)
0-10 50 (23.8)
11-30 58 (27.6)
>30 66 (31.4)
Unsure 36 (17.2)

Institutional HCT Performed (per year)
0-10 20 (9.5)
11-30 18 (8.6)
>30 103 (49)
Unsure 69 (32.9)

Institutional # of HCT ICU admissions (per year)
0-20 73 (34.8)
21-50 42 (20)
>50 58 (27.6)
Unsure 37 (17.6)
HCT, hematopoietic cell transplant; ECMO, extracorporeal membrane oxygenation;
PALISI, Pediatric Acute Lung Injury and Sepsis Investigators; ELSO, Extracorporeal Life
Support Organization; PBMTC, Pediatric Bone and Marrow Transplant Consortium; ICU,
intensive care unit.
TABLE 2 | Provider opinion on extracorporeal membrane oxygenation
candidacy for pediatric patients treated with hematopoietic cell transplant.

Question Response N (%)

Which statement best fits
your opinion regarding the
use of ECMO in pediatric
HCT patients?

HCT is an absolute
contraindication for ECMO.

1 (0.5)

Every HCT patient is unique
thus candidacy should be
considered on an individual
basis.

201 (95.7)

ECMO criteria for HCT
patients is the same as for
any other patient.

8 (3.8)

What source contributes
most to your opinion
regarding ECMO candidacy
for HCT patients?

Historical data on outcomes 52 (24.8)
Past personal experience 50 (23.8)
Institutional experience 47 (22.4)
Institutional policy/protocol 10 (4.8)
Current standard of practice
in region/country

36 (17.1)

Other 15 (7.1)
What is an acceptable rate
of survival to hospital
discharge for HCT patients
requiring ECMO support?

20%-30% 103 (49.1)
30%-40% 62 (29.5)
40%-50% 36 (17.1)
50%-60% 9 (4.3)
>60% 0 (0)

What is the minimum
acceptable level of evidence
to establish ECMO
candidacy for HCT
patients?

Case report/series 39 (18.6)
Registry reports 62 (29.5)
Expert consensus
statement

83 (39.5)

Clinical trial 15 (7.2)
No further studies needed 11 (5.2)
D
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(20.1% vs 3.9%, p=0.006), active pulmonary hemorrhage (37.1% vs
19.6%, p=0.021), and an unknown etiology for decompensation
(32.1% vs 17.7%, p=0.047) as relative contraindications for
ECMO (Table 4).

ECMO Use in Patients Undergoing
CAR-T Therapy
Overall, 132 (62.8%) respondents think ECMO candidacy for
patients undergoing CAR-T therapy and HCT are very different
thus candidacy should be evaluated on an individual basis, 77
(36.7%) respondents think ECMO candidacy should be
evaluated similarly, and 1 (0.5%) respondent considered CAR-
T therapy as an absolute contraindication for ECMO (Table 5).
Respondents cited the following sources as contributing most
to their opinion regarding ECMO candidacy for pediatric
Frontiers in Oncology | www.frontiersin.org 5270
patients treated with CAR-T therapy: personal experience
(25.2%), institutional experience or policy (28.1%), current
standard of practice in their region/country (35.7%), or
another source (11%).

We identified 8 scenarios which may affect perceived ECMO
candidacy and asked respondents to rank each as an absolute
contraindication, relative contraindication, not a contraindication,
or if they were unsure if it was a contraindication for ECMO use in
CAR-T patients. The use of primary CAR-T therapy as a potential
cure was not considered a contraindication for ECMO by 76.2% of
respondents and was only considered a relative contraindication
by 9.5% of respondents. Receipt of a second CAR-T therapy
following disease relapse was considered an absolute
contraindication (6.2%), relative contraindication (48.6%), and
not a contraindication (30.5%) for ECMO support. The
presence of multiple organ failure, active CAR-T therapy related
ICANS, cytokine release syndrome (CRS)/CAR-T associated
inflammatory syndrome, or receipt of an investigational phase I
product was identified as an absolute contraindication for ECMO
in 34.3%, 13.8%, 3.8%, and 2.9% of survey participants,
respectively. Additionally, the presence of active CAR-T therapy
related ICANS, multiple organ failure, CRS/CAR-T associated
inflammatory syndrome, or receipt of an investigational phase I
product was identified as a relative contraindication for ECMO in
43.3%, 39.5%, 27.1%, and 21.4% of survey participants,
respectively. There were significant differences between how
PCCM providers and non-PCCM providers considered the use
of CAR-T therapy in various situations on ECMO candidacy
(Supplemental Table 2).

Compared to HCT patients, providers were less likely to
consider the presence of multiple organ failure in patients
receiving CAR-T therapy as an absolute contraindication for
ECMO (34.3% vs 54.3%; p<0.001). Providers were also less likely
to consider relapsed disease following first HCT now receiving
CAR-T therapy as an absolute contraindication for ECMO
compared to the need for two or greater HCT (5.2 vs 17.6;
p<0.001). However, more providers considered relapsed disease
following two or more HCTs now receiving CAR-T as an
absolute contraindication for ECMO compared to the need for
two or greater HCT (26.7 vs 17.6; p=0.026) (Table 6).
DISCUSSION

Due to historically poor outcomes, HCT patients have generally
been considered poor candidates and thereby excluded from
consideration for ECMO support (1–3, 9). However, these
reports have some significant limitations when used to dictate
clinical practice. Specifically, these retrospective reports contain
insufficient patient- and treatment- specific data in a vastly
heterogenous patient population, rely on databases with
limited reliability of reporting, and are a compilation of data
across multiple treatment eras. Interval advancements in both
peri-HCT support and critical care therapies have resulted in
improved patient outcomes for pediatric HCT patients who
require intensive care and critical care resources (13, 14, 32).
This is supported by a recent report of the ELSO database by
TABLE 3 | Institutional practice for extracorporeal membrane oxygenation use
for patients treated with hematopoietic cell transplant.

Question Response N (%)

Which statement best
fits your institution’s
practice regarding
ECMO use in HCT
patients?

HCT is an absolute contraindication
for ECMO.

12 (5.7)

Every HCT patient is unique thus
candidacy for ECMO should be
considered on an individual basis.

167 (79.5)

ECMO criteria for HCT patients is
the same as for any other patient.

4 (1.9)

No consensus. 27 (12.9)
Have any post-HCT
patients received
ECMO support at your
institution? If yes, how
many (last 5 years)?

No 53 (25.3)
Yes, 1 to 5 104 (49.5)
Yes, >5 16 (7.6)
Unsure 37 (17.6)

Does your institution
have a protocol/policy
to determine HCT
ECMO candidacy?

Yes 48 (22.9)
No 142 (67.6)
Unsure 20 (9.5)

Physicians/teams
participating in ECMO
candidacy decision-
making for HCT
patients:

Intensivist on-call/service 202 (96.2)
BMT physician on-call/service 166 (79)
Primary BMT physician 123 (58.6)
ECMO director/consult team 173 (82.4)
Cannulating surgeon 129 (61.4)

Institutionally, how
often is there
consensus between
the following medical
teams regarding ECMO
candidacy for an HCT
patient?

Individual intensivist
Always 59 (28.1)
Sometimes 125 (59.5)
Never 2 (1)
Unsure 24 (11.4)

Critical care and HCT
Always 38 (18.1)
Sometimes 135 (64.3)
Never 16 (7.6)
Unsure 21 (10)

Critical care and surgery
Always 56 (26.7)
Sometimes 113 (53.8)
Never 5 (2.4)
Unsure 36 (17.1)

Critical care and ECMO consult team
Always 80 (38.1)
Sometimes 98 (46.6)
Never 2 (1)
Unsure 30 (14.3)
ECMO, extracorporeal membrane oxygenation; HCT, hematopoietic cell transplant; ICU,
intensive care unit.
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TABLE 4 | Respondent selections of absolute and relative contraindications for extracorporeal membrane oxygenation in pediatric patients treated with hematopoietic
cell transplant.

Factor Absolute Contraindication Relative Contraindication

N (%) p-value# N (%) p-value#

Allogeneic HCT
Overall (N=210) 1 (0.5) 13 (6.2)
PCCM (N=159) 1 (0.6) 1 13 (8.2) 0.035
Non-PCCM (N=51) 0 (0) 0 (0)

Autologous HCT
Overall 0 (0) 4 (1.9)
PCCM 0 (0) — 4 (2.5) 0.574
Non-PCCM 0 (0) 0 (0)

Multiple organ failure
Overall 114 (54.3) 61 (29)
PCCM 87 (54.7) 0.825 43 (27) 0.259
Non-PCCM 27 (52.9) 18 (35.3)

Expected 1-year survival < 50% from underlying disease
Overall 79 (37.6) 66 (31.4)
PCCM 74 (46.5) <0.001 54 (34) 0.163
Non-PCCM 5 (9.8) 12 (23.5)

Active pulmonary hemorrhage
Overall 77 (36.7) 69 (32.9)
PCCM 61 (38.4) 0.367 59 (37.1) 0.021
Non-PCCM 16 (31.4) 10 (19.6)

Secondary graft failure
Overall 73 (34.8) 50 (23.8)
PCCM 58 (36.5) 0.357 34 (21.4) 0.145
Non-PCCM 15 (29.4) 16 (31.4)

Refractory thrombocytopenia
Overall 70 (33.3) 70 (33.3)
PCCM 58 (36.5) 0.088 56 (35.2) 0.306
Non-PCCM 12 (23.5) 14 (27.5)

Mechanical ventilation > 14 days
Overall 53 (25.2) 72 (34.3)
PCCM 45 (28.3) 0.071 62 (39) 0.011
Non-PCCM 8 (15.7) 10 (19.6)

GVHD, grade III or higher
Overall 43 (20.5) 59 (28.1)
PCCM 37 (23.3) 0.076 48 (30.2) 0.233
Non-PCCM 6 (11.8) 11 (21.6)

Pre-engraftment
Overall 39 (18.6) 38 (18.1)
PCCM 35 (22) 0.024 31 (19.5) 0.352
Non-PCCM 4 (7.8) 7 (13.7)

VOD/SOS
Overall 38 (18.1) 54 (25.7)
PCCM 33 (20.8) 0.077 45 (28.3) 0.130
Non-PCCM 5 (9.8) 9 (17.7)

≥ 2 HCT
Overall 37 (17.6) 55 (26.2)
PCCM 33 (20.8) 0.035 42 (26.4) 0.896
Non-PCCM 4 (7.8) 13 (25.5)

Unknown etiology of decompensation
Overall 32 (15.2) 60 (28.6)
PCCM 25 (15.7) 0.730 51 (32.1) 0.047
Non-PCCM 7 (13.7) 9 (17.7)

HCT < +100 days
Overall 8 (3.8) 34 (16.2)
PCCM 8 (5) 0.102 32 (20.1) 0.006
Non-PCCM 0 (0) 2 (3.9)

Non-oncologic disease as reason for transplant
Overall 0 (0) 7 (3.3)
PCCM 0 (0) — 6 (3.8) 0.530
Non-PCCM 0 (0) 1 (2)
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Olson, et al, which showed an improvement in survival to
hospital discharge in pediatric HCT patient requiring ECMO
from 3% between 1991 and 2009 to 26% between 2010 and
2019 (21).

Reflective of the improved patient survival within the last
decade, we found that the vast majority (99.5%) of survey
respondents would consider pediatric HCT patients as
candidates for ECMO, with only 0.5% considering it as an
absolute contraindication. However, while there was consensus
amongst respondents that pediatric HCT patients should
generally be considered candidates for ECMO support, there
were notable differences between provider groups on the role of
specific patient and treatment related factors in evaluating for
ECMO candidacy. PCCM designated more factors as absolute
and relative contraindications for ECMO and selected all factors
more frequently than non-PCCM providers. Significantly more
PCCM providers considered an expected 1-year survival < 50%
from the underlying disease, pre-engraftment, and two or greater
HCT as absolute contraindications for ECMO than non-PCCM
providers. The differences in response are not as apparent when
comparing responses between other groups, such as institution
location, institution HCT volume, institution ECMO volume,
and the presence or absence of an institutional HCT-specific
ECMO candidacy evaluation protocol (Supplemental Tables 3–
6). In discussing whether ECMO should be offered to a pediatric
HCT patient, 83.3% of respondents report that both the on-call
ICU physician and a HCT (on-call or patient’s primary)
physician contribute to the decision making though consensus
between the teams is often variable. This highlights the
differences between provider roles and emphasizes the
importance of interdisciplinary collaboration when deciding on
ECMO candidacy for a pediatric HCT patient.

While individual opinion is favorable for considering
pediatric HCT patients as ECMO candidates, institutional
practice is lagging as 6% of respondents reported that HCT is
still considered an absolute contraindication for ECMO within
their institution. When asked to identify an acceptable rate to
hospital survival for HCT patients supported with ECMO, the
majority (95.7%) of respondents selected a survival range ≤50%,
which is lower than that of the overall pediatric ECMO
population (33) and 49.1% responded that they would accept a
rate of hospital survival between 20-30% for these patients.
Interestingly, over the last decade, the survival to hospital
discharge for pediatric HCT patients supported with ECMO
has already achieved this level with 26% survival (21). This
TABLE 5 | Provider opinion regarding use of extracorporeal membrane
oxygenation for patients treated with chimeric antigen receptor t-cell therapy.

Question Response N (%)

Does your center care for
patients who have
received CAR-T therapy?

Yes 186 (88.6)
No 16 (7.6)
Unsure 8 (3.8)

Which statement best fits
your opinion regarding
use of ECMO in pediatric
CAR-T patients?

ECMO for CAR-T and HCT patients
should be evaluated similarly.

77 (36.7)

ECMO for CAR-T and HCT are very
different and should be evaluated
individually.

132 (62.9)

Undergoing treatment with CAR-T
is an absolute contraindication for
ECMO.

1 (0.4)

Which statement best fits
your institution’s practice
regarding use of ECMO in
pediatric CAR-T patients?

ECMO for CAR-T and HCT patients
should be evaluated similarly.

50 (23.8)

ECMO for CAR-T and HCT are very
different and should be evaluated
individually.

72 (34.3)

Undergoing treatment with CAR-T
is an absolute contraindication for
ECMO.

0 (0)

No consensus. 62 (29.5)
Unsure 26 (12.4)

Which source contributes
the most to your opinion
on ECMO candidacy in
CAR-T?

Personal opinion based on past
experience

53 (25.2)

Institutional experience 51 (24.3)
Institutional policy/practice 8 (3.8)
Current standard practice in region/
country

75 (35.7)

Other 23 (11)
What is your opinion
regarding ECMO
candidacy for CAR-T
patients in each of the
following circumstances:
1st CAR-T therapy as

potential cure
Absolute contraindication 0 (0)
Relative contraindication 20 (9.5)
Not a contraindication 160 (76.2)
Unsure 30 (14.3)

Relapsed disease
following 1st CAR-T, now
receiving 2nd CAR-T
therapy

Absolute contraindication 13 (6.2)
Relative contraindication 102 (48.6)
Not a contraindication 64 (30.5)
Unsure 31 (14.7)

Relapsed disease
following 1st HCT, now
receiving 2nd CAR-T
therapy

Absolute contraindication 11 (5.2)
Relative contraindication 82 (39.1)
Not a contraindication 88 (41.9)
Unsure 29 (13.8)

Relapsed disease
following 2 or more HCT,
now receiving CAR-T
therapy

Absolute contraindication 56 (26.7)
Relative contraindication 82 (39.1)
Not a contraindication 43 (20.4)
Unsure 29 (13.8)

Active neurotoxicity due
to CAR-T

Absolute contraindication 29 (13.8)
Relative contraindication 91 (43.3)
Not a contraindication 60 (28.6)
Unsure 30 (14.3)

Presence of MOF Absolute contraindication 72 (34.3)
Relative contraindication 83 (39.5)
Not a contraindication 33 (15.7)
Unsure 22 (10.5)

Active CRS or other
CAR-T associated
inflammatory syndrome

Absolute contraindication 8 (3.8)
Relative contraindication 57 (27.1)
Not a contraindication 119 (56.7)
Unsure 26 (12.4)

(Continued)
TABLE 5 | Continued

Question Response N (%)

Receipt of
investigational phase 1
CAR-T product

Absolute contraindication 6 (2.9)
Relative contraindication 45 (21.4)
Not a contraindication 113 (53.8)
Unsure 46 (21.9)
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suggests that survival for these patients is at a generally
acceptable level. Thus, we anticipate that access to ECMO for
critically ill pediatric HCT patients will improve, similar to that
of access to invasive mechanical ventilation, which was also
historically considered futile, and become more widespread over
time (32, 34). Currently, only 23% of respondents reported that
their institution has a protocol or policy to guide the evaluation
of ECMO for HCT patients. As ECMO support becomes more
accepted and used in the pediatric HCT population, providers
must also address clinical practice at an institutional or
systematic level. The development of clinical guidelines for the
evaluation of ECMO candidacy for these patients would allow for
standardization of selection criteria, an essential aspect of
improving the care and outcomes of this vulnerable patient
population. To do so, many (39.5%) respondents would utilize
consensus statements by medical societies/experts in the field.
We therefore advocate to prioritize the formation of an
international working group consisting of expert providers
across a spectrum of specialties to discuss and provide
consensus statements for the selection and care of pediatric
patients undergoing treatment with HCT or other cellular
therapy who may require ECMO support.

Respondents were less likely to exclude certain patients
treated with CAR-T therapy for ECMO support compared
to patients treated with HCT. For example, we found
that respondents were significantly less likely to consider
the presence of multiple organ failure as an absolute
contraindication for ECMO for patients treated with CAR-T
than for patients treated with HCT. We propose several factors
that may contribute to this difference. CAR-T therapy comes
with risk of significant toxicity, include CRS, which is a known
complication of CAR-T which may result in critical illness and
hemodynamic collapse. However, in general, such complications
are manageable and limited to the initial few weeks after CAR-T
infusion during the time of peak CAR-T expansion and activity
(28, 29). In addition, pharmacologic agents such as tocilizumab,
a monoclonal antibody against IL-6, have shown great promise
in treating CAR-T related CRS, thereby providing both a
potential treatment and endpoint for the clinical deterioration
(35). Whereas, HCT-associated respiratory failure often has an
uncertain etiology, thus making the reversibility difficult to
discern. Additionally, historical data on ECMO use in patients
Frontiers in Oncology | www.frontiersin.org 8273
treated with HCT showed dismal outcomes whereas there is no
little to no data regarding ECMO outcomes for patients treated
with CAR-T therapy. Although the current lack of data may limit
the ability of providers to form evidence-based decisions, it
allows providers to approach ECMO candidacy for CAR-T
patients without the same biases as are held for the
HCT population.

Our study has several important limitations. The survey was
only distributed to PCCM and HCT/cellular therapy physicians
practicing within the United States, Canada, and Europe and
thus may not reflect a global perspective regarding ECMO
candidacy and use for pediatric HCT and CAR-T patients,
including those in resource limited settings. A significant
majority of survey respondents reported that they work in an
academic center (94.8%) or belong to at least one large research
collaboration: PALISI, PALISI-HCT subgroup, ELSO, PBMTC
(94.8%). As such, our results are skewed towards the opinions
and practices of large academic centers which may not reflect
those of physicians practicing in non-academic or smaller
groups. Furthermore, we did not evaluate the responses of
participants within the same institution for consensus
regarding institutional ECMO practices. Therefore, an
individual’s response regarding institutional practices is
reflective of that individual’s interpretation of the institution’s
practices, which may be biased and limit the generalizability of
our results. We also did not differentiate opinions regarding the
use veno-arterial and veno-venous ECMO, which carry different
safety profiles. This may have significant implications when
evaluating the risks and benefits of ECMO in an already high-
risk population. Further, as there is currently no literature on
ECMO outcomes for pediatric patients treated with CAR-T, the
opinions presented likely reflect anecdotal or extrapolated
experiences and should therefore be interpreted cautiously.
CONCLUSION

As clinical outcomes in pediatric critical care medicine, HCT,
and CAR-T therapy are evolving, so are the opinions and
practices of physicians caring for patients in these fields. Our
international survey serves as the first overall assessment of
provider opinion and practice in the evaluation of ECMO
TABLE 6 | Comparison of responses for extracorporeal membrane oxygenation contraindications between hematopoietic cell transplant and chimeric antigen receptor
t-cell therapy.

Statement Absolute Contraindication, N (%) p-value Relative Contraindication, N (%) p-value

Autologous or Allogeneic HCT 1 (0.5) 1 17 (8.1) 0.606
First CAR-T for potential cure 0 (0) 20 (9.5)
Receipt of ≥ 2 HCT 37 (17.6) <0.001 55 (26.2) 0.005
Relapsed disease following first HCT,
now receiving CAR-T therapy

11 (5.2) 82 (39.1)

Receipt of ≥ 2 HCT 37 (17.6) 0.026 55 (26.2) 0.005
Relapsed disease following 2 or more
HCT, now receiving CAR-T therapy

56 (26.7) 82 (39.1)

Presence of MOF with HCT 114 (54.3) <0.001 61 (29.1) 0.024
Presence of MOF with CAR-T 72 (34.3) 83 (39.5)
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candidacy for pediatric patients treated with HCT or CAR-T
therapy. Our results reveal that most providers no longer
consider all HCT as a contraindication for ECMO and that
published outcomes for hospital survival in the last decade are at
a generally acceptable level. However, institution practice is
lagging and there remains important differences in how
providers between disciplines approach ECMO candidacy
evaluation. Our study highlights the need for multidisciplinary
perspectives in collaborative efforts to publish clinical practice
guidelines, establish institutional protocols, and improve
candidacy selection. These measures will allow us to safely
advance the use of ECMO in this vulnerable patient population.
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Toxoplasma gondii infection is a severe complication of hematopoietic stem-cell

transplantation (HSCT) recipients that can remain unnoticed without a high clinical

suspicion. We present the case of a 6-year-old patient with acute lymphoblastic leukemia

and HSCT recipient who was admitted to the Pediatric Intensive Care Unit (PICU) on

post-transplantation day +39 with fever, hypotension, severe respiratory distress and

appearance of a lumbar subcutaneous node. She developed severe Acute Respiratory

Distress Syndrome (ARDS) and underwent endotracheal intubation and early mechanical

ventilation. Subsequently, she required prone ventilation, inhaled nitric oxide therapy and

high-frequency oscillatory ventilation (HFOV). An etiologic study was performed, being

blood, urine, bronchoalveolar lavage and biopsy of the subcutaneous node positive for

Toxoplasma gondii by Polymerase Chain Reaction (PCR). Diagnosis of disseminated

toxoplasmosis was established and treatment with pyrimethamine, sulfadiazine and

folinic acid started. The patient showed clinical improvement, allowing weaning of

mechanical ventilation and transfer to the hospitalization ward after 40 days in the PICU.

It is important to consider toxoplasmosis infection in immunocompromised patients with

sepsis and, in cases of severe respiratory distress, early mechanical ventilation should

be started using the open lung approach. In Toxoplasma IgG positive patients, close

monitoring and appropriate anti-infectious prophylaxis is needed after HSCT.

Keywords: toxoplasma and toxoplasmosis, hematopoietic stem cell transplantation (HCST), leukemia, ARDS,

pediatric, ventilation, intensive care unit
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BACKGROUND

Acute Respiratory Distress Syndrome (ARDS) is an interstitial
lung disease secondary to alveolar-capillary barrier disruption. It
may be caused by primary pulmonary conditions such as severe
pneumonia, or in severe systemic inflammatory settings like
pancreatitis, polytrauma or massive transfusions, among other
causes (1).

The incidence of Toxoplasma gondii infection in
hematopoietic stem-cell transplantation (HSCT) recipients is 0.4-
9%, and it is strongly related to severe immunosuppression. The
most frequent clinical expression of Toxoplasma gondii infection
in immunocompromised patients is cerebral toxoplasmosis,
followed by pulmonary disease progressed into ARDS and
disseminated toxoplasmosis. However, given the low specify
of symptoms, definitive diagnosis of Toxoplasma infection is
occasionally established after a post-mortem necropsy (2).

Multiple cases of disseminated toxoplasmosis have been
reported in adult patients; however, the evidence available about
this infection in pediatric HSCT recipients is scarce and reflects
elevated morbidity and mortality rates. We describe a rare case of
toxoplasmosis with a favorable outcome in a critically ill pediatric
patient. This case report may contribute to better understand
this rare complication in pediatric critical care patients. It
is essential that toxoplasma infection is considered in HSCT
patients presenting with fever and multisystemic involvement,
especially if they come from areas with a high seroprevalence of
Toxoplasma (2–5).

This study was approved by the Local Ethics Committee.
Parents gave written informed consent for the publication of this
case report in accordance with the Declaration of Helsinki.

CASE REPORT

We present the case of a 6-year-old patient from Honduras
who was diagnosed with preB acute lymphoblastic leukemia
at 18 months of age, who had two intramedullary relapses
in her home country. In our hospital, she received relapse
treatment with dexamethasone, mitoxantrone, vincristine, peg-
asparaginase, bortezomib and intrathecal chemotherapy. After
the induction phase, 85% of blast cells in bone marrow were
observed, entering a chemo refractory situation. Second-line
treatment with inotuzumab was administered, reaching complete
remission, and an allogenic HSCT was performed, being her
father the donor. Positive IgG and negative IgM were detected
in the patient’s serological screening for Toxoplasma gondii
conducted prior to transplantation, whereas the donor had
negative IgG results. After stem-cell infusion, prophylactic
treatment with micafungin and levofloxacin was started. She
had received trimethoprim-sulfametoxazole (TMS-SMX) from
day−8 until day−2 before cell infusion, which was discontinued
during engraftment. As an early complication, cytomegalovirus
(CMV) reactivation was detected on day+ 24 and treatment with
valganciclovir was initiated.

On post-transplantation day + 35, the patient presented
with fever, cough, diarrhea and appearance of a subcutaneous
node in the lumbar area. Suspecting sepsis in a neutropenic

FIGURE 1 | Chest radiography on admission.

patient, empiric broad-spectrum treatment with meropenem,
teicoplanin and ganciclovir was started. Her status worsened and
she developed hypoxemic respiratory failure and hypotension,
requiring admission to the Pediatric Intensive Care Unit (PICU).
A chest-X ray was performed, revealing diffuse heterogeneous
bilateral infiltrates (Figure 1). Blood test showed a total white
blood cell (WBC) count of 22,200 cells per microliter, 16,200
neutrophils, a C-reactive protein (CRP) of 29 mg/dl and a
procalcitonin of 47 mcg/l. Infectious ARDS was suspected, and
anti-infectious treatment was increased, adding levofloxacin and
amphotericin B. Intravenous TMS-SMX was initiated to treat a
potential Pneumocystis jirovecii pneumonia.

Respiratory support with double level non-invasive
mechanical ventilation (BIPAP) was started, but after 3 h
she required endotracheal due to progressive respiratory
failure. Management of ARDS required low tidal volume (4-6
ml/kg), PEEP up to 15 cm H2O and deep analgosedation and
neuromuscular blockade. Transthoracic echocardiography on
admission showed no abnormalities. Moreover, because of
persistent hypoxemia with PaO2/FiO2 of 60 and an oxygenation
index of 52, she was placed in prone position and therapy
with inhaled nitric oxide (iNO) was started, initially at 20
parts per million (ppm) and subsequently decreased to a
minimum effective dose of 10 ppm. Severe refractory hypoxemia
persisted despite these measures; therefore, high-frequency
oscillatory ventilation (HFOV) was initiated on the second
day after admission and maintained for 16 days. Maximum
ventilatory parameters included mean airway pressure 33 cm
H2O, amplitude 68 cm H2O, frequency 5.5Hz and FiO2 100%.
Figure 2A shows the evolution of respiratory support.

A comprehensive etiological study was performed on
admission, obtaining a preliminary positive panfungal PCR in
both bronchoalveolar lavage (BAL) and lumbar node biopsy
after 9 days. Twenty-four hours later, targeted PCR confirmed
the presence of Toxoplasma gondii in blood, urine, BAL and
lumbar node tissue, which was consistent with disseminated
toxoplasmosis, while fungal infection was discarded.Microscopic

Frontiers in Pediatrics | www.frontiersin.org 2 January 2022 | Volume 9 | Article 810718277

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


de la Mata Navazo et al. Severe ARDS by Disseminated Toxoplasmosis

FIGURE 2 | (A) Ventilatory support diagram. CMV, conventional mechanical ventilation; HFOV, high flow oscillatory ventilation; iNO, inhaled nitric oxide; NMB,

neuromuscular blockade. (B) Anti-infectious treatment diagram. TMS-SMX, trimethoprim-sulfamethoxazole; PMT + SDZ, pyrimethamine + sulphadiazine.

exam of the lumbar node tissue showed patched tissue necrosis,
inflammatory cells and absence of tachyzoites. Treatment with
pyrimethamine, sulphadiazine and folinic acid was started,
and as subsequent microbiological tests were negative, the
other antimicrobial therapies were progressively withdrawn
(Figure 2B). After 13 days of anti-toxoplasma treatment,
sulphadiazine crystals were detected in patient’s urine and
therapy with sulphadiazine and pyrimethamine had to be
switched to intravenous trimethoprim-sulfamethoxazole. Urine
sediment was normalized and, 6 days later, the previous
treatment was resumed. Evolution of blood test values during
PICU stay is shown in Figure 3.

After goal-directed treatment was started, patient’s status
improved and, 8 days later, ventilation was switched from
HFOV to conventional mechanical ventilation. Neuromuscular
blockade was interrupted on the 21st day after admission and,
finally, she was extubated 36 days after PICU admission. A
cerebral computed tomography scan excluded cerebral lesions
consistent with toxoplasmosis, and neurological examination was
normal after withdrawal of analgosedation.

Forty days after intensive care admission, the patient was
transferred to the hospitalization ward, where she completed a
6-week treatment with pyrimethamine and sulphadiazine and,
afterwards, prophylactic therapy with TMS-SMXwas established.
Serial PCR tests were negative and pulmonary function
improved. The patient was discharged on post-transplantation
day+90.

DISCUSSION

We present the case of a HCST recipient, born in a region of

the world with high seroprevalence of Toxoplasma, and with

a long course of immunosuppressive treatment, that developed
a disseminated toxoplasmosis due to reactivation on the day
+35 after transplantation, consisting of pulmonary disease

with severe ARDS development and skin lesions. ARDS was

managed according to pediatric guidelines, and toxoplasmosis
was diagnosed with a positive PCR in BAL, blood, urine and
skin tissue. She received targeted treatment with pirimetamin,
sulphadiazine and folinic acid, that was temporarily switched to
TMS-SMX because of crystalluria.

Toxoplasma gondii is an intracellular parasite that causes mild
or even asymptomatic disease in immunocompetent hosts, with
symptoms similar to those of flu or common cold. It is estimated
to affect up to a third of the global population, with a higher
seroprevalence in South America, tropical Africa or Eastern
Europe (4).

In immunocompromised hosts, however, toxoplasmosis is a
devastating infection, especially in allogenic HSCT recipients,
caused by the reactivation of a previously acquired latent
infection. The incidence of post-transplant toxoplasmosis is
around 0.4-9%, and it usually develops within the first 6 months
after infusion, with a higher incidence in the second and
third month; although in our case, reactivation occurred earlier
(day + 35). Martino et al. reviewed 4,231 HSCT recipients
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FIGURE 3 | Summary of blood analytical values during PICU stay. CRP, C reactive protein; WBC, white blood cell; PICU, pediatric intensive care unit.

and observed 41 cases of toxoplasmosis (0.96%), showing a low
incidence of this complication (5). However, there is a higher
incidence in patients coming from high seroprevalence countries
and those who are subject to high-intensity immunosuppressive
regimens due to multiple relapses, like this patient (6). Other
risk factors include cord blood transplantation, antithymocyte
globulin administration, acute graft vs. host (AGVH) disease,
CMV reactivation and absence of prophylactic treatment with
TMS-SMX. Our patient met the two latter criteria (2, 6). In
addition, most reported cases of toxoplasmosis are observed in
patients whose donor was seronegative for T. gondii (7, 8).

Cases of pediatric HSCT toxoplasmosis most commonly
exhibit central nervous system (CNS) involvement. However,
pneumonitis and disseminated toxoplasmosis are less frequently
detected, due to the unspecificity of symptoms and low
awareness of the disease; as a result, they are generally found
in post-mortem studies. Cases of immune dysregulation with

hyperferritinemic sepsis secondary to toxoplasma infection have
also been described, with fatal outcomes (9). Komitopoulou
et al. reviewed 17 cases of toxoplasmosis in pediatric HSCT
patients described in the literature since year 2000, with mortality
rates of 52%, reaching 100% in patients with disseminated
toxoplasmosis (2). Rauwolf et al. also reviewed six publications
regarding toxoplasmosis in pediatric HSCT receptors, describing
13 toxoplasmosis cases, most of them with CNS involvement (6).
Other authors establish a global mortality rate of post-transplant
toxoplasmosis of 50% (5, 10).

Our patient developed pulmonary, systemic and cutaneous
involvement, and despite having disseminated toxoplasmosis,
imaging tests did not show cerebral lesions consistent with
toxoplasmosis, and neurological examination was normal.

Regarding ARDS development, this disease may be
triggered by numerous causes, such as sepsis, pneumonia,
pulmonary contusion, drowning, polytrauma, massive
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transfusion, and, generally, high systemic inflammatory
situations (1, 11). Toxoplasma pneumonitis may cause a
release of inflammatory mediators, that can accumulate
in the alveoli and microcirculation of the lung, damaging
alveolar epithelium and vascular endothelium. This leads
to edema, decreased lung compliance and a decrease in gas
exchange (12).

Pediatric ARDS (PARDS) definitions, diagnostic and
therapeutic consensus were established in the 2014 Pediatric
Acute Lung Consensus Conference (PALICC) (1, 11). Our
patient was managed according to these guidelines, based
on the “open lung strategy,” with administration of a low
tidal volume (3-6 ml/kg) and an elevated PEEP (usually
> 10-15 cm H2O), to avoid alveolar collapse and increase
pulmonary distensibility, associating alveolar recruitment
maneuvers (11–14).

In our case, the initial severity and persistence of hypoxemia
despite optimized conventional mechanical ventilation, sedation
and neuromuscular blockade eventually required prone
ventilation, use of iNO and HFOV. These measures are
not recommended as routine practice, although they can
be considered in patients with severe PARDS (1, 15, 16).
Extracorporeal membrane oxygenation (ECMO) could be
considered in patients with severe PARDS and potentially
reversible respiratory failure or pulmonary transplant
candidates (1, 11, 13). In this patient, ECMO support was
discussed as a rescue therapy in case of persistence of
refractory hypoxemia, but finally was not necessary due to
patient’s improvement.

Although there is no clear consensus concerning initiation
and duration of T. gondii prophylaxis, many HSCT guidelines
recommend starting anti-Toxoplasma prophylaxis as soon
as feasible after HSCT, but no later after engraftment is
established (usually from day + 30) (7). As stated in ESCMID
guidelines, the start of prophylaxis right after HSCT may
expose the patient to some degree of toxicity and delayed
engraftment, whereas postponing prophylaxis places the patient
at risk for toxoplasmosis (8). The most frequently used drug
is trimethoprim-sulfamethoxazole, administered either daily
or three times per week (4, 9, 17, 18), although some
authors suggest the prophylactic use of atovaquone as an
alternative if engraftment is delayed and TMP/SMX cannot
be used due to myelosuppression (7). If delayed prophylaxis
is preferred, it is also recommended to perform routine
blood PCR screening in patients with a positive pre-transplant
serology (8, 9, 18).

In our case, TMS-SMX prophylaxis was interrupted during
the engraftment phase, according to transplant guidelines (4, 17–
19), due to its potential myelotoxicity, and it had not been
restarted by the onset of symptoms, as our protocol at that time
was to wait until day +35 after transplant to restart TMS-SMX.
Retrospectively, we may have missed an opportunity to introduce
Toxoplasma prophylaxis because, although the patient needed
periodic platelet transfusions by the time of PICU admission,
neutrophile engraftment had already occurred on day +17.
Besides, routine Toxoplasma PCR testing was not included in
our local HSCT follow-up protocol at that time, which would

have facilitated early detection of the infection. In our center, this
case motivated a multidisciplinary review of the management of
Toxoplasma IgG+ patients, including weekly Toxoplasma PCR
blood screening during the engraftment phase and prophylaxis
with TMS-SMX as soon as engraftment has occurred and up to
day+180.

First-line treatment for toxoplasma includes pyrimethamine
plus sulphadiazine, associated to adjuvant folinic acid to
avoid pyrimethamine’s hematological toxicity, for 4-6
weeks. Other second-line treatments are pyrimethamine
plus clindamycin or trimethoprim-sulfamethoxazole (19).
Some studies suggest that quinolone-derived drugs, like
levofloxacin, may also have potential anti-Toxoplasma activity
(15, 16).

Our patient had a favorable ICU course despite severe illness.
This could be partially attributed to the early start of TMS-SMX
and levofloxacin as part of the empyrical broad-spectrum therapy
to treat a potential Pneumocystis jirovecii pneumonia, which
also proved to be effective against Toxoplasma. Consequently,
the patient received unintentionally targeted treatment in
the first days after ICU admission, which probably led to
clinical improvement.

The fact that panfungal PCR was initially positive can be
explained because the primers used in fungal sequencing can
cross-react with several protozoa. In the review performed by
Gomez et al. (20), D2 sequencing in 117 patients diagnosed 5
cases of invasive protozoal infections due to Toxoplasma gondii
(n = 3), Trypanosoma cruzi, and Leishmania spp. In our case,
although the initial suspicion was an invasive fungal infection,
Toxoplasma was confirmed 24 h later, leading to the start of
appropriate antiparasitic therapy.

Sulphadiazine crystalluria is a rare complication, although
it has been described in patients receiving sulphamide-
derived drugs, especially in HIV patients with toxoplasma
encephalitis (21, 22), that may associate renal impairment
due to sulphadiazine in 1.9-7.5% of cases. These crystals can
even obstruct the urinary tract and, consequently, produce
obstructive renal failure. Therefore, it is recommended to
start hyperhydration and switch treatment to trimethoprim-
sulfamethoxazole or pyrimethamine plus clindamycin. In our
case, this complication was detected early when macroscopically
visible crystals were detected inside the urinary catheter.
After treatment modification, urine sediments were periodically
analyzed until normalization. Pyrimethamine and lower-dose
sulphadiazine were resumed later.

CONCLUSION

Toxoplasma infection must be considered in differential
diagnosis of immunocompromised patients with fever,
multisystemic involvement and respiratory distress. Patients’
prognosis benefits from early initiation of targeted treatment.

Prior to HSCT, seropositive patients should be routinely
screened for Toxoplasma with weekly PCR tests to ensure early
detection of parasite reactivation. Infectious prophylaxis should
be started as soon as engraftment is established.
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Immune effector cells (IEC) are a powerful and increasingly targeted tool, particularly for the
control and eradication of malignant diseases. However, the infusion, expansion, and
persistence of autologous or allogeneic IEC or engagement of endogenous immune cells
can be associated with significant systemic multi-organ toxicities. Here we review the signs
and symptoms, grading and pathophysiology of immune-related toxicities arising in the
context of pediatric immunotherapies and haploidentical T cell replete Hematopoietic Cell
Transplantation (HCT). Principles of management are discussed with particular focus on the
intersection of these toxicities with the requirement for pediatric critical care level support.

Keywords: cytokine release syndrome (CRS), immune effector cell associated neurotoxicity syndrome (ICANS),
immune effector cells (IEC), CAR T cells, blinatumomab, pediatric hematopoietic cell transplantation (HCT),
haploidentical cell transplantation (Haplo-HCT)
INTRODUCTION

Hematopoietic Cell Transplantation (HCT) is the oldest and most fundamental example of cell-
based immunotherapy. It has become a cornerstone for the treatment of high-risk hematologic
malignancies, certain pediatric solid tumors, benign hematopoietic disorders, immunodeficiencies
and defined metabolic disorders. Specific phenomena associated with the influx, rapid expansion
and activity of immune effector cells transferred during HCT, such as immune reconstitution
syndrome and engraftment syndrome, have been well described although they are relatively
uncommon. With the advent of post-transplant cyclophosphamide (PTCy) as a method to utilize
T-cell replete mismatched grafts, the use of haploidentical donors has increased exponentially, and
cytokine release syndrome (CRS) is seen not infrequently. Outside of HCT, the use of T-cell engager
monoclonal antibodies (mAb), chimeric-antigen receptor T-cells (CARTs) and other targeted
cellular immunotherapies have also demonstrated potential for remarkable clinical efficacy and
revolutionized therapeutic options, particularly for hematologic malignancies. The therapeutic
power of such approaches has increased the incidence of significant inflammatory, immune-
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mediated toxicities including CRS, Immune Effector Cell-
associated Neurotoxicity Syndrome (ICANS), and less
commonly, a Hemophagocytic Lymphohistiocytosis (HLH)-
like syndrome. While there have been remarkable advances in
our ability to manage these toxicities, the field continues to
evolve rapidly in terms of understanding both the
pathophysiology common to many different immune effector
cell therapies and the discrete toxicities associated with specific
immune cell subsets, targets, genetic modifications, and
manufacturing of the infused product. Importantly, features of
immune activation arising from the recognition of targeted cells
may have significant overlap with other clinical scenarios such as
bacterial sepsis and evaluation and exclusion of alternative
etiologies is critical and frequently challenging. Here we review
the signs and symptoms, grading, pathophysiology, and
principles of management of immune-related toxicities arising
in the context of pediatric HCT, IEC and immune-cell engaging
therapies, particularly as it relates to pediatric critical care.
SIGNS, SYMPTOMS AND GRADING OF
CRS AND ICANS

The definition of CRS has evolved over time and has been iterated
within the Common Terminology Criteria for Adverse Events
(CTCAE). Initial trials involving CART cell therapies utilized a
variety of toxicity grading systems for individual trials. These
included standard CTCAE v 4.0 criteria (1), CTCAE v 5.0 criteria
(2), Lee toxicity criteria (3), Penn grading scale (4, 5), MSKCC
criteria (6) andCARTOXcriteria (7). This unfortunately precluded
a consistent and comparable assessment of CART cell-related
toxicities across different products, trials, and institutions (8). In
response to the need for a uniform grading system across clinical
trials and to allow accurate capture of the real-world experience of
commercial CART cell products, the American Society for
Transplantation and Cell Therapy (ASTCT) convened an expert
panel in 2018. This resulted in the ASTCT Consensus Grading for
CRS and neurologic toxicity with immune effector cells (9). These
grading criteria are now widely adopted in the field, although it
should be noted that they pertain to grading and do not include
management recommendations. TheASTCTcriteria defineCRS as
a “supraphysiologic response following any immune therapy
that results in the activation or engagement of endogenous or
infused T cells and/or other immune effector cells. Symptoms
can be progressive, must include fever at the onset and may
include hypotension, capillary leak (hypoxia) and end organ
dysfunction” (9).

As noted above, fever is necessary for the diagnosis ofCRS and is
defined as a temperature ≥ 38.0°C. Higher fevers, exceeding 40.0°C,
can often be seen and be persistent for days. Persistent fevers in the
context of CRS have generally been defined as lasting >3 days (10,
11). Fever may or may not be associated with constitutional
symptoms such as rigors, fatigue, malaise, anorexia, myalgias,
arthralgias, nausea, vomiting and headaches. End-organ
dysfunction is variable, but frequently involves the cardiovascular
system, manifesting as hypotension, widened pulse pressure,
Frontiers in Oncology | www.frontiersin.org 2283
tachycardia, and increased cardiac output that can progress to
cardiac failure. Respiratory involvement with tachypnea and
hypoxemia requiring oxygen and ventilatory support is not
uncommon. Additional organ dysfunction may be present
including hepatic involvement (transaminitis and/or
hyperbilirubinemia), renal dysfunction, gastrointestinal
symptoms (nausea, vomiting and diarrhea), skin rashes and
coagulopathy with elevated D-dimer, hypofibrinogenemia and
the potential for bleeding (3, 12) (Table 1). The onset and
resolution of CRS manifestations are in part dependent on the
specific immune effector cell therapy administered or engaged, but
generally occur early, within the first 1-2 weeks after product
administration. However, late onset CRS has been described (13)
and should be considered in the differential diagnosis of patients
presenting within an 8-week window of infusion.

Neurotoxicity or ICANS frequently occurs following CRS but
is excluded from the definition of CRS. This is due to limited
mechanistic data linking the two, the propensity of ICANS to
occur after the peak of CRS and unresponsiveness to effective
therapeutic interventions mitigating CRS such as Tocilizumab
administration. However, the majority of patients who develop
ICANS experienced preceding CRS and thus CRS is considered a
possible initiating event or cofactor (14). Symptoms of ICANS
can vary from mild to severe or even lethal, but are typically
transient, particularly in pediatric patients. These may include
headaches, word finding difficulties, dysphasia or frank aphasia,
mental status changes ranging from confusion and hallucinations to
somnolence or coma, tremor, dysmetria or motor weakness and
possible seizures. Although generally reversible, rare fatal events
involving cerebral edema and hernation have occurred
(15) (Table 1).

The most extensive experience with CRS and ICANS in
pediatric patients is from the CD19-targeted autologous CART
cell product Tisagenlecleucel. In the reported safety outcomes for
pediatric acute lymphoblastic leukemia (ALL), 55% of patients
experienced CRS (≥ Grade 3 in 16%) in the real-world setting as
reported to the Center for International Blood and Marrow
Transplant Research (CIBMTR) (n=255) (13), compared to
TABLE 1 | Signs and symptoms of CRS and ICANS.

System Symptoms

Constitutional Fever ≥38.0°C, malaise, fatigue, myalgias, arthralgias
Cardiovascular Hypotension, tachycardia, arrythmia
Pulmonary Hypoxia, tachypnea
Hepatic Transaminitis, hyperbilirubinemia
Renal Azotemia, Acute renal insufficiency
Gastrointestinal Nausea, anorexia, vomiting, diarrhea
Coagulation Hypofibrinogenemia, D-dimer elevation, PT/PTT prolongation,

bleeding
Skin Rash
Neurologic Headaches

Mild: Somnolence, lethargy, disorientation to time and place,
impaired attention or short-term memory, dysgraphia, tremor,
mild expressive aphasia
Severe: Global aphasia, coma, seizures, increased tone, focal
weakness, cerebral edema/intracerebral hemorrhage
In bold are headers and cardinal symptoms of CRS.
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77% (≥ Grade 3 in 48%) on the pivotal ELIANA trial (16).
Median time to onset was 6 days (range 1-27) in the CIBMTR
cohort and 3 days (range 1-22) in the ELIANA trial respectively.
Median duration of CRS was reported as 7 days in the CIBMTR
cohort (range 1-76 days) and 8 days (range 1-36) in the ELIANA
trial. Neurotoxicity was observed in 27% of patients (≥Grade 3 in
9%) (CIBMTR) and 38% (≥ Grade 3 in 12.7%) (ELIANA) with a
median time to onset of 7 days (range 1-80) (CIBMTR) and 8
days (range 2-489) (ELIANA) with a median duration of 7 days
in both (range 1-94 in CIBMTR cohort) (13) (Figure 1).

In a pediatric trial of CD19-targeted CART cells with a CD28-
costimulatory domain, any grade of CRS occurred in 80% and
severe CRS (by Lee criteria (3)) in 16% of patients. Seventy-two %
of patients experienced any neurotoxicity, with Grade 3/4 severe
neurotoxicity in 28% (17). In a large study (n = 58) of children and
young adults receiving CD22-targeted/4-1BB CART cell therapy for
relapsed/refractory CD22+ B-ALL (18), 86% developed any grade
CRS [≥ Grade 3 in 10% per Lee (3) and 24% by ASTCT grading
criteria (9)]. Transient neurotoxicity occurred in 32.8% of patients
with minimal severe neurotoxicity in 1.7% of patients.

Risk factors for the development of CRS include high disease
burden, factors associated with robust early CAR T cell
expansion and high CAR T cell dose (16, 19) (Table 2).

Risk factors for the development of ICANS include high
disease burden, peak CART cell expansion, high grade CRS,
high CART cell dose, extramedullary disease/CNS involvement,
preexisting neurologic comorbidities, younger age, B-ALL, early
fever onset and high concentrations of inflammatory cytokines
within the first 3 days after CAR-T cell infusion (16, 20,
21) (Table 2).
SIGNS AND SYMPTOMS OF CAR-HLH

More recently, CAR-associated HLH/MAS (CarHLH) has
emerged as a separate entity which may overlap with CRS or
Frontiers in Oncology | www.frontiersin.org 3284
occur as a late toxicity after resolution of CRS. In the context
of CART therapy, HLH has been defined as peak
ferritin >100,000mg/L (>100,000ng/mL) with at least two of the
following criteria: a) Hepatic aminotransferases or bilirubin
CTCAE grade ≥3, b) Creatinine CTCAE grade ≥3,
c) Pulmonary edema CTCAE grade ≥3 and d) evidence of
hemophagocytosis on bone marrow aspirate/biopsy (18, 22).
HLH/MAS-like toxicities have occurred only in patients who
had a history of CRS. This was initially described in the context
of CD22-CAR T cells (particularly with CD4/CD8 T cell
selection of the T cell product) for pediatric B-ALL where
32.8% of patients developed HLH-like manifestations
prompting the use of anakinra in a subset of patients (18).
CarHLH has also been observed in pediatric patients receiving
CD19-CART cell therapy (23) as well as adults with B-ALL and
diffuse large B cell lymphoma (24–26). The occurrence of serious
bacterial infections with associated heightened inflammatory
states may predispose patients to this late complication
(27) (Table 7).
CRS IN DIFFERENT CLINICAL SETTINGS

CRS in Patients Receiving Immune
Effector Cells – Pathophysiology and
Role of Biomarkers
The pathophysiology underlying CRS in the context of immune
effector cell therapies occurs in several phases and has been
described as a continuum of CRS and ICANS (14). It has been
most extensively reported for CART cell therapy and the
manifestations are impacted by composition/costimulatory
components of the chimeric receptor, the type of immune cell
used as well as tumor type, antigen, and tumor burden. Following
infusion, the initial phase is characterized by CART cell
trafficking to the site of tumor cells bearing the antigen
targeted by the CART cell via the chimeric receptor. Antigen
FIGURE 1 | Timing of Toxicities associated with CART cell (Chimeric-Antigen Receptor T-cell) therapies. CAR T cells typically expand and peak in the peripheral blood
1-2 weeks after infusion. The onset and peak of Cytokine Release Syndrome (CRS) generally occurs in the first week after CART infusion and precedes the onset of
ICANS (Immune Effector Cell-associated Neurotoxicity Syndrome). While CAR-associated Hemophagocytic Lymphohistiocytosis-like syndrome (CarHLH) manifestations
may overlap with CRS, it has also been described as a separate entity emerging after resolution of CRS. Upon resolution of acute CART toxicities, patients are at risk
for prolonged cytopenias, hypogammaglobulinemia and infectious risks due to ongoing B-cell aplasia mediated by persistence of functional CART cells.
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recognition and CART cell activation then induce CART cell
proliferation, cytokine production and activation of other
cellular components in the tumor microenvironment. CART
cell production of TNFa, IFN-g and GM-CSF activates cells of
the myeloid compartment which in turn secrete IL1, IL6, and
inducible nitric oxide synthase (iNOS). Key cytokines such as IL-
6 can also be produced by activated T cells, but it is now clear that
Frontiers in Oncology | www.frontiersin.org 4285
cells of the macrophage and monocyte lineage are the major
source of IL-6 and IL-1 in CRS (28, 29) (Figure 2).

CART-cell-mediated killing of target-bearing tumor cells and
activation of endogenous immune cells leads to the systemic
inflammatory response manifested as CRS with CART cell
expansion and elevated cytokine levels in the peripheral blood.
The migration of CART cells and endogenous T cells (30) into
the CNS as well as penetration by systemic cytokines into the
CNS results in ICANS in some but not all patients. Upon
eradication of tumor cells and activation-induced cell death of
T-cells, a decrease in serum cytokine levels and gradual reduction
in the systemic inflammatory response marks the resolution of
CRS/ICANS. Ideally ongoing tumor surveillance occurs through
long-term memory CART cells.

Recent studies have focused on elucidating biomarkers that
may predict severity of CRS prior to the development of critical
illness as well as facilitate early distinction between CRS and
sepsis. Disease burden at the time of CART-cell infusion is a
known factor predicting severe CRS (31, 32). Evaluation of
biomarkers in a cohort of 51 patients with ALL (n=39
pediatric) revealed elevated baseline Ferritin (median 1580ng/
mL, range, 232-14,674) and CRP (median 1.2mg/dL, range, 0.12-
29.4) in most patients, likely as a consequence of systemic
inflammation and/or iron overload. However, the peak
FIGURE 2 | Mechanisms of Toxicity and Pathways for Intervention. Based on our current understanding of the pathophysiology involved in CART cell mediated
toxicities, CART cells proliferate and produce inflammatory cytokines such as granulocyte-macrophage colony-stimulating factor (GM-CSF), interferon-g (IFNg), tumor
necrosis factor-a (TNFa) and other soluble inflammatory mediators, upon recognition of the CAR-target antigen. This results in monocyte recruitment and activation
of macrophages, which serve as the major source of Interleukin-6 (IL6) and Interleukin-1 (IL1), driving the systemic pathology of CRS. Penetration of cytokines and
migration of CART cell and endogenous T cells into the CNS promote the development of ICANS. Shown in pink boxes are therapeutic tools for intervention in the
pathways involved in CART-related toxicities. Blockade of the IL6-receptor (IL6R) by the monoclonal antibody (mAb) targeting the IL6R, Tocilizumab and the use of
corticosteroids are well established in the management of CRS. Siltuximab, a mAb targeting IL6 may serve as an alternative agent to intervene in the IL6 pathway.
The IL1-receptor (IL1R) antagonist Anakinra is emerging as a tool to preempt and treat CRS and has been utilized to treat CarHLH. The use of the TNF-antagonist
Etanercept and GM-CSF antagonist Lenzilumab is not clinically established but may represent a therapeutic option based on the pathways involved. Preclinical data
suggests that the kinase inhibitor Dasatinib may have a role in inhibiting CART cells and CART-mediated cytokine production. In CART cell constructs equipped with
a suicide mechanism, pharmacologic activation of the suicide switch or mAb-based targeting of surface proteins included in the CART construct may be utilized to
abrogate CART cell function in the setting of severe toxicity.
TABLE 2 | Risk factors associated with toxicity.

Toxicity Risk factors

CRS High disease burden
Factors associated with robust early CAR T cell expansion (CD28
costimulatory domains)
Higher CAR T cell dose

ICANS High disease burden
High grade CRS
Peak CART cell expansion
Extramedullary disease/CNS involvement
B-ALL
Younger patient age
High CART cell dose
Preexisting neurologic comorbidity
Early fever onset
High concentrations of inflammatory cytokines within 3 days of CART
infusion
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elevations of these markers were significantly higher in patients
with Grade 4 or 5 CRS (Ferritin median 130,000ng/mL, range,
11,200-299,000 and CRP median 22.9mg/dL, range 16.0-37.1)
than in those with Grade 0-3 CRS (Ferritin median 8,290ng/
mL; range, 280-411,936 and CRP 16.2; range, 0.7-56.5). Grade 4
CRS was also strongly associated with hypofibrinogenemia
(<150mg/dL). Furthermore, a peak in cytokine levels on a 24-
cytokine profile including, IFNg, IL6, IL8, sIL2Ra, sgp130,
sIL6R, MCP1, MIP1a, MIP1b and GM-CSF during the first
month after CART cell infusion was associated with Grade 4-5
CRS compared with Grade 0-3 CRS. The authors attempted to
identify a cytokine constellation within the first 3 days after
infusion that could predict the development of high-grade CRS.
With IFNg and sgp130 rising early in the course of CRS,
decision tree models involving a combination of a) IFNg and
MIP1a, b) sgp130, MCP1 and Eotaxin c) IL10 in conjunction
with disease burden were able to predict severe CRS before
patients became critically ill (33).

One of the clinical challenges in the management of patients
receiving IECs, HCT or T-cell engaging antibody therapies is the
distinction of CRS from sepsis as the underlying pathophysiology.
Most patients will have risk factors for sepsis including recent
chemotherapy with associated neutropenia, presence of central
venous lines and disease burden. Although the clinical
presentations overlap, the management of these two entities is
different, and a comprehensive workup for an infectious process
and adequate antimicrobial coverage should always be undertaken.
Ananalysis of a single-center cohort of patients receivingCARTcell
therapy (n=54, n=22 with Grade 3-4 CRS, n=16 included for
analysis) and sepsis (n=108, n=80 eligible for analysis), identified
24 cytokines that discriminated between CRS and sepsis. It
proposed a classification model in which IFNg elevations >83pg/
ml or low/moderate IFNg-elevations <83pg/ml in conjunctionwith
low IL1b <8pg/mml were associated with CRS whereas low IFNg
and IL1b >8pg/mml were consistent with sepsis with 97%
accuracy (34).

Given the importance of biologic samples and biomarkers in
understanding the pathophysiology of efficacy, toxicity and
clinical management in the context of an ever-expanding field
of novel products, efforts are under way to harmonize research
efforts and provide a framework for biomarker discovery (35).
For commercial products, most clinical centers voluntarily report
toxicity and effectiveness data to the Center for International
Blood and Marrow Transplant Research Cellular Immunotherapy
Data Resource (CIDR) in a coordinated effort to capture outcomes
(36). Likewise, a blueprint has been proposed for a collaborative
effort between academia, industry, health authorities and
professional societies. Clinical data reporting would be
complemented by standardized collection and analysis of product,
blood, marrow, tumor, and stool samples to produce comparable
data on response and toxicity. This will require sharing of data and
tools to allow for real time quantification and pharmacokinetics of
CART cells post-infusion. Deposition of analysis results into a
digital database would allow for comprehensive analysis and
comparison across different centers and products and further the
development of CLIA-approved assays that would support optimal
clinical decision making for individual patients.
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CRS in Patients Receiving
Bispecific Antibodies
While CRS is most recognized as an entity related to immune
effector cells, it also emerged as an immunopharmacological
response to bispecific T cell engaging antibodies (BiTEs) such as
Blinatumomab (37). Blinatumomab consists of two single chain
variable fragments, connected by a flexible linker, binding CD3
and CD19 respectively. This allows T cells to bind to the CD19
antigen on leukemia blasts and B-cells and leads to non-major
histocompatibility-complex restricted T cell activation,
activation of polyclonal T cells and killing of leukemia blasts
and CD19+ B cells. It is currently FDA-approved for the
treatment of adult and pediatric B-ALL in first or second
complete remission with MRD ≥ 0.1% (38). In several trials
investigating the use of Blinatumomab in adults, severe CRS
occurred in 2-6% of patients, with neurologic toxicities in 13-
17% of patients (39–41).

Blinatumomab isnow frequentlyused in the therapyof relapsed/
refractory pediatric B-ALL. In a single center retrospective analysis
of 38 pediatric patients receiving Blinatumomab, febrile reactions
during Blinatumomab infusion were frequent and occurred in 84%
of patients. 53% of patients experienced CRS, 18% Grade 3 or 4
during thefirst cycle.Neurotoxicitywas observed in 18%ofpatients
(42). CRS and neurotoxicity typically occur in the first week of the
first cycle of Blinatumomab, are less frequent with subsequent
Blinatumomab cycles and can be mitigated by interruption of
therapy, subsequent dose-reduction and if necessary corticosteroids
and/or Tocilizumab administration (43).

During the Phase I/II prospective multicenter study of
Blinatumomab in relapsed/refractory pediatric ALL, 3 of 5
DLTs in the dose finding phase were Grade 4 CRS events, one
of which was successfully treated with Tocilizumab (44). A
syndrome of CRS with features of HLH/MAS was highlighted
in a separate case report by Teachey et al. (45). The patient
developed high fevers, hyponatremia, hypotension, hypoxemic
respiratory failure, accompanied by hyperferritinemia (22,000ng/mL),
IL6 elevation (680pg/mL), cytopenias and hypofibrinogenemia. Other
pertinent elevations in laboratory parameters included IL2R (4800pg/
ml), IL10 (5338pg/mL), IFNg (190pg/mL), MCP1 (2000pg/mL
range), IL8 (400pg/ml range) and MIP1b. Tocilizumab was
administered after continued clinical deterioration, despite
discontinuation of Blinatumomab and was followed by dramatic
improvement in both clinical and laboratory aberrations. In the trial,
severe toxicity was subsequently mitigated by the administration of a
stepwise Blinatumomab dosing approach (5ug/m2/d for the first 7
days, then 15ug/m2/d). In the cohort treated in this manner, 8 of 70
patients (11%) had CRS of any grade, while grade 3 or 4 CRS was
observed in 6% of patients. Seventeen had neurologic/psychiatric
events (24%) with seizures in two patients (3%) (44).

In a recent multicenter study investigating the use of
Blinatumomab as post-reinduction consolidation therapy
utilizing Dexamethasone premedication at the start of each
cycle of continuous Blinatumomab infusion, CRS of any grade
occurred in 22% of patients (Grade ≥3 in 1%), encephalopathy in
15% (Grade ≥ 3 in 4%) and seizure in 5% (Grade ≥ 3 in 1%), with
the majority of events occurring during Cycle 1. Management of
adverse events depended on severity and included treatment
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interruption, a short course of Dexamethasone (4 days followed
by a rapid taper) and best supportive care. For patients
experiencing toxicity, Blinatumomab could be resumed with
dose reduction and Dexamethasone premedication once CRS/
neurotoxicity resolved to ≤ Grade 1; a second AE requiring
interruption of drug mandated permanent discontinuation (46).
CRS in Patients Undergoing
Haploidentical HCT
CRS is also increasingly well described in the setting of allogeneic
HCT, specifically haploidentical HCT utilizing T-cell replete
peripheral blood stem cell grafts. Historically, ex vivo T cell
depletion was required for Haplo-HCT with methods such as
CD34+ positive selection, CD3+ depletion or abTCR-depletion.
This resulted in very low doses of mismatched abT cells in the
graft. However, with the advent of Haplo-HCT using lymphocyte
replete grafts andpost-transplantCyclophosphamide (PTCy), highly
mismatchedT-cells are infused in thegraft andproliferate in response
to alloantigens (47). This reaction proceeds unencumbered until
PTCy is administered early after transplantation, typically onDay+3
and day +4. Cyclophosphamide selectively eliminates alloreactive T
cells while sparing hematopoietic stem cells. High fever early after
infusion of haploidentical grafts has been well described (48, 49),
typically occurring in the first 3 days following graft infusion and
subsidingafter the seconddoseofCyclophosphamide.More recently,
the full syndrome of CRS has been described in several retrospective
series of adult patients with severe CRS being most prominent in T-
cell replete peripheral blood (PB) Haplo-HCT. This not surprising,
given that G-CSF-mobilized peripheral stem cell grafts contain
approximately 1 log-higher doses of T-cells than unmobilized bone
marrowgrafts. In a series of 146 consecutive adult patients (range 27-
78years)undergoingHaplo-HCTwithPBSCbetween2013-2017at a
single institution, CRS as graded by the Lee criteria (3) occurred in
89% of patients. Most cases were of mild severity, however severe
(Grade3-5)occurred in17%ofpatients.Patientswith severeCRShad
a significantly higher NRM at 6 months than those with Grade 0-2
CRS (36% vs 8%, p<0.001) and lower 2-yearOS (61% vs 40%) as well
as a significant delay in neutrophil and platelet engraftment. Risk
factors for severe CRS included recipient age >60years, and receipt of
radiotherapy, but CD34+ or CD3+ cell doses were not identified as
risk factors. A DRB1 mismatch in the graft-versus host direction
appeared tobe a requirement for thedevelopmentof severeCRS (50).

Similar findings were also reported in a series of 107
consecutive Haplo-HCT patients receiving PTCy with >90% of
patients having PBSC grafts. This series also evaluated 39
patients receiving HLA-identical HCT with PTCy as GVHD
prophylaxis and found that CRS as defined by the original Lee
criteria (3) occurred in 76% of Haplo-HCT patients compared to
14% of those receiving HLA-matched HCT with PTCy. CRS was
typically grade 1 or 2 and was associated with the use of PBSC
and a higher Total Nucleated Cell (TNC) dose. CRS rates were
83% in patients with TNC > 6x108/kg compared to 53% in those
who received lower TNC doses. CRS was associated with higher
rates of grade II-IV aGVHD (60% vs 28.6%), but not with Grade
III-IV aGVHD, cGVHD, NRM, EFS or OS (51).
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In a different single-center cohort of 75 patients ranging from 19-
73years inage,CRSoccurred in87%ofpatients andsevere treatment-
related mortality in 12% of patients. Patients with severe CRS had
higher treatment-related mortality as well as delayed neutrophil
engraftment. In this cohort, cytokine levels were prospectively
assessed in a subset of patients and high IL6 levels were found in 10
patients, 7 of whom received Tocilizumab. The median day of
Tocilizumab treatment was d +3 (range 1-5), after which symptoms
ofCRSresolvedwithin48hrsandCRPlevels dropped tobelow50%of
peakvalue.Withamedian follow-upof196days (range, 74-421days),
Tocilizumab administration did not appear to impact engraftment or
efficacy of PTCy, although 1 patient subsequently developed steroid-
refractoryGrade IV acute liver GVHD (52). Importantly, none of the
patientswith severeCRSwerenoted tohave a skin rashwhichmaybe
clinically relevant for the distinction of CRS from engraftment
syndrome or hyperacute GVHD (53).

Finally, a multicenter study by Abboud and colleagues
retrospectively analyzed a cohort of 451 patients undergoing
PTCy-based Haplo-HCT. This study confirmed a high overall
CRS incidence of 90%, with the majority of cases mild (73%) and
severe CRS occurring in 17%. Risk factors for severe CRS included
the use of PBSC grafts, recipient CMV seropositivity, history of
prior HCT and additionally HCT-CI and donor-recipient sex
mismatch (in patients receiving PBSC grafts). Severe CRS was
associated with a significant delay in neutrophil and platelet
engraftment, but no differences in aGVHD and in fact lower rates
of chronic GVHD. Interestingly the risk of relapse was significantly
lower with both mild and severe CRS. However, with higher rates of
NRM in the severe CRS group, OS was superior in patients with
mild CRS. Management of severe CRS was center-dependent but
included the use of steroids with or without Tocilizumab (54).

Further study is required to characterize long-term outcomes in
those patients experiencing severe CRS and the impact and optimal
timing of Tocilizumab therapy. Most of the literature describes adult
patients, and CRS in the context of pediatric haplo-HCT is not well
characterized. Differences would be expected from the adult
experience at least partly because marrow is the most frequently
used pediatric graft source and because severity of CRS appears to
correlate with older age. However, severe CRS has been observed in
pediatric Haplo-HCT (unpublished institutional data).

The incidence and management of CRS and associated
toxicities in pediatric patients are likely to become further
elucidated over the next years given the many advantages to the
use of PTCy. This approach to HCT greatly expands the donor
pool by allowing the use of haploidentical family donors. In vivo T
cell depletion avoids the expense and sophisticated infrastructure
required for ex vivo graft manipulation and can be offered outside
of a research trial. As a result, PTCy-based haploidentical
transplants have become increasingly used worldwide including
in low and middle-resourced countries where access to alternative
donors is limited. Tocilizumab is rarely available in these less
resourced settings, due to expense and limited availability,
particularly since its identification as a tool in the treatment of
severe COVID infections. The approach to CRS has not been
standardized in this context but high dose steroid administration at
the first signs of CRS has been utilized. An alternative approach in
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the absence of tocilizumab, employs the use of lower dose steroids
(0.5 mg/kg/day) as prophylaxis from day -1 before graft infusion
through the administration of post-HCT Cyclophosphamide. This
may be of particular importance when PBSC grafts are used in
smaller patients who will receive a disproportionally high T cell
dose. An alternative or complementary approach is to cap the
CD34+ cell dose at 6-7.5x106 CD34+ cells/kg/recipient body
weight (Personal communication, Dr Elhaddad). These
interventions appear to abrogate most cases of severe CRS and
allow the use of haploidentical donors in the absence of access to
targeted anti-cytokine therapies. There is theoretical concern that
this early administration of steroids could blunt the expansion of
alloreactive T cells that underlies the efficacy of GVHD protection
with PTCy. Robust data reporting on outcomes including the
incidence of GVHD and relapse will be required to fully assess the
efficacy of this approach.
PRINCIPLES OF TOXICITY MANAGEMENT

CRS Management
General management recommendations of IEC-related toxicities
have been put forth by a number of working groups (3, 7, 11), but
specific considerations apply to pediatric patients receiving
Immune Effector Cells (55, 56). With rapid advances in the
field, these recommendations will likely require modification
over time to reflect toxicities emerging with novel agents,
advances in our understanding of the pathophysiology and the
availability of novel therapeutics to ameliorate toxicity while
preserving efficacy. Key features of successful IEC toxicity
management are close monitoring and early recognition of
symptoms, provider and family education and an appropriate
institutional infrastructure with involvement of the primary care
team, pediatric intensive care unit, emergency room and
pharmacy to facilitate assessment, workup, and management
without delay (Table 3).

At the first onset of fever following IEC therapy, patients
should be promptly evaluated and, if outpatient, admitted to the
hospital. Evolving sepsis and other infectious processes are
important in the differential diagnosis and thus blood cultures
should be obtained promptly, and empiric antimicrobial
coverage initiated. Additionally, imaging and/or additional
infectious workup should be undertaken depending on the
patient’s clinical situation. The presence or development of
hypotension should be assessed using age-specific physiologic
values (57) and the patient’s personal baseline blood pressures
and prior need for antihypertensive agents. Once hypotension is
identified, prompt management should ensue including an
urgent evaluation by the critical care team. Initial fluid
resuscitation with 10-20ml/kg IV normal saline should be
performed after assessment of patient size, vulnerability to
fluid shifts and preexisting conditions. Care must be taken not
to induce acute fluid overload and potential respiratory failure in
patients with capillary leak. The optimal fluid for resuscitation in
this setting has not been established and consideration may be
given to use of albumin in patients with hypoalbuminemia and
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capillary leak (58, 59). Providers should be prepared to escalate
management with additional agents and to not exceed two fluid
boluses before initiating vasopressors to support adequate end-
organ perfusion as clinically indicated. If underlying adrenal
insufficiency is suspected, stress-dose hydrocortisone should be
initiated. Concurrently, patients should be closely monitored for
CRS-associated coagulopathy and hypofibrinogenemia managed
with fibrinogen concentrate or cryoprecipitate (12).

Tocilizumab, a monoclonal antibody which blocks the IL6
receptor and therefore the IL6 pathway, has emerged as an
essential therapeutic to intervene in the inflammatory pathway of
CRS and has been critical in the success of CART cell therapy by
enabling the successful management of life-threatening toxicities
without long-term impact on CART cell efficacy (31). It was
approved by the FDA for the management of CRS in 2018 (60).
Availability of at least 2 doses of Tocilizumab for a given patient
should be confirmed prior to CART cell infusion. Tocilizumab is
administered IV based on weight (Weight <30kg: 12mg/kg; Weight
≥30kg: 8mg/kg with a maximum dose of 800mg). Tocilizumab
administration was initially reserved for patients requiring high-
dose ormultiple vasopressors, or those requiring≥40%FiO2 support
forhypoxia aswell as thosewithGrade3orhigherCTCAEv4.0organ
toxicity. However, as the field has gained more experience, earlier
administration of Tocilizumab has emerged as a strategy to preempt
high-grade CRS and has resulted in a lower incidence of Grade 3-4
CRS.As such,Tocilizumabadministration shouldbe considered for
ASTCT Grade 2 CRS, particularly if prolonged and should be
administered rapidly in patients with≥Grade 3 perASCTCgrading
criteria (Temperature ≥38°C, requiring a vasopressor and/or High-
Flow Nasal Canula (HFNC), facemask, nonrebreather mask or
Venturi mask). Recent ASCO guidelines also recommend
consideration of Tocilizumab for patients with Grade 1 CRS and
persistent (>3 days) or refractory fever (10). While repeat
administration every 8 hours for up to 4 total doses is possible,
clinical improvement in patients responding to Tocilizumab is
generally observed within hours of initial administration (61). In
patients who appear refractory to Tocilizumab, administration
of corticosteroids either concurrently with the second
dose of Tocilizumab or within 12-18 hours after the initial
Tocilizumab dose should be considered. The type of
corticosteroid used differs based on institutional preference but
may include Methylprednisolone 1-2mg/kg/d IV daily or
Dexamethasone 0.5-1mg/kg/dose (maximum 10-20mg) every 6
hours. Upon improvement to Grade 1 CRS, a rapid steroid taper
should be initiated. Although the impact of early Tocilizumab and
corticosteroid administration on long-term anti-leukemic efficacy
has not been prospectively studied, no apparent detrimental effects
on MRD-negative complete remission rates, LFS, OS, CART cell
expansion or persistence has been observed with an early
intervention strategy. In this approach, Tocilizumab is used for
persistent symptoms of mild CRS with a focus on persistent fever
≥39°C for 10 hours, early hypotension andmildhypoxia; 5-10mgof
Dexamethasone Q6-12 hours is given for patients experiencing
sustained/recurrent fevers, requiring vasopressor support or
requiring increasing respiratory support (62). Similarly, a risk-
adapted strategy of Tocilizumab administration based on B-ALL
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tumor burden at the time of CART infusion was able to reduce the
rate of Grade 4 CRS (19). In this study, patients with tumor burden
of ≥40% on marrow evaluation prior to infusion received a single
doseofTocilizumabafter thedevelopmentofhigh, persistent fevers,
whereas patients with <40% blast burden received standard CRS
management.TheuseofAnakinra early in the courseof IEC toxicity
is currently being investigated.

In patients who do not respond to these measures, third-line
agents should be entertained, including Siltuximab (63),
Anakinra (29, 64) and high-dose Methylprednisolone (1gram
daily x 3days, followed by rapid taper) (55). In products
containing an inducible safety switch such as inducible
caspase-9 (iC9) (65) this should be triggered in the face of
serious uncontrollable toxicity. Although clinical data is
lacking, preclinical models have suggested that the tyrosine
kinase inhibitor Dasatinib may be utilized to transiently ablate
CAR signaling by interfering with the lymphocyte-specific
protein tyrosine kinase (LCK) and inhibiting phosphorylation
of the CD3z-chain contained in the CAR (66) (Figure 2).

ICANS Management
The risk for neurological toxicities differs based on the type of IEC
administered, baseline neurologic status and disease burden. It has
been observed in patients receiving IEC and Blinatumomab but is
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not currently characterized as a complication seen after Haplo-
HCT. In general, a risk-adjusted approach, particularly for
preemptive measures is recommended (11). Some centers have
adoptedabaseline evaluationbyneurologyprior to IEC infusion for
all patients and this should definitively be considered in patients at
high risk for ICANS.Additionally, the potential benefit of a baseline
brain MRI warrants consideration.

There is currently insufficient evidence to recommend anti-
seizure prophylaxis in all patients undergoing IEC therapies, and
patients can develop seizures despite leviracetam prophylaxis (20).
However, seizureprophylaxiswithLeviracetam10mg/kg (maximum
500mg/dose) every 12 hours should be considered in patients
deemed at high risk for ICANS, such as pediatric patients with
active CNS disease, a history of seizures or neurologic abnormalities
on imaging. Initiation of Leviracetam may also be considered in
patients developing high grade CRS and/or early symptoms of
ICANS. Although the ideal dose and duration have not been
determined, Leviracetam is the anti-epileptic drug of choice both
for the prophylaxis and treatment of seizures during IEC therapy,
owing to its low risk of cardiac toxicity, safe use in patients with
hepatic dysfunction and lack of impact on cytokine levels (7).

The recognition of ICANS, particularly in young children,
requires a high degree of suspicion, close communication with
parents/caregivers and regular screening during the period of
TABLE 3 | CRS grading and management.

CRS Parameter Grade 1 Grade 2 Grade 3 Grade 4

Fever Temperature ≥ 38°C Temperature ≥ 38°C Temperature ≥ 38°C Temperature ≥ 38°C

Hypotension None Not requiring vasopressors Requiring a vasopressor with or without
vasopressin

Requiring multiple vasopressors
(excluding vasopressin)

Hypoxia None Requiring low-flow (O2 ≤ 6L/
minute) nasal cannula or blow-by
oxygen delivery

Requiring high-flow (O2>6L/min) nasal
cannula, facemask, nonrebreather mask or
Venturi mask

Requiring positive pressure (e.g.
CPAP, BIPAP, intubation and
mechanical ventilation)

*Grade is determined by the more severe event among CRS parameters. Grading adapted from Lee DW (9), Biol Blood Marrow Transplant 2019

Management ⇩ ⇩ ⇩ ⇩

Supportive Measures -Blood cultures, ID
workup
-Antibiotics
-Antipyretics/
Cooling measures
-Maintain hydration

Grade 1 interventions, plus:
-IV Fluid bolus (x1-2) as needed
-Consider stress-dose
hydrocortisone
-Respiratory support/O2 as
needed

Grade 2 interventions, plus:
-Transfer to ICU
-Vasopressors as needed
-Escalate respiratory support as needed

Grade 3 interventions, plus:
-Maintain ICU level care
-Escalate respiratory support as
needed

Tocilizumab Consider
Tocilizumab for
prolonged high
fever

Consider Tocilizumab (Toci) for
prolonged Grade 2 CRS

Administer Tocilizumab
<30kg: 12mg/kg May repeat Q8hr
≥30kg: 8mg/kg (maximum 3-4 doses)

Corticosteroids
-Methylprednisolone IV:
1-2mg/kg div q6-12h OR
-Dexamethasone IV: 0.5-
1mg/kg (max 10mg) Q6h

Consider steroids with 2nd dose of Toci if CRS refractory to 1st Toci dose
Administer steroids for CRS refractory to 2 doses of Toci

Third-line agents
Anakinra, Siltuximab, ATG
HD Methylprednisone,
Safety switches

Consider third-line agents if no
improvement after 2 doses of
Tocilizumab + steroids.
Consider alternative etiologies
March
In bold are headers, key CRS parameters and management interventions, and key criteria determining CRS Grade as well as key interventions.
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highest risk. The ASTCT ICANS criteria should be used not only
for grading but also screening purposes. In conjunction with
assessment of the level of consciousness, presence or absence of
seizure activity, motor weakness or elevated ICP/cerebral edema,
the Immune Effector-Cell associated Encephalopathy (ICE) score
should be utilized in children >12 years if developmentally
appropriate (Table 4), and the Cornell Assessment of
Paediatric Delirium (CAPD) scoring in children <12 years old
and those who are developmentally unable to be evaluated using
the ICE score (Table 5). A CAPD score >/=9 or a significant rise
in CAPD score from baseline should raise concern for delirium.
A baseline evaluation should be undertaken in all patients prior
to infusion. Thereafter patients, should be regularly monitored.
During the expected high-risk period, performing a formal
ICANS assessment twice daily has been suggested (56).

If signs and symptoms consistent with ICANS develop
(Table 6), the frequency of neurologic monitoring should be
increased, and a comprehensive diagnostic workup undertaken in
consultationwith a pediatric neurologist. Neuroimaging, diagnostic
lumbar puncture and electroencephalography are often warranted
to rule out alternative etiologies including infections (10).

Neuroimaging by Brain Magnetic Resonance Imaging (MRI)
is preferred but if this is not feasible based on the patient’s
stability or challenges around required sedation, Computer
Tomography (CT) imaging may be obtained. Radiographic
findings may vary significantly among patients with ICANS
and range from normal (20) to severe findings of intracranial
hemorrhage, infarcts, and diffuse edema (15). However, common
patterns include reversible T2 hyperintensities and swelling in
the bilateral thalami, pons, and medulla (in a pattern similar to
the rare central variant of posterior reversible encephalopathy
syndrome), frequently accompanied by symmetric white matter
T2 hyperintensities that are subcortical or affect the external and
Frontiers in Oncology | www.frontiersin.org 9290
extreme capsule. Focal white matter T2 hyperintensities with or
without contrast enhancement may occur at sites of prior CNS
injury. Furthermore, cortical diffusion restriction with
subsequent cortical atrophy is a rare variant (20, 68, 69).

EEG in pediatric patients with neurotoxicity may reveal diffuse
background slowing indicative of diffuse encephalopathy and may
capture additional seizures in some patients (69). The most
common EEG finding in adults was frontal intermittent rhythmic
delta activity (FIRDA) and diffuse or frontal slowing with or without
triphasic waves (2-3Hz). Nonconvulsive status epilepticus can also
been observed (7, 20).

Characteristic CSF findings in patients with ICANS may
include pleocytosis relative to peripheral WBC counts, high
CSF protein levels and serum CSF/serum Albumin quotients
(Qalb). CART cells can be detected in the CSF by product-
specific qPCR assays (20) although results are often not able to be
clinically used. Preclinical models suggest migration of CART as
well as non-transduced lymphocytes into the CSF (30) and the
quantity of CART cells in the CSF does not appear to correlate
with neurotoxicity severity (20).

A higher incidence of Disseminated Intravascular
Coagulation (DIC) has been reported in patients with severe
neurotoxicity and coagulation parameters should be closely
monitored and corrected. High grade CRS is associated with
the development of neurotoxicity and initiation of Leviracetam
prophylaxis may be considered in those patients. High grade
CRS, with or without co-occurrence of ICANS should be treated
with Tocilizumab as outlined above. However, Tocilizumab does
not penetrate the CNS and has failed to resolve symptoms of
ICANS despite alleviating severe CRS. It has been postulated that
Tocilizumab may in fact worsen neurotoxicity by at least
transiently increasing IL6 concentrations in the CSF (21, 63,
70). Therefore, the management of neurotoxicity with steroids
TABLE 4 | ICE Scoring.

ICE Scoring (Children ≥ 12 years)

Points: Maximum points

Orientation Year 1

Month 1

City 1

Hospital 1

Naming Object 1 (e.g. clock) 1

Object 2 (e.g. pen) 1

Object 3 (e.g. button) 1

Following Commands Ability to follow a simple command (e.g. “Show me 2 fingers” or “Close your eyes and stick out
your tongue”)

1

Writing Ability to write a standard sentence (e.g. “Our national bird is the bald eagle”) 1

Attention Ability to count backwards from 100 by 10 1

Total Points: (ICANS Grade 1: 7-9, Grade 2: 3-6, Grade 3: 0-2) 10
March 20
22 | Volume 1
Adapted from Lee DW (9), Biol Blood Marrow Transplant 2019.
In bold are Headers and Key domains of ICE scoring.
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may take precedence over the management of low-grade CRS (11).
As an example, Grade ≥2 ICANS with Grade 1 CRS should be
preferentiallymanagedwith steroids.However, for high-gradeCRS
in conjunction with ICANS, Tocilizumab should be used
in conjunction with steroids. The choice of corticosteroid
differs among institutions and there are product-specific
recommendations but in general Dexamethasone 1mg/kg (max
20mg) every 6 hours or Methylprednisolone IV 1-2mg/kg/day
divided Q6-12hours are used. For Grade 4 ICANS or cerebral
edema, high grade Methylprednisolone (30mg/kg/day, Max 1gram/
d) should be utilized. Seizures should be managed per institutional
standard. Benzodiazepine therapy is typically used to abort seizures,
while Leviracetam is used as the antiepileptic medication of choice
given its low risk of cardiotoxicity, safe use in patients with hepatic
dysfunction and the fact that it does not affect cytokine levels (7, 11,
55). Transfer to a pediatric ICU should be undertaken for grade ≥3
ICANS, progressive ICANS or ICANS unresponsive to therapy.
Patients should be closely monitored for the development of
cerebral edema. In patients with evidence of increased intracranial
pressure (papilledema, elevated CSF opening pressure ≥20mmgHg,
or cerebral edema on neuroimaging), intensive treatment algorithms
per institutional standard should be rapidly employed which may
include hyperventilation strategies, hyperosmolar therapy, elevation
of the headof bed and consultationwithneurosurgery (Table 6) (55).

CarHLH Management
The clinical features observed in CRS overlap substantially with
CarHLH (33). Therefore, standard CRS management
Frontiers in Oncology | www.frontiersin.org 10291
(tocilizumab, corticosteroids) is indicated when symptoms of
HLH are concurrent with CRS. However, with the investigation
of novel CART-cell constructs, such as CD22-CAR T cells, a
secondary inflammatory phase mimicking HLH has been
observed and the term CarHLH suggested to aid in the
distinction from CRS. While symptoms can overlap with
severe CRS, this entity may occur after resolution of clinical
symptoms consistent with CRS such as fever and hypotension.
Prominent features of CarHLH include delayed coagulopathy
characterized by disproportionally severe hypofibrinogenemia
compared to PT/PTT abnormalities, significant hyperferritinemia,
hepatic dysfunction and cytopenias (22) (Table 7). Based on current
ASCO guidelines, a full workup to additionally include serum
triglycerides, soluble IL-2 receptor alpha (sCD25 or sIL-2R) and/
or CXCL9, bone marrow evaluation, lumbar puncture with CSF
analysis and brain MRI with and without contrast workup for
infectious triggers may be considered (10). Late-onset tocilizumab-
refractory HLH-like symptoms may therefore represent a distinct
pathology requiring tailored treatment approaches. IL1b-levels are
high in patients with CarHLH and support the use of Anakinra (22).
In this setting, Anakinra alone or in conjunction with
corticosteroids has been used successfully to resolve HLH/MAS-
like toxicities without any apparent negative effects on CAR T cell
expansion or response (18). Additionally, coagulopathy should be
closely monitored and managed by repletion of fibrinogen with
cryoprecipitate. Current SITC guidelines therefore recommend
consideration of third-line CRS agents such as Anakinra and
corticosteroid for Tocilizumab-refractory late-onset HLH/MAS-
TABLE 5 | CAPD Scoring.

CAPD Encephalopathy Assessment for Children < 12years

Point assignment: Never
(4 points)

Rarely
(3 points)

Sometimes
(2 points)

Often
(1 point)

Always
(0 point)

Guidance for patients age 1-2years:

1. Does the child make eye
contact with the caregiver?

Holds gaze, prefers parent, looks at speaker

2. Are the child’s actions
purposeful?

Reaches and manipulates objectes, tries to change
position, if mobile may try to get up

3. Is the child aware of his/her
surroundings?

Prefers primary parent, upset when separated from
pereferred caregivers. Comforted by familiar objects

4. Does the child communicate
needs and wants?

Uses single words or signs

Never Rarely Sometimes Often Always
(0 points) (1 point) (2 points) (3 points) (4 points)

5. Is the child restless? No sustained calm state

6. Is the child inconsolable? Not soothed by usual comforting actions

7. Is the child underactive; very
little movement while awake?

Little if any play, efforts to sit up, pullup, and if mobile
crawl or walk around

8. Does it take the child a long
time to respond to interactions?

Not following simple directions. If verbal, not
engaging in simple dialoge withwords or jargon

Total Points: (ICANS Grade 1
and 2: 1-8, Grade 3: ≥ 9)
Adapted from Traube et al. (67).
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like pathology. Etoposide should only be administered as a last
resort (11, 71). Further investigations into this evolving area
are likely to more clearly elucidate the clinical entity of
CarHLH, the impact of early use of Anakinra as well the
utilization of other therapeutic agents. High levels of IFNg
have been observed in patients with CarHLH, providing
rationale for the potential use of Emapalumab, an anti-IFNg
Frontiers in Oncology | www.frontiersin.org 11292
monoclonal antibody (72), which is FDA approved for the
treatment of primary HLH. However, clinical experience with
Emapalumab in CarHLH is currently lacking and preclinical data
raises concern regarding its possible negative impact on CART cell
efficacy (73). Implications ofCarHLHinclude severe infections (27)
and multiorgan dysfunction highlighting the importance of robust
supportive care for this patient population.
TABLE 6 | ICANS grading and management.

Neurotoxicity Domain Grade 1 Grade 2 Grade 3 Grade 4

≥12 years: ICE score OR 7-9 3-6 0-2 0 (unarousable and unable to perform ICE)

<12 years: CAPD score 1-8 1-8 ≥9 Unable to perform CAPD

Depressed level of consciousness
(any age)

Awakens
spontaneously

Awakens to voice Awakens only to
tactile stimulus

Unarousable or requires vigorous or repetitive
tactile stimuli to arouse; stupor coma

Seizure (any age) None None Any clinical seizure
(focal or generalized)
that resolves rapidly
OR nonconvulsive
seizures on EEG
that resolve with
intervention

Life-threatening prolonged seizure (.5min); or
repetitive clinical or electrical seizures without
return to baseline in between

Motor weakness (any age) None None None Deep focal motor weakness, such as hemiparesis
or paraparesis

Elevated ICP/cerebral edema None None Focal/local edema
on neuroimaging

Decerebrate or decorticate posturing, cranial
nerve VI palsy, papilledema, Cushing’s triad or
signs of diffuse cerebral edema on imaging

*Grade is determined by the more severe event among neurotoxicity domains not attributable to any other cause. Grading adapted from Lee DW (9), Biol Blood
Marrow Transplant 2019

Management Management should be tailored to the type of CART product and patient characteristics

Supportive Measures -Close monitoring
with ICE/CAPD
scoring ≤ q6hrs
-Initiate workup as
indicated
-Airway protection
-Aspiration
precautions
-Convert
medications,
nutrition to IV as
indicated
-Avoid
pharmacologic
CNS depression

Grade 1, plus:
-EEG
-Neuroimaging
-initiate further workup as
indicated

Grade 2, plus:
-ICU transfer
-LP
-consider repeat
neuroimaging q2-
3 days

Grade 3, plus:
-ICU transfer
-Neuroprotective measures:
Head of bed to 30° and neck midline,
normothermia, normocarbia (paCO2 35-40mmHg),
euglycemia, eunatremia
-Increased ICP/Herniation:
Initiate hyperosmolar therapy, deep sedation,
hyperventilation (paCO2 30-35mmHg), stat head
CT, neurosurgery consultation

Work-up:

-Neurology consultation
-Neuroimaging (MRI with and without
contrast or non-contrast Head CT;
MRI spine if focal symptoms)
-Fundoscopy
-Electroencephalography (EEG)
-Lumbar puncture (LP)

Antiseizure Medications Consider Leviracetam prophylaxis in high-risk
patients

Treat seizures
with Leviracetam/
Benzodiazepines

Treat seizures with Leviracetam/ Benzodiazepines

Corticosteroids Consider Steroids.
>For concurrent low- grade only
CRS, prioritize steroids over
Tocilizumab

Initiate Steroids
(at least 2 doses)

Initiate Steroids (at least 2 doses)
-Methylprednisolone IV:

1-2mg/kg div q6-12h OR

-Dexamethasone IV: 1mg/kg (max
20mg) Q6h

For Grade 4 or focal edema consider:
Methylprednisolone IV 30mg/kg/daily (Max 1gram/d)
March 2022 | Volume 12 | Article 84111
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Critical Care Considerations for
Toxicity Management
Up to 50% of pediatric patients who develop CRS will end up
requiring pediatric intensive care unit (PICU) level care (16, 61).
While the threshold for PICU transfer varies by institution,
typically Grades 3 and 4 CRS require intensive care, while
some Grade 2 CRS patients may be transferred to the ICU
based on institutional protocol and clinical judgement of the
patient’s trajectory. Among pediatric CAR-T patients, the most
common complications requiring ICU-level care are
hemodynamic instability (25-35%), respiratory insufficiency
(15-25%), and neurologic instability (10-20%) (16, 61). It is
worth considering that these numbers are likely to change both
as institutions gain more experience with CAR-T therapy and its
toxicities and as the eligible patient population is expanded.

Hemodynamic instability in CRS patients can be
multifactorial and is thought to share common features with
other hyperinflammatory states such as SIRS and sepsis.
Inflammatory cytokines cause vasoplegia and capillary leak,
promoting a distributive shock state. Additionally,
inflammation can cause cardiac dysfunction and arrhythmias
(74, 75). Acute hemodynamic stabilization of a patient with CRS
should include rapid but judicious fluid administration to replete
Frontiers in Oncology | www.frontiersin.org 12293
intravascular volume and protect end organ perfusion. In
patients with persistent hypotension, there should be a low
threshold for initiation of pressors and immediate PICU
transfer. These patients should have an EKG, chest x-ray, and
echocardiogram upon PICU admission. The choice of pressor
follows similar reasoning to that for patients with septic shock.
Most CRS patients present with a “warm shock” picture, and
norepinephrine can be used to improve vascular tone while
providing some inotropy and chronotropy. Epinephrine can be
considered in patients with hemodynamically significant
myocardial dysfunction. Additional vasoactives such as
vasopressin, phenylephrine, and milrinone have been utilized
as the patient’s physiology demands (74). In all cases, pressors
should be titrated to normotension for age, and patients with
pressor-refractory hypotension should receive stress-dose
steroids. Acute presentation of CRS is indistinguishable from
sepsis, and CAR-T patients are profoundly immunosuppressed
and prone to serious bacterial infections. In one study, 15% of
adult B-ALL patients developed bacteremia within 28 days of
receiving CAR-T infusion (76). Therefore, any CAR-T patient
with hemodynamic instability should be cultured and promptly
started on broad-spectrum antibiotics. As with septic patients,
fluid management in CRS necessitates a delicate balance between
TABLE 7 | CarHLH manifestations and management.

CarHLH Criteria Car HLH manifestations

Major Criteria
(Both required)

Cytokine release syndrome (prior or concurrent)

Hyperferritinemia

Minor Criteria Hepatic transaminases ≥ Grade 3 or bilirubin ≥ Grade 3
(At least ≥ 2 criteria)

Pulmonary manifestations ≥ Grade 3 (such as edema or hypoxia)

Renal insufficiency ≥ Grade 3

Coagulopathy

Evidence of hemophagocytosis on bone marrow evaluation

Other supporting laboratory manifestations Hypertriglyceridemia Cytopenias

Management CarHLH concurrent with CRS CarHLH after
CRS or
unresponsive
to Toci

CarHLH unresponsive to CRS management and
Anakinra

Supportive Measures Provide best supportive care per CRS management algorithm

Tocilizumab Administer Tocilizumab based on CRS
management algorithm

Corticosteroids Administer steroids based on CRS
management algorithm

Anakinra Administer
Anakinra

Forth-line Agents Consider administration of Etoposide
-Etoposide
(Consideration may be given to
Emapalumab, Ruxolitinib)

The role of alternative agents is not yet established in
CarHLH management
Adapted from Lichtenstein D (22), Blood 2021.
In bold are headers and key management interventions.
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repleting intravascular volume and avoiding excessive capillary
leak and third spacing. Central venous pressure can be used to
assess volume status, and in patients who are clinically
euvolemic, pressors should be prioritized to maintain blood
pressure. In sicker patients, surrogates of organ perfusion and
oxygen delivery/consumption such as lactate and mixed venous
saturation may be trended to guide hemodynamic support.

Respiratory insufficiency is common inCRS and is thought to be
primarily due to pulmonary edema from capillary leak (77).
Additionally, myocardial dysfunction can cause cardiogenic
pulmonary edema, and CRS patients can develop large pleural
effusions that impair respiratory mechanics. CRS-associated
respiratory insufficiency generally falls on the ARDS spectrum,
and is typified by alveolar fluid accumulation, surfactant
dysfunction, and poor lung compliance, leading to impaired
oxygenation (9, 61). Patients with Grade 2 CRS respond to
supplemental oxygen alone, while Grade 3 and 4 CRS require
ICU-level respiratory support. Support should be titrated in a
stepwise manner with the goal of alveolar recruitment and
restoration of adequate gas exchange. Many patients will respond
well to HFNC or Continuous Positive Airway Pressure (CPAP)/
Bilevel Positive Airway Pressure (BiPAP). Patients with severely
impaired respiratory mechanics and gas exchange may require
intubation and mechanical ventilation. In these patients, an ARDS
ventilation strategy is recommended with high PEEP and low tidal
volumes (4-6 ml/kg). Arterial blood gas analysis should direct
ventilator titration and weaning. Careful fluid management is
critical, and fluid restriction and gentle diuresis should be
considered as the patient’s end organ perfusion allows (78). Other
interventions such as proning and nitric oxide can be useful in
improving refractory hypoxemia, but data on outcome
improvement in the pediatric population are mixed (79, 80).
Finally, patients with large pleural fluid collections may require
drainage and possibly chest tube placement to improve
respiratory mechanics.

ICANS is a well-described CRS-adjacent neurotoxic entity
whose pathophysiology is incompletely understood. It is thought
to result from inflammatory cytokines causing cerebral endothelial
dysfunction and blood-brain-barrier disruption with resulting
neuroinflammation (21, 81). Clinically, mild (Grade 1-2) ICANS
presents with encephalopathy and behavioral dysregulation
(Tables 4–6). More severe (Grade 3-4) ICANS will require ICU-
level care, and can involve seizures, cerebral edema, and rarely
herniation (9, 81). Initial management of a patient with ICANS
should include close serial neurologic examination and bedside
fundoscopy. Evolution of encephalopathy can be trended by ICE
score in children > 12 years old, or by CAPD score in younger
children and in patients who are developmentally unable to be
evaluatedusing the ICEscore (Tables4,5) (9, 82).Lumbarpuncture
can be helpful to evaluate for infection and inflammation and
should be considered in conjunctionwith cross-sectional imaging if
there is concern for cerebral edema or hemorrhage. EEG should be
performed inanypatientwithconcern for seizure, includingsudden
changes in mental status. Patients with concern for recurrent
seizures or non-convulsive status epilepticus should have
continuous EEG monitoring to help direct therapy. In patients
Frontiers in Oncology | www.frontiersin.org 13294
with radiologic or clinical evidence of cerebral edema,
neuroprotective measures should be implemented, and high-dose
corticosteroids should be initiated (Table 6) (55). While many
patients with ICANS will have already received Tocilizumab for
CRS, Tocilizumab does not efficiently cross the blood-brain barrier,
does not appear to abrogate neurotoxic symptoms (20, 83), and is
therefore not recommended for primary management of ICANS.
Patients with clinical signs of increased intracranial pressure (such
as Cushing’s triad or evidence of herniation syndromes) should be
ventilated to a target paCO2 of 30-35 mmHg (paCO2 as low as 25
mm Hg can be used to acutely stabilize a patient with impending
herniation) and have hyperosmolar therapy initiated while
pursuing urgent neuroimaging (84). These patients should have
neurosurgical evaluation for invasive intracranial pressure
monitoring and possible surgical decompression. Of note, non-
invasive ICP monitoring modalities such as transcranial doppler
(TCD) and optic nerve sheath diameter have been studied, but
invasive techniques remain the gold standard due to their superior
accuracy (85).

Numerous other organ toxicities can be seen in patients
admitted to the PICU with severe CRS. These include renal
dysfunction requiring renal replacement therapy, liver
inflammation resulting in hepatic synthetic dysfunction and
coagulopathy, and hematologic abnormalities including
cytopenias from CRS-related HLH. While management of these
complications is outside of the scope of this article, they should be
managed according to established standards of critical care.
CONCLUSION

The field of pediatric IEC and HCT from alternative donors has
made dramatic clinical and scientific advances in the last decade
and continues to evolve rapidly. The signs and symptoms,
timeline, risk factors and mechanisms of toxicities as well as
pathways for therapeutic intervention and current management
recommendations summarized in this review reflect the current
experience, which is largely focused on the use of T-cell based or T-
cell-engaging therapies for hematologic malignancies. The
exploration of novel targets, approaches to achieve efficacy of
immune effector cell strategies for solid tumors, increased
utilization of allogeneic immune effector cells and highly
sophisticated genetic editing of immune cell products are likely to
uncover novel toxicities and further elucidate the biologic pathways
involved. Likewise, judicious clinical studies of preempting and/or
mitigating novel and currently recognized toxicities based on our
understanding of the involved mechanisms are poised to spare this
vulnerable patient population toxicities without compromising
efficacy of these powerful therapies.
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Introduction: Mortality in children with hemato-oncologic disease admitted to a

pediatric intensive care unit (PICU) is higher compared to the general population. The

reasons for this fact remain unexplored. The aim of this study was to assess outcomes

and trends in hemato-oncologic patients admitted to a PICU, with analytical emphasis

on emergency admissions.

Methods: Patients with a hemato-oncologic diagnosis admitted to a tertiary care

university hospital PICU between 1 January 2009 and 31 December 2019 were

retrospectively analyzed. Additionally, patient mortality 6 months after PICU admission

and follow-up mortality until 31 December 2020 were recorded.

Measurements andMain Results: We reviewed a total of 701 PICU admissions of 338

children with hemato-oncologic disease, of which 28.5% were emergency admissions

with 200 admissions of 122 patients. Of these, 22 patients died, representing a patient

mortality of 18.0% and an admission mortality of 11.0% in this group. Follow-up

patient mortality was 25.4% in emergency-admitted children. Multivariable analysis

revealed severe neutropenia at admission and invasive mechanical ventilation (IMV) as

independent risk factors for PICU death (p = 0.029 and p = 0.002). The total number of

PICU admissions of hemato-oncologic patients rose notably over time, from 44 in 2009

to 125 in 2019.

Conclusion: Although a high proportion of emergency PICU admissions of hemato-

oncologic patients required intensive organ support, mortality seemed to be lower than

previously reported. Moreover, in this study, total PICU admissions of the respective

children rose notably over time.

Keywords: pediatric intensive care unit (PICU), critically ill children, outcome, trends, hemato-oncology

INTRODUCTION

After trauma, cancer represents the most common cause of death in children and adolescents over
1 year of age in industrialized countries (1). The prognosis of children with cancer has greatly
improved in the last decades and overall 5-year survival rate in Europe today exceeds 78.0% (2).
Pediatric patients with hemato-oncology frequently face aggressive therapeutic regimes and are at
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high risk of complications. About 38.0% of these patients have
been shown to require intensive care at least once during the
course of their disease, and mortality increases dramatically if
admission to a pediatric intensive care unit (PICU) becomes
necessary (3, 4). Previous studies demonstrated that respiratory
failure and sepsis are the predominant reasons for PICU
admissions of the respective patients (5, 6). Moreover, recent
studies suggest that the outcome of these patients has improved
over the years (5, 7, 8). However, a recent meta-analysis
including 31 studies in this field suggests that PICU mortality of
patients with hemato-oncologic disease has remained relatively
unchanged over the past decades (3). Moreover, the authors
identified the use of invasive mechanical ventilation (IMV),
ionotropic support, or continuous renal replacement therapy
(CRRT) as independent risk factors for PICU mortality. In
contrast, ICU survival of adult patients with cancer has
significantly improved over the past decades (9). The reasons
for this unchanged high PICU mortality rate in children with
cancer are not fully understood nor studied. Therefore, studies
to evaluate PICU outcomes and trends are crucial to improve
understanding in the management of this vulnerable subgroup
of PICU patients.

The objective of this study was, first, to display an 11-
year overview of admission trends of pediatric patients with
cancer to a tertiary care PICU and secondly to identify
potential risk factors associated with increased PICU mortality
in emergency-admitted patients. We hypothesized that stem
cell transplantation, severe neutropenia, and the need for organ
support such as IMV, ionotropic support, or CRRT would be
associated with increased mortality.

MATERIALS AND METHODS

Study Design and Setting
A single-center retrospective study was conducted in a tertiary
healthcare center. Consecutive admissions of hemato-oncologic
patients transferred to the PICU of the Medical University
of Innsbruck, Austria, between 1 January 2009 and 31
December 2019 were analyzed. Innsbruck PICU is an 11-
bed multidisciplinary referral institution for western Austria
with ∼600 admissions per year. The pediatric hemato-oncology
department is the second largest in Austria, accounting for up to
80 new cancer diagnoses yearly. This study was approved by the
institutional ethical review board [Reference No. 1420/2020].

Data Collection
Data were collected retrospectively from hospital records.
Data collected at admission included basic demographic
characteristics such as age, weight, gender, reason for admission,
and consecutive number of admissions, as well as underlying
hemato-oncologic diagnosis, transplant history, and the presence
of severe neutropenia at admission. Regarding ICU details,
we collected data on PICU length of stay (LOS), number of
organ system failures, PICU mortality, and the cause of PICU
death as well as the use of PICU resources such as need and
length of IMV, amount and duration of vasopressor or inotropic
support, need for CRRT, and/or extracorporeal membrane

oxygenation (ECMO). Additionally, mortality 6 months after
PICU admission and follow-upmortality until 31 December 2020
were recorded.

Given the differences in the reason for admission (e.g.,
vital indication vs. postoperative monitoring), all admissions
were categorized in three groups: emergency comprises all
cases of non-elective admissions for organ support due
to potentially life-threatening complications; monitoring
includes admissions following surgery or imaging with
subsequent need for intensive care surveillance. Interventions
contains patients admitted for procedures, e.g., bone marrow
puncture requiring sedation in patients at high risk of
adverse events, or central venous catheter placement or to
prevent/anticipate adverse events in patients, for example,
with a mediastinal mass or receiving high-risk infusions
(monoclonal antibodies).

Diagnoses were grouped to enable analysis as follows:
Leukemia describes all patients diagnosed with acute myeloid
leukemia (AML), acute lymphatic leukemia (ALL), chronic
myeloid leukemia, and acute bilinear leukemia. Lymphoma
admissions codify for an underlying disease such as B- or T-
cell non-Hodgkin lymphoma, Hodgkin lymphoma, anaplastic
lymphoma, large granulocyte lymphoma, and post-transplant
lymphoproliferative disease (PTLD). Brain includes all cases of
primary tumors of the central nervous system. Solid gathers
admissions with diagnoses such asWilms’ tumor, hepatic tumors,
neuroblastoma, retinoblastoma, and bone or soft tissue tumors.
TheHematological group contains all patients with hematological
diseases admitted to PICU.

Definitions
Severe neutropenia was defined as an absolute neutrophil count
of <500/µl at PICU admission. Multiple organ dysfunction
syndrome (MODS) was defined as dysfunction of three or more
organ systems during PICU stay. MODS and sepsis were codified
in accordance with the Pediatric Sepsis Consensus Conference
definitions (10).

Inotropic support was defined as the administration of one
or more of the following vasopressor or inotropic agents:
epinephrine, norepinephrine, dopamine, dobutamine, milrinone,
or vasopressin. The number of inotropes was defined as the
maximum number of inotropes used during the PICU stay.
It was quantified by the vasoactive inotropic score (VIS),
which was calculated by the formula: 1× [dopamine +

dobutamine (mcg/kg/min)] + 10× milrinone (mcg/kg/min) +
100× [epinephrine+ norepinephrine (mcg/kg/min)]+ 10,000×
vasopressin (U/kg/h). Maximal VIS during the PICU stay
was recorded.

Statistical Analysis
The analysis was performed with R version 4.1.1 [R Foundation
for Statistical Computing, Vienna, Austria].

The results are presented as median and interquartile range
(IQR) or count and percentage, as appropriate. Chi-squared
test and Fisher’s exact test were used for univariate analysis
of categorical data and Wilcoxon rank sum test and logistic
regression analysis for continuous data. Multivariable logistic
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FIGURE 1 | Flow chart of study population.

regression was performed to test for potential risk factors for
PICU death in emergency-admitted patients. Candidate variables
were literature-proven risk factors for PICU death such as history
of allogeneic stem cell transplantation (SCT), intensive care
therapies, and MODS. MODS was excluded from the model
due to its redundancy with the need for IMV, CRRT, and
inotropic support. ECMO therapy was only rarely applied and
was therefore not considered. We used L1-regularized logistic
regression (11) (LASSO) to identify multivariable predictors of
PICU mortality in the setting of sparse data (e.g., small sample
size of non-survivors) out of the candidate variables severe
neutropenia on admission, IMV, inotropic support, CRRT, and
history of allogeneic SCT, using leave-one-out cross-validation
for selection of the regularization hyperparameter lambda that
minimizes deviance. A conventional logistic regression model
was then fitted using the variables selected by LASSO to
obtain confidence intervals (CIs) and p-values. A simple linear
regression model was fitted to investigate changes in PICU

admission numbers as well as mortality trends in emergency
admissions per year. Long-term survival probabilities were
estimated with Kaplan–Meier curves and compared with the
log rank test. A two-tailed value of p < 0.05 was considered
statistically significant.

RESULTS

Patient Selection
There were 701 PICU admissions of 338 children with hemato-
oncological disease, which were categorized into emergencies,
monitoring, and interventions. Most patients were admitted
for perioperative monitoring (n = 271, 38.7%), followed by
interventions (n = 230, 32.8%) and emergency admissions (n =

200, 28.5%). Detailed information on all admissions is found in
Supplementary Table S1.

During the study period, we had a total of 4,834 admissions to
our PICU. Patients with hemato-oncology accounted for 14.7%
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TABLE 1 | Characteristics of emergency admissions: survivors vs. non-survivors.

Characteristic N (%) Estimated differences

OR (95% CI)

p

All admissions

(n = 200)

Survivors

(n = 178)

Non-survivors

(n = 22)

Male gender 102 (51) 90 (50.6) 12 (54.5) 1.2 (0.4–3.2) 0.9

Age#, years 8.3 (3.1–14.7) 7.8 (3–8.4) 12.6 (4–15.3) 1.1 (0–0.1) 0.19

#PICU length of stay (days) 2.8 (1–7) 2 (1–5.8) 8.5 (4.3–26.5) 1.04 (0–0.1) 0.006

Severe neutropenia† 62 (31) 49 (27.5) 13 (59) 3.8 (1.4–10.7) 0.006

Readmittance 118 (59) 104 (58.4) 14 (63.3) 1.2 (0.5–3.6) 0.82

MODS present 36 (18) 18 (10.1) 18 (81.8) 38.3 (11.1–173.1) <0.001

Diagnoses

Leukemia 76 (38) 65 (36.5) 11 (50) 1.7 (0.6–4.7) 0.32

Lymphoma 29 (14.5) 25 (14) 4 1.4 (0.3–4.6) 0.53

Brain/spinal cord 31 (15.5) 27 (15.2) 4 1.2 (0.3–4.2) 0.76

Solid 28 (14) 28 (15.7) 0 0 (0–1.1) 0.05

Hematological 36 (18) 33 (18.5) 3 0.7 (0.1–2.6) 0.77

Transplant history

Autologous HSCT 15 (7.5) 14 (7.9) 1 0.6 (0–4.1) 1

Allogeneic hSCT 56 (28) 45 (25.3) 11 (50) 2.9 (1.1–8.1) 0.022

SOT 8 (4) 8 (4.5) 0 0 (0–4.9) 0.6

None 121 (60.5) 111 (62.4) 10 (45.5) 0.5 (0.2–1.4) 0.165

PICU treatment

IMV 69 (34.5) 49 (27.5) 20 (90.1) 25.9 (5.9–235.5) <0.001

IMV >2 days 46 (23) 29 (16.3) 17 (77.3) 17.1 (5.5–64.1) <0.001

CRRT 18 (9) 11 (6.2) 7 (31.8) 6.8 (0.9–43.3) 0.03

ECMO 7 (3.5) 4 3 7 (2–23.4) 0.001

Inotropic support 43 (21.5) 28 (15.7) 15 (68.2) 11.3 (3.9–35.9) <0.001

VIS# 0 (0–0) 0 (0–0) 22 (0–43.9) 1.1 (0.1–0.2) <0.001

#Median [interquartile range (IQR)]; PICU, pediatric intensive care unit; †at admission; MODS, multiple organ dysfunction syndrome; HSCT, hematopoietic stem cell transplantation;

SOT, solid organ transplantation; IMV, invasive mechanical ventilation; CRRT, continuous renal replacement therapy; ECMO, extracorporeal membrane oxygenation; VIS, vasoactive

ionotropic score; OR, odds ratio; CI, confidence interval. Bold values denote statistically significant.

of all PICU admissions and for 20.7% of all PICU deaths (24
of 116) during the study period. Moreover, during this period,
the PICU mortality rate for hemato-oncologic admissions was
higher than the mortality rate for all non-cancer admissions (3.4
vs. 2.2%).

The total number of admissions of patients with
hemato-oncology rose significantly over time (p < 0.001,
β = 9.2, CI 6.2–12.3), from 44 in 2009 to 125 in 2019
(Supplementary Figure S1), accounting for 10.9% of PICU
admissions in 2009 (44 of 423) and 19.9% in 2019 (125 of 619).

To identify potential risk factors associated with increased
PICU mortality, we excluded patients admitted for interventions
and for postoperative monitoring and performed detailed
statistics in the emergency patient group (Figure 1).

Emergency Admissions
During the study period, a total of 122 patients were admitted
on 200 occasions for vital indications. The predominant
illness was leukemia with 38.0% of all admission diagnoses.
The most common reasons for emergency admission
were respiratory failure and sepsis with 36.5 and 20%
(Supplementary Table S2). The median age at admission

was 8.3 years (IQR 3.1–14.7) and median LOS was 2.8 days
(IQR 1–7). Emergency admissions ranged between 1 and
10 with a median of one per patient. In total, 82 patients
(67.2%) were admitted only once for vital indications during
the study period. The number of emergency admission per
year increased significantly over time (p = 0.002; β = 2.1;
CI 1.0–3.2).

Table 1 shows detailed information on emergencies’
characteristics and risk factor analysis.

In total, 22 children died after emergency admission to
PICU, leading to a patient mortality of 18.0% and an admission
mortality of 11.0% in this group. Admission mortality was
reduced to 8.4% if post-HSCT admissions were excluded (p =

0.6). Moreover, about every fourth child was reported dead at the
follow-up evaluation (31 children, 25.4%).

Over time, no significant decrease in PICU mortality was
found in emergency admissions (p= 0.62). However, a significant
trend toward reduced mortality was seen in the second half of
the study period (2014–2019, p = 0.009, β = −0.021, CI −0.03
to−0.009).

No underlying diagnosis was associated with higher PICU
mortality in the univariate analysis.
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FIGURE 2 | Long-term survival probability after emergency admission to pediatric intensive care unit (PICU) depending on transplant history.

The highest admission mortality depending on the reason for
emergency admission was seen with 30.0% in patients admitted
for acute graft vs. host disease (3 of 10). Sepsis with neutropenia
and febrile neutropenia without sepsis were muchmore common
reasons for admission and showed admission mortalities of 18.8
and 16.7% (Supplementary Table S2).

Mortality and Transplant History
A transplant history was present in 79 admissions, with
15 autologous SCT, 56 allogeneic SCT, and 8 solid organ
transplantations (SOT, Table 1). The highest mortality rate was
found in patients with a history of allogeneic SCT at admission
(11 of 56, 19.6%) and this showed to be a risk factor for
PICU death in univariate analysis (p = 0.022) but not in
multivariable analysis (p = 0.08). Long-term survival probability
after emergency admission to the PICU was significantly
decreased in children with a history of allogeneic SCT (p <

0.001), while survival probability of patients with post-SOT was
shown to be excellent (Figure 2).

Mortality and Severe Neutropenia
About one-third of emergency admissions occurred with
severe neutropenia (31%) which, when present on admission,
represented an independent risk factor for PICU death in the
multivariable analysis (p = 0.029; OR 3.7, 95% CI 1.2–12.5,
Table 3).

Multivariable predictors of PICU mortality are shown in
Table 2.

TABLE 2 | Multivariable predictors of PICU death.

Variables OR 95% CI p

Allogeneic SCT 2.6 0.9–8.3 0.085

Severe neutropenia at admission 3.7 1.2–12.5 0.029*

IMV 15.7 3.3–117.1 0.002*

CRRT 2.2 0.6–7.9 0.233

Inotropic support 1.7 0.5–6.5 0.416

OR, Odds Ratio; CI, Confidence Interval; SCT, stem cell transplantation; IMV, invasive

mechanical ventilation; CRRT, continuous renal replacement therapy.

*p < 0.05. Predictors were selected using the least absolute shrinkage and selection

operator (LASSO). Bold values denote statistically significant.

Mortality and Organ Failure
Children who experienced MODS showed an admission
mortality of 50.0% (Supplementary Table S3). As expected,
MODSwas significantly associated with PICU death in univariate
analysis (p < 0.001; Table 1). If only one or two organ systems
failed, admission mortality was 3.7%.

Use of PICU Resources
Of all emergency admissions, 34.5% required IMV and 23.0%
did so for more than 2 days (Table 3). In total, 20 patients with
IMV did not survive to PICU discharge (29%). If IMV was the
only ICU treatment necessary, PICU mortality was still at 17.9%.
Median IMV duration was 4 days (IQR 1–12) and showed to be
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TABLE 3 | Admission mortality depending on the PICU treatment needed.

PICU treatment N (%) Died in PICU Mortality (%)

Inotropic support alone 5 (2.5) 0 0

CRRT alone 5 (2.5) 0 0

IMV 69 (34.5) 20 29

IMV alone 28 (14) 5 17.9

IMV >2 days 46 (23) 17 40

IMV + Inotropic support 38 (19) 15 39.5

IMV + CRRT 13 (6.5) 7 53.8

ECMO 7 (3.5) 3 42.9

PICU, pediatric intensive care unit; IMV, invasive mechanical ventilation; CRRT, continuous

renal replacement therapy; ECMO, extracorporeal membrane oxygenation.

significantly shorter in survivors than in non-survivors (3 vs. 6.5
days; p= 0.048). If both IMV and inotropic support were needed,
admission mortality rose to 39.5%. Seven patients received
ECMO therapy because of respiratory failure and three did not
survive (42.9%). Three patients undergoing ECMO had a history
of allogeneic SCT, of whom two survived to PICU discharge. The
median length of ECMO usage was 12 days (IQR 4.5–15.5) with
survivors receiving longer ECMO support than non-survivors
(median ECMO time 15.5 vs. 4 days, p = 0.004). Inotropic
support was provided in 43 cases (21.5%) with 16 admissions
receiving more than two agents during the PICU stay. Survival
was inversely related to the number of drugs administered
(Supplementary Table S4). Median maximum VIS showed to
be significantly lower in survivors than in non-survivors (0 vs.
22, p < 0.001; 95% CI 9.3–28.2; Supplementary Figure S2). All
admissions requiring CRRT without IMV survived to PICU
discharge, but mortality increased to 53.8% if both were needed.
When testing PICU resources in multivariable analysis, IMV
represented an independent risk factor for PICU death (p =

0.002; OR 15.7, 95% CI 3.3–117.1).

DISCUSSION

The present study adds to the scarce literature on pediatric
hemato-oncologic patients admitted to a PICU and its purpose
was to identify risk factors associated with increased PICU
mortality in emergency-admitted children. Encouragingly, we
found that overall mortality and mortality per admission in
emergency-admitted patients with cancer were lower than
previously reported (6–8, 12), despite the inclusion of post-HSCT
admissions in our analyses.

Even a recent meta-analysis including 31 similar studies
(3) showed a higher pooled PICU mortality rate at 27.8 vs.
11% admission and 18.0% patient mortality in our analyses of
emergency-admitted patients. Wösten-van Asperen et al. noted
that the comparability of the included studies was limited due to
a strong heterogeneity of inclusion and exclusion criteria, which
could partially explain the difference in mortality rates.

The dilemma of comparability of patients and admissions
seems omnipresent and frequently lacked distinction in previous
research. Unlike Pillon et al. who chose to analyze only the first

admission if the patient was readmitted more than 24 h after
the first PICU stay (6), we decided to present patient mortality
(per individual) and admission mortality (per admission) in
accordance with previous research (8). We were aware of
its inclination for initial confusion. However, regarding our
observed range of 1–16 admissions per patient, we find this
method inevitable to ensure precise results.

Regarding the use of PICU resources, we found comparable
rates of organ support therapies as the meta-analysis of Wösten-
van Asperen, with a high incidence of patients requiring
IMV (34.5 vs. 30%), ionotropic support (21.5 vs. 40%), and
CRRT (9 vs.4.5%). Moreover, our results identified similar
risk factors for PICU death in emergency-admitted patients as
previously reported, with slight differences in terms of analytical
significance. IMV still represented a significant predictor of
higher PICU mortality as already stated before (3, 7, 12, 13).
However, contrary to foregone research, in this study both
inotropic support and CRRT were not independently associated
with higher mortality (3, 14), although mortality was high if
inotropic support or CRRT were used in combination to IMV.
Most of these patients will experience MODS and this is also
reflected in the fact that patients with MODS had a high
mortality, whereas patients with only one or two organ systems
failures were shown to have a very low mortality.

Improvement in the outcome of hemato-oncologic patients
in PICU might be due to improvement in intensive care
therapies, such as timely completion of the sepsis treatment
bundle (antibiotic and fluid administration, blood cultures),
lung protective ventilation strategies, and early use of invasive
extracorporeal therapies such as CRRT and ECMO. Patients with
hemato-oncologic disease, and especially patients post-HSCT, are
at high risk of acute kidney injury and significant fluid overload
(FO) (15). CRRT has been shown to be an independent risk factor
of PICU mortality and patients with oncology requiring CRRT
have been reported to have mortality rates of up to 80% (14). Not
surprisingly, most of these patients had MODS and significant
FO. The prevention of FO in the first place and early initiation of
CRRT to avoid significant FO in these high-risk patients may be
the key to improved outcome.

Extracorporeal membrane oxygenation has traditionally been
considered as a relative contraindication in patients with
hemato-oncologic disease due to higher complication rates and
poor prognosis. However, recent research in this field could
show reasonable outcome for patients with hemato-oncologic
disease treated with ECMO. A case series from our institution
showed that 44.4% (four of nine) of children with leukemia
survived long-term with good quality of life after requiring
ECMO for respiratory failure (16). Two larger ELSO database
studies showed similar encouraging results, even in patients
who were post-HSCT (17, 18). This might led to the fact that
more institution offer extracorporeal therapies to deteriorating
hemato-oncologic patients in PICU.

Patients following HSCT have had poor outcomes when
admitted to PICU, although in this delicate population the
prognosis has improved impressively over the past three decades
from 85.0 to 44.0% (19–21). This higher mortality in patients
withHSCT compared to patients with non-HSCT oncologymade
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many investigators to exclude these patients from their analyses.
Recently, the large North American virtual PICU system database
even reported a much lower mortality of 16.2% among 1,782
admission of patients younger than 21 years following HSCT,
which is comparable to the 19.6% mortality on admission that
we found in our cohort of emergency-admitted patients post-
allogeneic HSCT (21). Not surprisingly, similar to our study,
invasive ventilation was identified as an independent risk factor
for death.

In addition to improved intensive care, multidisciplinary care
of critically ill cancer patients involving hemato-oncologists
has been shown to improve outcomes (22). Therefore,
close collaboration between pediatric intensivists, hemato-
oncologists, and infectious disease specialists is essential for
early identification of deteriorating patients with cancer on
the oncology ward who might profit from early aggressive
medical intervention before irreversible organ damage occurs.
Additionally, introduction of rapid response teams and
development of early warning signs have become novel strategies
to assist the haemato-oncology team in decision-making about
early transfer of patients with deteriorating to ICU (23, 24).
Recently, the European Society for Pediatric and Neonatal
Intensive Care (ESPNIC) has created the PICU Oncology
Kids in Europe Research Group (POKER) to further intensify
collaboration between intensivists and pediatric oncologists.
Given the lack of multicenter outcome data, this working group
will hopefully help to gather information and to standardize
pediatric onco-critical care, which might ultimately lead to better
outcomes in critically ill patients with hemato-oncology (25).

Interestingly, in this study, a significant increase in both all
hemato-oncologic as well as emergency PICU admissions was
noted. This trend may be seen in other institutions as patient
safety protocols have become increasingly important. In our
institution, after the introduction of early warning signs to
identify patients with deterioration, PICU admission practices
changed to a more pre-emptive approach and children were
admitted earlier in their course of illness. Moreover, children at
high risk for adverse events, such as patients at risk for tumor lysis
syndrome, with mediastinal mass, or patients receiving novel
immunotherapy agents like blinatumomab for ALL, which have
been associated with neurological toxicities and cytokine release
syndrome (26), have been admitted to our ICU to anticipate
potential major problems.

The overall mortality of emergency admissions per year
did not decrease in our analyses; however, in the second half
of the study period, a trend to mortality reduction could be
seen. This could likely be because of more pre-emptive PICU
admission practices leading to higher emergency admission
numbers while the absolute number of PICU deaths remained
relatively unchanged over time.

This study has several strengths. First, it offers up-to-date
information of a large sample size of respective patients in
central Europe. Its observation period exceeds that of most alike
studies known to the authors and it offers at least 1 year of
follow-up information on the survival of each included patient.
Furthermore, this study population has not been characterized

before on a national basis in Austria. Analytical emphasis
was put on emergency admissions, but general information
on all admissions was also provided. Most importantly, a
great effort was made to amend the lack of comparability
of previous studies due to unclear inclusion and exclusion
criteria, providing patient- and admission-related mortality.
Differentiation between patients with SCT and non-SCT was also
granted to reduce biased results.

The findings of this survey are limited due to its retrospective
nature and single-center approach. An important limitation of
this study is that we did not use severity of illness scores at
admission, which limits the comparability of our findings with
the literature. Although our patients had high rates of organ
support therapies, the lower mortality rates, especially in the
second half of the study, have to be questioned and it is possible
that the lower severity of illness on admission is responsible for
the lower mortality rates. As mentioned above, recently, patient
safety protocols led to increased PICU admission of patients with
oncology. It is possible that we may have admitted fewer sick
patients than described in older cohorts and/or that these patients
are admitted earlier in their course of illness and benefitted
from early therapies such as fluid resuscitation and non-invasive
ventilation and did not progress to more severe stages of disease.
Therefore, our results, including PICU admission practices,
might not be representative of other centers.

CONCLUSION

Although a high proportion of emergency PICU admissions
of hemato-oncologic patients required intensive organ support,
in this study, mortality seemed to be lower than previously
reported. Consistent with previous research, severe neutropenia
at admission and IMV were identified as independent risk
factors for PICU death. Moreover, PICU admissions of the
respective children rose over time. Given the importance of
this topic, multicenter collaborations are urgently needed to
gather data and increase our understanding of this vulnerable
patient group.
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