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Editorial on the Research Topic

Critical complications in pediatric oncology and hematopoietic cell
transplant, volume II
Summary of volume 1

In the early years, mortality rates for pediatric hematopoietic cell transplant (HCT)

patients with critical illness were abysmal, exceeding 80%. This led to the general belief that

providing critical care resources to this population was futile (1). Volume I of this Research

Topic published 30 articles from 211 authors in 9 different countries (2). In this first

volume, Pechlaner et al. reported a PICU mortality of 11% for pediatric hematology/

oncology patients (3) – a significant improvement from the early years. This volume

extensively discussed management of complications from HCT, cancer, and chimeric

antigen receptor therapy (CAR-T) (4–6). Management of these complications involved

utilization of critical care resources such as continuous renal replacement therapy (CRRT)

(7), extracorporeal membrane oxygenation (ECMO) (8), and mechanical ventilation (9) –

resources that would not have been considered for this population in the early years.

Improvement in outcomes may be partially explained by topics discussed in this first

volume. These include 1) utilization of strategies to promote early recognition of clinical

deterioration leading to earlier interventions and involvement of critical care teams (5, 9–13);

2) use of invasive diagnostic procedures such as bronchial alveolar lavage and lung biopsy

which may lead to more accurate diagnoses and targeted therapies (14, 15); and 3) careful

attention to detail such as prevention of the detrimental effects of fluid overload (16).

In the current Research Topic, Critical Complications in Pediatric Oncology and

Hematopoietic Cell Transplant, Volume II, there is a continuation of the themes of

improving outcomes and strengthening collaboration. This Research Topic contains 21

publications from 195 authors representing 22 different countries on 5 continents
frontiersin.org016
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(Figure 1). Volume II provides ongoing evidence that the field of

pediatric onco-critical care is not going back to the era of the self-

fulfilling prophecy that critically ill children with cancer have

abysmal outcomes rendering use of critical care resources futile.
Predictive factors for critical
care needs

Knowing which HCT patients are at highest risk for requiring

ICU care would be very valuable for clinicians. Using data from

pediatric oncology patients in the Colorado Sepsis and Treatment

Registry, serum lactate within 2 hours of presentation was found to

be predictive of clinical deterioration events (OR 1.82, p<0.001),

need for ICU admission (OR 1.68, p<0.001) and bacteremia (OR

1.49, p<0.001) (Slatnick et al.). Johnson et al. performed a single

center retrospective review of pediatric patients who received HCT

at their institution between January 2015-December 2020. Risk

factors for PICU admission were: 1) younger age; 2) lower weight;

3) inborn error of metabolism as a reason for HCT and 4) use of

busulfan conditioning. There was overlap in these results with those

found by Zinter et al. in a multi-center study merging the Center for

International Bone Marrow Transplantation (CIBMTR) and

Virtual PICU Performance System (VPS) databases. They also

found younger age and inborn errors of metabolism as risk

factors for requiring ICU care (17). However, there was

disagreement where Zinter found pre-HCT organ dysfunction

was associated with increased requirement for ICU admission,

whereas Johnson did not. This may represent an improvement

over time in managing complex patients during HCT versus

differences in study design. A better understand organ

dysfunction in these unique patients is imperative for continued

improvements in outcomes.
PICU resource utilizations
and outcomes

Accurate data surrounding the risks and benefits of ICU therapies

will lead to better informed decisions regarding PICU interventions.

In a retrospective single center study, Schober et al. found that

admissions for respiratory support (OR 1.04, p=0.04) and dialysis

(OR 1.21, p=0.03) increased 6-month mortality compared to other

reasons for PICU admission. In a multi-variate analysis of pediatric

oncology patients, hemato-oncology diagnosis, number of failing

organs at baseline and unplanned admissions were associated with

development of new or progressive multi-organ failure (Soeteman

et al.). Data from the Health Facts (Cerner Corporation, Kansas

City, MO) database containing 473 pediatric HCT patients found

11% required positive pressure ventilation, 25% received

vasopressor medications and 3% received dialysis. Decreased

survival was seen in allogeneic transplant (p<0.01), graft versus

host disease (p=0.02), infection (p<0.01) and need for ICU therapies

(p<0.01) (Olson et al.). Interestingly, survival improved over time

for patients who received allogeneic transplants. The improved
Frontiers in Oncology 027
survival in the later era of the study was associated with decreased

infections and increased use of vasopressor agents. The

improvement in survival could represent a change in practice due

to recent publications addressing the detrimental effects of fluid

overload in HCT patients (16, 18) with a shift towards earlier use of

vasopressors rather than fluid resuscitation.

Chimeric antigen receptor therapy, CAR-T, is being used in a

growing number of cancers. However, it carries an increased risk for

life threatening complications and critical illness. In a multi-center

study, Ragoonanan et al. compared PICU courses for pediatric ALL

patients who were receiving conventional therapy vs those who

received tisagenlecleucel. They found PICU resource utilization

between the 2 groups to be similar. The authors concluded that

improved management of complications and need for ICU care

should decline over time making CAR-T an important therapy to

pursue, potentially beyond high resource settings.

Cardenas-Aguirre et al. show us that critically ill pediatric

oncology patients in resource limited-settings can have PICU

outcomes similar to those seen in high income countries. In their

dedicated pediatric oncology hospital in Mexico, they describe

overall PICU mortality of 6.9% with mortality for unplanned

PICU admissions of 9.1%. This is similar to that described in

high income countries (19, 20) The authors felt their center’s low

mortality was likely the result of implementing a number of quality

improvement practices aimed at earlier recognition of deterioration

allowing for earlier interventions.
Complications of HCT and
oncology therapy

Endotheliopathy has been considered an underlying cause of

multiple complications of HCT including sinusoidal obstructive

disorder (SOS), transplant associated – thrombotic microangiopathy

(TA-TMA), diffuse alveolar hemorrhage (DAH), pulmonary

hypertension and graft-versus-host disease (GVHD). In a review

article, Pace et al. explore the interaction between host and donor

endothelial cells in hematopoietic cell transplantation as well as

solid organ transplant. Kafa et al. described their single center

experience with TA-TMA. Factors associated with developing TA-

TMA were allogeneic transplant and use of total body irradiation as

part of the conditioning regimen. Despite a good response to

therapy, their patients experienced several complications with the

most frequent being renal impairment and chronic kidney disease

in 80%.

This Research Topic also addresses strategies for improving

management of respiratory failure, a deadly complication. Pediatric

HCT patients have been shown to have a high rate of peri-

intubation cardiac arrest (9) which may represent a delay in

intubation timing. Hume et al. undertook a survey of PICU and

HCT providers to understand beliefs around timing of intubation.

Clinicians agreed that a patient’s poor prognosis may delayed their

decision to intubate. However, their decision was not influenced by

increased risk for lung injury from prolonged non-invasive

intubation and/or oxygen, factors likely to be important (21–23).
frontiersin.org
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DAH after HCT has historically had high mortality rates

(24–27). Our Research Topic has two retrospective chart review

studies discussing novel therapies in DAH. In a multi-center study,

there was an increased risk of non-relapse mortality with use of

steroids (p=0.03), once considered standard therapy for DAH, and a

survival advantage with use of inhalation of tranexamic acid

(p=0.04) or recombinant activated factor VII (p=0.005)

(Schoettler et al.). A single center study confirmed the safety of

inhaled recombinant activated Factor VII for management of DAH

in these patients (Hurley et al.).

Pulmonary hypertension (PH) is yet another complication of

cancer treatment and HCT thought to be related to endothelial

injury. An analysis of merged Center for International Blood and

Marrow Transplant Research (CIBMTR) and the Virtual Pediatric

System (VPS) databases showed a PH prevalence of 2.7% in

pediatric HCT patients requiring ICU care. Of patients with PH

admitted to the PICU, 72.4% required invasive mechanical

ventilation and 27.6% renal replacement therapies. Survival 6

months after PH diagnosis was 51.7%, making this a very deadly

disease lacking effective therapy (Smith et al.).

Renal failure as a complication of HCT is common and known

to be a strong predictor of mortality (28, 29). Vuong et al. reviewed

the available published data on acute kidney injury and chronic

kidney disease in patients post-HCT. This review points out the

importance of early identification of renal dysfunction enabling

timely interventions to decrease risk of progression to end stage

renal disease. Anderson et al. performed a single center

retrospective chart review study of 222 pediatric oncology

patients admitted for tumor lysis syndrome. They discovered 9%

of patients with tumor lysis syndrome required renal replacement

therapy (RRT), most commonly for metabolic abnormalities. All
Frontiers in Oncology 038
patients with tumor lysis syndrome survived to hospital discharge

and none required chronic renal support. The experience for RRT

in patients with tumor lysis differs significantly from the experience

in patients post-HCT.

Cytomegalovirus (CMV) is one of the most concerning

infections for patients post-transplant. Many patients go into

their transplant course with latent infections which may reactivate

during periods of immunosuppression. Hiskey et al. provide us with

an excellent review of strategies for prevention, early detection, and

intervention to mitigate the impact of CMV in these patients.
Multidisciplinary care
and communication

In Volume I, Agulnik et al. demonstrated that implementation

of a bedside pediatric early warning system (PEWS) led to earlier

recognition of critical illness and prompt interventions (12). In

Volume II, Abutineh et al. describe the implementation of PEWS at

23 pediatric cancer centers across Latin America. The authors found

that resources were important in enabling the adaptation and

implementation of PEWS in these settings. Prior experience of

the hospital or its leaders with quality improvement (QI), however,

was helpful for overcoming the inevitable challenges involved in

implementing PEWS. In the absence of prior QI experience, QI

training was also helpful. Mirochnik et al. analyzed 71 structured

interviews with clinical staff in 5 resource limited pediatric oncology

centers in Latin America. Interviewed clinicians described PEWS as

making them feel more knowledgeable, confident, and empowered

in their patient care duties leading to improved job satisfaction and

patient outcomes.
FIGURE 1

Evidence for growing international interest in the field of pediatric onco-critical care.
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Rivera et al. described the development of a first-in-kind tool to

measure the quality of multi-disciplinary and interprofessional

communication around clinical deterioration in children with

cancer. Their tool, CritCom, was developed through literature

review and use of a multidisciplinary panel of experts. A later

publication from Counts et al. discussed the process involved in

refining the CritCom reports given to centers to communicate

CritCom findings and allow their use for local QI. This process

can be utilized by other groups wanting to improve communication

of research/QI findings to stakeholders.

Cuviello et al. discuss the importance of interdisciplinary

communication during end-of-life care. They performed a

retrospective chart review study involving 43 pediatric oncology

patients receiving end-of-life care in the PICU. They found 18.6% of

patients did not have palliative care involvement until the day of

death and that almost half of patients were receiving cancer directed

therapy in their last week of life. Their findings suggest room for

improvement through earlier collaboration between the palliative

care, oncology, and ICU teams.
Future of onco-critical care

Critical care resources for critically ill pediatric oncology, and HCT

patients in high resource settings is clearly no longer futile. Patients are

now routinely offered aggressive supportive care measures with

improving survival and reduced morbidity. We are not going back to

the days of the self-fulfilling prophecy that these patients have poor

outcomes making PICU care futile. We look to the future as we

progress towards improving outcomes globally, especially in limited

resource settings where 90% of children with cancer reside.

Some of the most promising strategies to improve outcomes are

aimed at early recognition of clinical deterioration enabling earlier

interventions. These strategies can be implemented successfully in

lower-resource settings as has been discussed in both volumes of

this Research Topic. An additional advantage of implementing

these systems is that they can improve multi-disciplinary and

multiprofessional communication leading to improved job

satisfaction and better patient care.

Improved understanding of the pathophysiologic mechanisms

behind complications of HCT and cancer therapies will lead us

toward more specific and effective novel therapies. We are just

beginning to understand all the functions of the endothelium and

what can go wrong when it is damaged. Next generation cancer

therapies will include expansion of the scope of CAR-T and other

targeted therapies. These therapies aim to harness the patient’s

immune system to attack the cancer but incur risk of life-

threatening complications. In the future, we expect improved
Frontiers in Oncology 049
therapies specifically targeting side effects while maintaining anti-

cancer activity. The future of the field of onco-critical care is bright

as we collaborate globally to achieve better outcomes for critically ill

children with cancer worldwide.
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Serum lactate is associated with
increased illness severity in
immunocompromised pediatric
hematology oncology patients
presenting to the emergency
department with fever
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Children’s Hospital Colorado, Aurora, CO, United States, 3Department of Pediatrics, Division of
Critical Care Medicine, University of Colorado Anschutz Medical Center, Children’s Hospital
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Introduction: Determining which febrile pediatric hematology/oncology

(PHO) patients will decompensate from severe infection is a significant

challenge. Serum lactate is a well-established marker of illness severity in

general adult and pediatric populations, however its utility in PHO patients is

unclear given that chemotherapy, organ dysfunction, and cancer itself can alter

lactate metabolism. In this retrospective analysis, we studied the association of

initial serum lactate in febrile immunosuppressed PHO patients with illness

severity, defined by the incidence of clinical deterioration events (CDE) and

invasive bacterial infection (IBI) within 48 hours.

Methods: Receiver operating characteristic (ROC) curves were reported using

initial lactate within two hours of arrival as the sole predictor for CDE and IBI

within 48 hours. Using a generalized estimating equations (GEE) approach, the

association of lactate with CDE and IBI within 48 hours was tested in univariate

and multivariable analyses including covariates based on Quasi-likelihood

under Independence Model Criterion (QIC). Additionally, the association of

lactate with secondary outcomes (i.e., hospital length of stay (LOS), intensive

care unit (PICU) admission, PICU LOS, non-invasive infection) was assessed.

Results: Among 897 encounters, 48 encounters had ≥1 CDE (5%), and 96 had

≥1 IBI (11%) within 48 hours. Elevated lactate was associated with increased

CDE in univariate (OR 1.77, 95%CI: 1.48-2.12, p<0.001) and multivariable (OR

1.82, 95%CI: 1.43-2.32, p<0.001) analyses, longer hospitalization (OR 1.15, 95%

CI: 1.07-1.24, p<0.001), increased PICU admission (OR 1.68, 95%CI: 1.41-2.0,
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p<0.001), and longer PICU LOS (OR 1.21, 95%CI: 1.04-1.4, p=0.01). Elevated

lactate was associated with increased IBI in univariate (OR 1.40, 95%CI: 1.16-

1.69, p<0.001) and multivariable (OR 1.49, 95%CI: 1.23-1.79, p<0.001) analyses.

Lactate level was not significantly associated with increased odds of non-

invasive infection (p=0.09). The QIC of the model was superior with lactate

included for both CDE (305 vs. 325) and IBI (563 vs. 579).

Conclusions: These data demonstrated an independent association of

elevated initial lactate level and increased illness severity in febrile PHO

patients, suggesting that serum lactate could be incorporated into future risk

stratification strategies for this population.
KEYWORDS

lactate, pediatric oncology, sepsis, serious bacterial infection, immunocompromised,
chemotherapy-related immunosuppression, clinical deterioration
Introduction

Infectious complications in the setting of therapy-related

immunosuppression are a significant cause of morbidity and

mortality in pediatric hematology/oncology (PHO) patients.

Due to the risk of rapid clinical deterioration from bacterial

infection in this population (1–3), patients with fever who are

categorized as high risk due to neutropenia (absolute neutrophil

count <500 cells/mm3, or <0.5 x103/mL) are often started on

empiric broad spectrum intravenous (IV) antibiotics. Although

the majority of these patients remain clinically well without an

identifiable source of fever (4, 5), a subset of febrile PHO patients

will decompensate despite empiric antimicrobial administration,

with an associated mortality of 12-30% in those who progress to

sepsis or septic shock (1, 6, 7). Timely recognition and treatment

of septic shock is associated with reduced mortality and organ

dysfunction. Thus, tools that enhance early detection of patients

at greatest risk for progression to septic shock has potential to

improve patient outcomes (8, 9). The ability to distinguish which

patients will clinically deteriorate due to sepsis is challenging

given the lack of effective reliable tools to risk stratify febrile

PHO patients.

There remains a critical need in this population to optimize

strategies that improve the ability to recognize which febrile

patients require immediate intervention and identify patients

whose antimicrobial therapy can be safely withheld or de-

escalated. The PHO patient population presents unique

challenges when it comes to the development of risk

stratification tools as patients often lack the clinical signs and

symptoms of severe infection at initial fever presentation due to

an insufficient immune response (10–12). Furthermore,

laboratory markers that are useful in distinguishing septic
02
12
from non-septic patients in general pediatric and adult

populations have questionable reliability in PHO patients who

have altered baseline metabolism, immune capabilities, and

organ function (13–17). For instance, previous studies

evaluating the utility of c-reactive protein (CRP), procalcitonin

(PCT), and inflammatory cytokines in this population have

yielded conflicting results, thus no reliable biomarker has been

established (11, 18–23).

The absolute neutrophil count (ANC) at the time of febrile

presentation is a widely incorporated prognostic laboratory

value used in PHO patients, typically characterized by the

presence or absence of neutropenia, which is often

incorporated into institutional clinical management guidelines

in terms of antimicrobial administration and need for inpatient

hospital admission. Although the risk of invasive infection is

higher in this group compared to the general pediatric

population (24–26), it is difficult to identify exactly which

febrile patients with neutropenia have an active infection and

which patients will go on to clinically deteriorate. Furthermore,

severe infection can still develop in patients with adequate

neutrophil counts, and the widespread incorporation of

immune stimulating drugs into cancer therapy regimens may

cloud the reliability of ANC as a prognostic indicator of poor

infectious outcomes.

Lactate, a byproduct of tissue hypoperfusion, is one of the most

extensively studied biomarkers for sepsis in adult and pediatric

patients (27–32), and elevated serum lactate levels are associated

with poor outcomes even in the setting of maintained oxygenation

and arterial blood pressure (33, 34). It is well-established that

patients with malignancy have altered lactate metabolism, as

evidenced by presence of lactic acidosis in patients with

malignancy in the absence of infection (35–37), and
frontiersin.org
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chemotherapy-related fluctuations in levels of serum lactate and

lactate dehydrogenase (LDH), an enzyme which catalyzes the

interconversion of pyruvate and lactate (38–40). Furthermore,

many chemotherapeutic agents and immunosuppressive

therapies can affect liver and kidney function, which play an

essential role in lactate clearance (41, 42). Although studies in

broad pediatric populations which include patients with chronic

comorbidities have demonstrated an association of increased

lactate with organ dysfunction, pediatric intensive care unit

(PICU) admission, bacterial infection, and mortality (34, 43–45),

there is a paucity of data regarding the discriminatory value of

serum lactate in PHO patients explicitly.

A systematic review of 37 studies evaluating 24 different

biomarkers in pediatric patients with fever and neutropenia by

Haeusler et al. reported extensive evaluation of CRP (n=17

studies), PCT (n=9 studies), and several cytokines, most

commonly IL-6 and IL-8 (46). Conversely, the literature

regarding serum lactate in PHO patients is limited to a study

performed by Pacheco-Rosas et al. at the Hospital de Pediatrıá

del CMN Siglo XXI, which demonstrated an association (81%

sensitivity, 83% specificity) between serum lactate level ≥2

mmol/L obtained within 48 hours of admission and severe

sepsis in 100 pediatric oncology patients with fever and

neutropenia (47), and a study performed in Thailand by

Suwanpakdee et al. which reported an association between

initial serum lactate >2.5 mmol/L with septic shock in 100

hemodynamically stable pediatric oncology patients with fever

and neutropenia (ROC area 0.90, 95% CI: 0.81, 0.98) (48). Both

studies suggest that there is a role for measuring serum lactate in

this patient population, however generalizability is limited by

small sample size, exclusion of non-neutropenic patients, and

variable time allotted for initial serum lactate collection.

Identification of patients at high risk of sepsis or septic shock

prior to progression of their symptoms is essential for early

diagnosis and prompt resuscitation, the most efficacious strategy

for preventing clinical decompensation, organ failure, and/or

death (8, 9, 49–53). The objective of this study is to better

understand the implications of lactate levels in febrile PHO

patients by determining the association between initial venous

lactate level and poor clinical outcomes, including clinical

deterioration events (CDE) and invasive bacterial infection (IBI).
Methods

Data source

This single-center, observational study utilized the Colorado

Sepsis Treatment andRecognition Registry, a database approved by

the Children’s Hospital Colorado (CHCO) Organization Research

Risk and Quality Improvement Review Panel and the Colorado

Multiple Institution Review Board, which contains retrospectively

collected data extracted from the electronic medical record (EMR)
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from pediatric Emergency Department (ED) encounters with ED

clinician concern for possible sepsis as described by Scott et al (43).

The registry includes ED encounter data for pediatric patients who

are identified as high risk for sepsis, including patients with

underlying oncologic or hematologic disorders who presented

with fever or concern for infection. Relevant data that was not

included in the registry was extracted from the EMR.

Encounters among immunocompromised PHO patients 0-25

years of age who underwent evaluation for fever in the CHCO ED

between May 2012 and February 2019 were eligible for inclusion.

This institution defines fever as a single temperature ≥101°F or two

temperatures ≥100°F within a 24-hour period separated by at least

two hours. PHO patients were considered immunocompromised if

they were being treated with chemotherapy or were within six

months of therapy completion, had a hematologic disorder

requiring immunosuppressive therapy, or underwent

hematopoietic stem cell transplantation (HSCT) within the

previous six months. Encounters during which the patient was

diagnosed with a new oncologic process were also included.

Encounters were excluded if the patient had a known metabolic

disorder, was transferred from an outside medical facility, arrived

via emergency medical services (EMS) transport, or if a venous

lactate level was not assessed within two hours of ED arrival.

Multiple encounters per patient could be included, however

encounters were excluded if the patient had been evaluated for

fever/infection within the previous 72 hours.

Encounters among patients who were critically ill appearing

upon ED presentation were considered separately, characterized by

one or more of the following criteria: systolic hypotension <5th

percentile for age (54) on intake vital sign assessment, occurrence of

at least one (≥1) CDE qualifying event (defined below) or PICU

transfer within two hours of ED arrival, or provider documentation

of critical appearance on initial assessment. Clinical data and

outcomes for these encounters are briefly described in the results

section, but were otherwise not incorporated into the analysis, as

the goal of this study was to evaluate the association of lactate level

with poor outcomes in patients whose illness severity was not

immediately apparent upon initial presentation.
Variables and outcomes

We tested the association of initial venous lactate level

(mmol/L) obtained within two hours of ED arrival (primary

variable) and covariates with the occurrence of CDE, IBI, and

secondary outcomes pertaining to illness severity. Per

institutional standard practice, a serum lactate level is obtained

in conjunction with a complete blood count and blood cultures

from all PHO patients who present to the ED with fever.

Covariates were selected a priori based on clinical relevance

for PHO patients and other established sepsis risk factors,

including patient characteristics (i.e., age, underlying diagnosis,

chemotherapy regimen intensity, phase of therapy, central
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venous access), encounter-specific variables assessed within two

hours of ED arrival (i.e., WBC counts, presence of vital sign

abnormalities), and patient- or provider-reported symptoms

noted in the EMR (i.e., upper respiratory infection (URI)

symptoms, chills and/or rigors). Vital sign cutoffs were

determined using age-specific ranges defined by Goldstein, et

al (54), and chemotherapy regimen intensity was categorized as

least (level 1), moderate (level 2), very (level 3), or most (level 4)

intensive based on the Intensity of Treatment Rating Scale (ITR-

3.0) as previously defined (55). Maximum temperature (Tmax)

was determined by the Tmax reported by the patient caregiver

prior to arrival, or the Tmax documented within the first two

hours of ED arrival, whichever value was higher.

The CDE outcome was met if the patient experienced ≥1 CDE

within 48 hours of ED arrival. A CDE was characterized as a

significant change in clinical status, as previously defined (56) by the

following qualifying events: transfer from a pediatric ward to PICU,

respiratory failure (initiation of non-invasive positive pressure

ventilation (NIPPV) or endotracheal intubation), administration

of ≥60 ml/kg (or ≥3 L if weight ≥50 kg) of crystalloid bolus

intravenous fluids (IVF) in a 24-hour period, vasopressor or

inotrope initiation, altered mental status, or death (56). Bolus IVF

administration was based on provider discretion. In patients with

chronic mechanical ventilatory needs, respiratory failure was

defined as a need for increased ventilator settings above baseline.

A separate analysis was performed evaluating the occurrence of

at least one (≥1) IBI within 48 hours of ED arrival. IBI was defined

as the isolation of a bacterial organism from a normally sterile body

fluid (i.e., blood, urine, cerebrospinal fluid, pleural fluid) (57), lobar

pneumonia identified by chest radiograph (CXR) or computed

tomography (CT) scan, intraabdominal infection, or skin/soft

tissue infection (SSTI) necessitating IV antibiotics. Bacterial

identification via blood culture was only included as an IBI if the

result was not considered to be a contaminant (58) and resulted in a

full antimicrobial treatment course for bacteremia.

Secondary outcomes included: hospital length of stay (LOS),

PICU admission, PICU LOS, non-invasive infection within 48

hours, and 30-day mortality. Given that the clinical implications

of an IBI exceed those of a non-invasive infection, analysis of

non-invasive infection as a secondary outcome did not include

encounters among patients who were diagnosed with an IBI

within 48 hours. Thirty-day mortality was included as a

descriptive outcome only due to the low incidence in the cohort.
Statistical analysis

Analysis was performed using R version 4.0.2 and the

significance level was set to 0.05. Variables were summarized

using median (interquartile range, IQR) or frequency

(percentage) for each encounter. Receiver operating

characteristic (ROC) curves were reported for each outcome

(CDE and IBI) with with lactate level as the sole predictor as the
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sole predictor. PHO patients with multiple fever encounters have

the possibility of introducing correlation with their specific

patient characteristics, therefore generalized estimating

equations (GEE) with a logit link were used to model risk

factors for CDE and IBI within 48 hours using an

exchangeable correlation structure to account for correlation

among patients with multiple encounters. Univariate models

were fit for each risk factor of interest with lactate level included

both as a continuous and categorical variable, utilizing the

frequently reported cut offs in the literature of 0-2 mmol/L, 2-

4 mmol/L, and ≥4 mmol/L (29, 34, 43, 59–64). Variables in the

univariate model were considered for selection in a multivariable

model for each outcome based on significance and clinical

relevance. Lactate level (continuous) was forced in, and the

final set of predictors was selected based on the lowest Quasi-

likelihood under Independence Model Criterion (QIC), a metric

that assesses the degree to which data fits the GEEmodel and can

be used for covariate selection (65). The QIC for the final

multivariable models with and without lactate were

established. Lower QIC values indicate better model fit, and a

difference of 2-4 units is considered meaningfully different.

Lactate was tested for association with secondary outcomes.

GEE was used to model PICU admission and non-invasive

infection (binomial) and hospital LOS, PICU LOS, and

vasopressor duration (gaussian). Continuous outcomes were

log transformed before modeling due to non-normality, and

results were back-transformed for reporting. The R package gee

was used for modeling and reproducible code can be found here:

https://github.com/campbkri/lactate_paper.
Results

Patient characteristics

As outlined in the study flowchart in Figure 1, there were

1290 total eligible encounters, among which 372 were excluded.

In an additional 21 encounters, the patient appeared critically ill

at presentation; clinical data and outcomes for these 21

encounters are described separately below, but were otherwise

excluded from the remainder of these analyses. Encounter data

and relevant initial lab values for the remaining 897 encounters

included in the analysis are listed in Table 1, including those

with occurrence of one or more (≥1) CDE within 48 hours (n=48

encounters among 45 patients), and one or more (≥1) IBI within

48 hours (n=96 encounters among 85 patients).

The median age for the overall cohort was 6.5 years (IQR:

3.8-11.7). Leukemia/lymphoma accounted for over half of

underlying patient diagnoses (55%), followed by solid tumors

(31%), CNS tumors (13%), and non-malignant hematologic

disorders (0.6%). Similar proportions of each underlying

patient diagnosis were noted among encounters that met the

CDE and IBI outcomes. Almost every encounter (n=885, 99%)
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occurred among patients who were actively undergoing therapy,

including those who had undergone HSCT (n=52) within the

past six months. A small subset of patients had recently

completed therapy (n=7), or were newly diagnosed with a

malignancy while admitted to the ED (n=5). Chemotherapy

regimen intensity varied among the cohort and regimens

received characterized as very (level 3) intensive were seen

most frequently (n=529, 59%). Implanted ports were the most

common type of central venous access, whereas external

tunneled catheters, peripherally inserted central catheter

(PICC) lines, and peripheral IV’s were less common. The

median initial lactate level was 1.4 mmol/L (IQR 1.0-2.0)

among the overall cohort, 2.0 mmol/L (IQR 1.4-3.0) among

those who had ≥1 CDE, and 1.7 mol/L (IQR 1.2-2.3) among

those diagnosed with ≥1 IBI. White blood cell (WBC) counts

were assessed within two hours for nearly all encounters (the

absolute monocyte count was not reported for one encounter)

and nearly half of the febrile encounters occurred in neutropenic

patients (n=414, 46%). Unlike WBC counts and venous lactate,

c-reactive protein (CRP) and procalcitonin (PCT) were

infrequently obtained within two hours (CRP: 3%, PCT: 1%).
Association of lactate level with clinical
deterioration events within 48 hours

At least one (≥1) CDE occurred within 48 hours in 48 of the

897 included encounters (5%). In 22 of these, one isolated CDE

qualifying event occurred, whereas multiple CDE qualifying

events occurred in the remaining 26, together accounting for
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83 total individual CDE qualifying events among the entire

cohort, shown in Figure 2. The most common categories of CDE

qualifying events were bolus IVF administration (n=39, 47% of

all CDEs) and initiation of vasopressors (n=20, 24% of all

CDEs), whereas ward to PICU transfer (n=9, 11% of all

CDEs), respiratory failure (n=8, 10% of all CDEs), altered

mental status (n=6, 7% of all CDEs), and death (n=1, 1% of all

CDEs) occurred less frequently.

Comparing the distribution of initial lactate levels and CDE

occurrence revealed an increased proportion of patient encounters

with ≥1 CDE with incremental increases in initial lactate level

(Figure 3A). At least one CDE was seen in four of 204 encounters

(2%) with lactate <1.0 mmol/L, 16 of 459 encounters (4%) with

lactate 1-1.99 mmol/L, 15 of 153 encounters (10%) with lactate 2-

2.99 mmol/L, 6 of 49 encounters (12%) with lactate 3-3.99 mmol/

L, 4 of 20 encounters (20%) with lactate 4-4.99 mmol/L, and 3 of

12 encounters (25%) with lactate ≥5 mmol/L. The ROC curve

(AUC 0.704) shown in Figure 3B demonstrates the sensitivity and

specificity of individual lactate level cutoffs for predicting the

occurrence of ≥1 CDE within 48 hours.
Univariate analysis results, occurrence
of ≥1 CDE by risk factor

Results of the univariate analysis testing the association of

lactate level and covariates with the occurrence of ≥1 CDE within

48 hours are shown in Supplemental Table 1. The odds of clinical

deterioration increased by 77% with each unit increase in lactate

level (p<0.001). Evaluation of lactate level using previously reported
FIGURE 1

Study flowchart. OSF, Outside facility; EMS, Emergency medical services; BP, Blood pressure; CDE, Clinical deterioration event; ED, Emergency
department; PICU, Pediatric intensive care unit; IBI, Invasive bacterial infection.
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TABLE 1 Patient encounter characteristics and initial laboratory values.

All encounters (n=897) CDE within 48 hours (n=48) IBI within 48 hours (n=96)
Characteristic n (%) n (%) n (%)

Number of unique patients 456 45 85

Age in years, median (IQR) 6.5 (3.8, 11.7) 12.4 (7.0, 15.7) 6.9 (3.1, 12.9)

Sex

Female 366 (41%) 19 (40%) 45 (47%)

Male 531 (59%) 29 (60%) 51 (53%)

Underlying Diagnosis

Acute lymphoblastic leukemia 421 (47%) 22 (46%) 43 (45%)

Acute myeloid leukemia 13 (1%) 1 (2%) 2 (2%)

Lymphoma 65 (7%) 4 (8%) 7 (7%)

Solid Tumor 277 (31%) 17 (35%) 30 (31%)

CNS Tumor 116 (13%) 4 (8%) 13 (14%)

*Other 5 (0.6%) 0 (0%) 1 (1%)

Phase of therapy
†On therapy 885 (99%) 48 (100%) 98 (96%)

New diagnosis during ED encounter 5 (0.6%) 0 (0%) 0 (0%)

Off therapy within <6 months 7 (0.8%) 0 (0%) 4 (4%)

HSCT within past 6 months, yes 52 (6%) 3 (6%) 12 (12%)

Allogeneic 18 (2%) 0 (0%) 8 (8%)

Autologous 34 (4%) 3 (6%) 4 (4%)
††Chemotherapy intensity

Most (level 4) 94 (11%) 9 (18%) 17 (18%)

Very (level 3) 529 (59%) 25 (52%) 56 (58%)

Least/moderate (levels 1&2) 267 (30%) 14 (29%) 22 (23%)

Unknown/other 7 (0.8%) 0 (0%) 1 (1%)

Venous catheter type

Implanted port 769 (86%) 38 (79%) 67 (70%)

External tunneled catheter 102 (11%) 8 (17%) 24 (25%)

PICC line 10 (1%) 1 (2%) 4 (4%)

Peripheral IV 15 (2%) 1 (2%) 1 (1%)
¶Initial ED laboratory values

Lactate in mmol/L, median (IQR) 1.4 (1.0, 2.0) 2.0 (1.4, 3.0) 1.7 (1.2, 2.3)

Lactate <2 mmol/L, categorical (n, %) 665 (74%) 21 (44%) 61 (64%)

Lactate 2-4 mmol/L, categorical (n, %) 200 (22%) 20 (42%) 35 (36%)

Lactate ≥4 mmol/L, categorical (n, %) 32 (4%) 7 (15%) 10 (10%)

Absolute monocyte count (x103/mL) 0.22 (0.03, 0.54) 0.06 (0.01, 0.30) 0.04 (0.01, 0.27)

Absolute lymphocyte count (x103/mL) 0.38 (0.16, 0.88) 0.27 (0.09, 0.75) 0.21 (0.08, 0.65)

Absolute neutrophil count (x103/mL) 0.76 (0.04, 3.57) 0.13 (0.01, 1.46) 0.06 (0.01, 2.48)
§Neutropenic, yes (n, %) 414 (46%) 29 (60%) 63 (66%)
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CDE, Clinical deterioration event IBI, Invasive bacterial infection; IQR, Interquartile range; CNS, Central nervous system; PICC, Peripherally inserted central catheter; HSCT,
Hematopoietic stem cell transplantation; ED, Emergency department.
*Other: Aplastic anemia (n=3), antiphospholipid syndrome (n=1), b-thalassemia (n=1).
†Includes patients receiving chemotherapy or within 6 months of HSCT.
††Based on Intensity of Treatment Rating criteria (Kazak, et al. Pediatric Blood & Cancer, 2012).
¶Initial values within two hours of ED arrival (lactate in mmol/L and white blood cell counts) are reported as median (IQR). Categorical lactate levels and presence of neutropenia are
reported as n (%).
§Neutropenia defined as absolute neutrophil count <0.5 x103/mL.
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cutoffs revealed increased odds of ≥1 CDE with moderate lactate

elevation 2-4 mmol/L (OR 3.74, 95%CI: 2.00-7.01, p<0.001), and

even higher odds with lactate levels ≥4 mmol/L (OR 8.82, 95% CI:

3.51-22.20, p<0.001), when compared to those with lactate <

2 mmol/L. Older age (p<0.001), vital sign abnormalities including

hypotension (p<0.001) and tachycardia (p<0.001) within the first

two hours of ED arrival, chills or rigors (p<0.05), and neutropenia

(p<0.05) were also associated with the occurrence of ≥1 CDE in the

unadjusted analysis, whereas underlying diagnosis, chemotherapy
Frontiers in Oncology 07
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regimen intensity, recent HSCT, type of venous access, Tmax,

presence of tachypnea within two hours, andWBC counts were not.
Multivariable analysis results, occurrence
of ≥1 CDE by risk factor

The optimal set of predictors for inclusion in the multivariable

model based on QIC were lactate level (continuous), age,
BA

FIGURE 3

Analysis of clinical deterioration events (CDE) by lactate level. (A) Proportion of patient encounters with occurrence of ≥1 CDE by lactate level in
increments of 1mmol/L. Numbers (n) on top of bars signify the total number of patient encounters with initial lactate level in specified range.
(B) ROC curve demonstrating association of lactate level with occurrence of ≥1 CDE. Numbers 0-5 along ROC curve represent ROC curve
points for lactate level cutoffs (pink circles) in mmol/L, shown in the table. Area under the curve = 0.704.
FIGURE 2

Diagram demonstrating number of CDE qualifying events per category (bolus IVF administration, vasopressor initiation, ward to PICU transfer,
respiratory failure, altered mental status, death) among encounters with one CDE qualifying event and encounters with multiple CDE qualifying
events. IVF, Intravenous fluid; PICU, Pediatric intensive care unit.
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chemotherapy regimen intensity, and presence of hypotension and

tachycardia within two hours. Given the clinical relevance of

neutropenia at the time of fever in PHO patients, a sensitivity

analysis was performed with neutropenia added into the same

model, which showed a non-significant association of neutropenia

with having ≥1 CDE (p=0.17) and a higher QIC, thus neutropenia

was not forced into the model. The results of the multivariable

analysis are shown in Table 2. After adjusting for age,

chemotherapy regimen intensity, and the presence of

hypotension and tachycardia within two hours of ED arrival,

increased lactate level was significantly associated with

occurrence of ≥1 CDE (OR 1.82, 95% CI: 1.43-2.32, p<0.001).

After controlling for covariates, odds of ≥1 CDE were increased

with older age (OR: 1.13, 95% CI: 1.07-1.19, p<0.001). Outcomes

also differed significantly among chemotherapy regimen intensity

groups (p<0.05). Presence of hypotension (OR: 3.78, 95% CI: 2.64-

15.99, p<0.001) and tachycardia (OR: 3.78, 95% CI: 1.61-8.84,

p<0.01) within two hours of ED arrival were also significant after

adjusting for confounding variables. The QIC of the multivariable

model without lactate level was 325, whereas the QIC of the model

with lactate level included was 305. This difference in 20 points of

QIC indicates a significantly better fit of the model when lactate

was included.
Association of lactate level with
incidence of invasive bacterial infection
(IBI) within 48 hours

Within 48 hours of ED arrival, at least one (≥1) IBI was

diagnosed in 96 of 897 encounters (11%), including 16

encounters in which the patient was diagnosed with a non-

invasive infection in addition to IBI within 48 hours. Frequency

of IBI by source of infection and corresponding median lactate

levels are outlined in Supplemental Table 2. Bacterial

bloodstream infection (BSI) was the most common source of
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IBI, seen in 58 encounters (6%). Other sources of IBI were less

common, including pneumonia (n=18, 2%), genitourinary (GU,

n=10, 1%), SSTI (n=10, 1%), and intraabdominal (n=6, 0.7%).

Median initial lactate levels were similar across encounters with

≥1 IBI regardless of infection source with exception of a

relatively higher median initial lactate (2.7 mmol/L, IQR 1.3-

4.2) in those with intraabdominal infection, although this

discrepancy may be due the infrequency of each IBI type

rather than true variation.

The distribution of initial lactate levels with occurrence of ≥1

IBI demonstrated in Figure 4A revealed an increased proportion

of patients diagnosed with ≥1 IBI within 48 hours as lactate level

incrementally increased, although the most notable difference

occurred once lactate levels reached 4 mmol/L and above. An

ROC curve (AUC: 0.608) including the sensitivity and specificity

of individual lactate level cutoffs for predicting the occurrence of

≥1 IBI within 48 hours is shown in Figure 4B.
Univariate analysis results, occurrence
of ≥1 IBI by risk factor

Results of the univariate analysis demonstrating the

association of lactate level and covariates with the occurrence

of ≥1 IBI within 48 hours are shown in Supplemental Table 3.

For each unit increase in lactate level, the odds of being

diagnosed with ≥1 IBI within 48 hours increased by 40%

(p<0.001). When compared to patients with lactate levels <2

mmol/l, categorical evaluation of lactate level demonstrated

increased odds of ≥1 IBI with lactate level ≥4 mmol/L (OR:

4.34, 95% CI: 1.91-9.86, p<0.001), but no significant difference in

patients with moderately elevated lactate 2-4 mmol/L (p=0.20).

Compared to patients with implanted ports, those with external

tunneled catheters (OR: 3.21, 95% CI: 1.83-5.65, p<0.001) and

peripherally inserted central catheter (PICC) lines (OR: 7.00,

95% CI: 1.82-26.94, p<0.01) were associated with increased IBI.
TABLE 2 Occurrence of ≥1 clinical deterioration event (CDE) within 48 hours, adjusted odds by risk factor (results of multivariable analysis).

Risk Factor Reference Odds Ratio 95% CI p value

Lactate (mmol/L), continuous – 1.82 1.43, 2.32 <0.001

Age in years – 1.13 1.07, 1.19 <0.001
†Chemotherapy intensity Most (level 4) 0.03

Very (level 3) 0.30 0.11, 0.78 0.01

Least/moderate (levels 1&2) 0.56 0.21, 1.51 0.25

*ED clinical status

Hypotension No 6.49 2.64, 15.99 <0.001

Tachycardia No 3.78 1.61, 8.84 <0.01

QIC of model without lactate: 325, QIC with lactate: 305
fronti
QIC, Quasilikelihood under the Independence model Criterion; ED, Emergency department.
*Based on Intensity of Treatment Rating criteria (Kazak, et al. Pediatric Blood & Cancer, 2012).
†Hypotension and tachycardia refer to presence of age-based vital sign abnormalities within two hours of ED arrival.
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The presence of chills or rigors was associated with increased

odds of ≥1 IBI (OR: 2.35, 95% CI: 1.15-4.81, p<0.05).

There was no association between occurrence of ≥1 IBI and

initialWBC counts when analyzed continuously, including ANC,

absolute monocyte count (AMC), and absolute lymphocyte

count (ALC); however, neutropenic patients had 2.5-times

higher odds of ≥1 IBI when compared to non-neutropenic

patients (p<0.001). No association was observed between age or

underlying diagnosis and the occurrence of ≥1 IBI. Outcomes did

not significantly differ among chemotherapy regimens (p=0.06),

however compared to those in the most (level 4) intensive

category, the diagnosis of IBI was less common as

chemotherapy regimen intensity decreased. Despite the

increased incidence of IBI seen in patients with tachycardia
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and hypotension, the lack of a significant association between

these vital sign abnormalities and IBI was an unexpected finding.
Multivariable analysis results, occurrence
of ≥1 IBI by risk factor

Covariates included in the multivariable analysis based on

QIC were lactate level (continuous), type of venous access,

presence of chills or rigors, and presence of neutropenia as

shown in Table 3. The QIC of the model with and without lactate

included was 563 and 579, respectively. A difference of 16 points

of QIC indicates the model with lactate fits the data significantly

better than the model without lactate.
TABLE 3 Occurrence of ≥1 invasive bacterial infection (IBI) within 48 hours, adjusted odds by risk factor (results of multivariable analysis).

Risk Factor Reference Odds Ratio 95% CI p value

Lactate (mmol/L), continuous – 1.49 1.23, 1.79 < 0.001

Type of venous access Implanted port < 0.001

External tunneled catheter 4.28 2.32, 7.87 < 0.001

PICC line 5.56 1.29, 23.90 0.02

Peripheral IV 0.77 0.10, 6.19 0.81

Chills or rigors No 2.23 1.04, 4.80 < 0.001

*Neutropenic, yes No 2.54 1.60, 4.03 < 0.001

QIC of model without lactate: 579, QIC with lactate: 563
fronti
PICC, Peripherally inserted central catheter; QIC, Quasilikelihood under the Independence model Criterion.
*Neutropenia defined as absolute neutrophil count <0.5 x103/mL.
BA

FIGURE 4

Analysis of invasive bacterial infection (IBI) by lactate level. (A) Proportion of patient encounters with occurrence of ≥1 IBI by lactate level in
increments of 1 mmol/L. Numbers (n) on top of bars signify the total number of patient encounters with initial lactate level in specified range.
(B) ROC curve demonstrating association of lactate level with occurrence of one ≥1 IBI. Numbers 0-5 along ROC curve represent ROC curve
points (blue circles) for lactate level cutoffs in mmol/L, shown in table. Area under the curve = 0.608.
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Elevated lactate level (OR: 1.49, 95% CI: 1.23-1.79, p<0.001),

neutropenia (OR: 2.54, 95% CI: 1.60-4.03, p<0.001), and presence

of chills or rigors (OR: 2.23, 95% CI: 1.04-4.80, p<0.001) were all

associated with increased odds of ≥1 IBI after adjusting for

covariates. Additionally, patients with external tunneled

catheters (OR 4.28, 95% CI: 2.23-7.87, p<0.001) and PICC lines

(OR 5.56, 95% CI: 1.29-23.90, p<0.05) had increased odds of ≥1

IBI compared to those with implanted ports in the adjusted

analysis, whereas those with peripheral IVs did not (p=0.81).
Association of initial lactate level with
secondary outcomes

In addition toCDEand IBI, increased lactate levelwas associated

with secondary outcomes pertaining to illness severity as shown in

Supplemental Table 4. Among all encounters, the median hospital

LOS was 3.8 days (IQR 2.5-6.8) for patients admitted from the ED.

PICUadmissionwas required in55encounters (6%),and themedian

PICULOSwas 1.4 days (IQR 0.9-2.7).With each 1mmol/L increase

in lactate level, therewas an associated 15% increase in hospital LOS,

68% higher odds of being admitted to the PICU during

hospitalization, and 21% increase in PICU LOS (all p values <0.05).

One or more non-invasive infection(s) were diagnosed within

48 hours in 168 encounters (19%), excluding the 16 in which

patients who were diagnosed with both IBI and non-invasive

infection(s). Sources of non-invasive infection and median lactate

levels are shown in Supplemental Table 2. Viral URI was the most

common source of non-invasive infection (n=125, 14%) in this

group. Lactate level did not significantly differ among patients who

were diagnosed with non-invasive infection(s) only and those who

were not diagnosed with any infection within 48 hours (p=0.09).

Thirty-day mortality was low for the cohort. Six patients died

within 30 days of ED presentation (<1%), two from infection-

related causes, and four from underlying disease progression. In

those six patients, the median time to death was 16.5 days (range 2-

26 days) fromED arrival. The two infection-related deaths included

one patient with T-cell acute lymphoblastic leukemia (ALL)

undergoing delayed intensification therapy who died 10 days

after ED presentation due to septic shock with multi-organ

failure from disseminated fungal infection and a patient with

progressive metastatic atypical rhabdoid tumor (ATRT) found to

have to have widely disseminated fungal infection during

hospitalization. Due to poor prognosis, all antifungals were

discontinued, and he was discharged on hospice care, and

ultimately died 19 days after ED presentation.
Patients who appeared critically ill upon
ED arrival

Here we describe the 21 encounters among 20 patients

(median age 13.3 years, IQR 3.7-16.0) who were critically ill
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appearing upon initial ED presentation, summarized in

Supplemental Table 5. These patients were not included in the

remainder of the analysis and expectedly had worse outcomes

than the remainder of the cohort. Underlying diagnoses varied,

including acute lymphoblastic leukemia (ALL, n=6), acute

myeloid leukemia (AML, n=2 encounters for one patient),

lymphoma (n=12), solid tumors (n=5), CNS tumors (n=2),

and non-malignant hematologic disorders (n=2). Three

patients had undergone HSCT within six months prior to

presentation. The median initial lactate level in this ill-

appearing cohort was 3.2 mmol/L (IQR 1.7-5.1), the median

ANC was 0.54 x 103/mL (IQR 0.01-3.62), and almost half of the

patients were neutropenic at presentation (10 of 21 encounters,

48%). In all but one encounter (95%) the patient experienced ≥1

CDE within 48 hours, and the majority (n=14) experienced

multiple CDE qualifying events rather than a single CDE

qualifying event (n=6). At least one IBI was diagnosed within

48 hours in two-thirds of the encounters (n=14). The most

common type of IBI was BSI (n=14) whereas focal infections

(pneumonia: n=3, intraabdominal: n=1, GU: n=1) were less

common. Five patients (25%) died within 30 days of ED

presentation (median duration from ED arrival to death: 8

days, range 0-26 days). Four deaths were infection-related, and

one patient died from underlying disease progression.
Discussion

PHO patients are at high risk for life-threatening infectious

complications and progression to sepsis/septic shock. Prompt

detection and resuscitation is critical for improving outcomes,

which can be challenging as PHO patients often lack typical

signs of illness and may present with fever as the sole sign of

occult infection and impending deterioration (66). Thus,

understanding the implications of objective laboratory markers

in PHO patients specifically is essential for the development of

superior risk stratification strategies in this group.

Serum lactate is well-established prognostic indicator for

general adult and pediatric populations (27–32), and the

importance of lactate as a reliable laboratory marker is

emphasized by its incorporation in the most recent adult sepsis-

3 criteria (67). Results of general pediatric studies indicate an

association between elevated lactate and serious bacterial

infection (SBI), organ dysfunction, prolonged hospitalization,

and mortality (28, 34, 43, 68). Notably, the benefit of lactate

measurement has been shown to be independent of

hemodynamic variables and organ dysfunction (29, 33, 34).

Although serum lactate has been evaluated as a prognostic

indicatior to some extent in adult oncology patients, data is limited

and contradictory (30, 69, 70). There is minimal data regarding

interpretability of lactate levels in PHO patients who have

substantial differences compared to their adult counterparts in

terms of underlying malignancies, comorbidities, metabolism/
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developmental stages, infectious considerations, and increased

treatment regimen intensities (10, 71). We report the association

of initial lactate level with poor outcomes in the largest study

assessing this laboratorymarker in PHO patients to date. Although

two existing studies in PHO patients similarly describe an

association with lactate levels and illness severity (47, 48), these

studies are considerably limited due to small sample size.

Importantly, we demonstrate a similarly reported association

between serum lactate levels and increased illness severity in other

patient populations, suggesting these values are not routinely

elevated or uninterpretable in PHO patients despite the known

impact that malignancy, chemotherapy, and organ dysfunction

have on lactate metabolism. Given the strength of these data, they

provide the basis for further investigation of serum lactate as a tool

that can be incorporated into risk stratification models to

optimize detection of patients at high risk for deterioration.

Our results demonstrate an association between lactate level

and clinical deterioration in PHO patients when analyzed both

as a continuous variable and a categorical variable using cutoffs

that have been most frequently reported in the literature. While

interpretation of this type of laboratory marker using distinct cut

points such as ≥2 mmol/L or ≥4 mmol/L rather than as a

continuous value may be more practical in the clinical setting,

studies in other populations have yielded similar results to our

findings: severe outcomes increase linearly with increases in

lactate without a clear clinical inflection point (72). Prospective

studies validating the utility of this marker as a stratification tool

may require different cut points based on the goal of ruling in or

ruling out patients at risk for deterioration.

In efforts to capture patients with undifferentiated illness

severity at initial evaluation, patients who were critically ill-

appearing at presentation were not included in the analysis, and

this group predictably hadworse outcomes. It is important to note

that provider determination of illness severity should remain the

primary basis for escalation of care, regardless of what is dictated

by any risk prediction model or laboratory result. While the

median lactate level was notably higher in this group, this result

adds minimal clinical benefit in the context of an ill-appearing

patient but does support the concept of elevated lactate as a

physiologic response to critical illness in PHO patients.

Among all patients with CDEs, the frequency of IV fluid

resuscitation and vasopressor initiation we report are

concordant with sepsis as a well-established cause of clinical

deterioration in PHO patients (6, 73–75). Moreover, the

exclusion of patients who were critically ill at the time of

febrile presentation supports the notion that PHO patients

may not initially demonstrate classic signs of severe illness

with fever but remain at risk for rapid deterioration from

sepsis in the subsequent hours. Compared to prior studies

which cite respiratory failure as an equal or more frequent

contributor to clinical deterioration in this population (7, 73,

76, 77), it only represented 10% of all CDE qualifying events in

this study. This may be attributed to multiple factors including
Frontiers in Oncology 11
21
the ED setting of this study resulting in exclusion of patients at

risk for different complications (e.g., AML and immediate post-

HSCT patients), exclusion of patients who were immediately ill-

appearing from the overall analysis, and variable definitions of

respiratory failure utilized in the literature.

In addition to increased lactate level, older age, highly intensive

chemotherapy regimens, and the presence of tachycardia and/or

hypotensionwithin two hours of ED arrival were all associated with

increased CDE within 48 hours in an adjusted model. The

substantial improvement of the multivariable model based on the

QIC seen when lactate was included with the remaining risk factors

suggests that lactate level can provide additional benefit to other

established predictors of illness severity. Hypotension as a

predictive variable is difficult to interpret given its intricate link to

two potential CDEs (IVF resuscitation and vasopressor initiation),

thus the strong association with the primary outcome (≥1 CDE)

was expected. Importantly, increased lactate level maintained a

significant association with CDE after controlling for the presence

of hypotension, supporting the notion that hypotension may be a

late finding in pediatric sepsis (78), and lactate elevation can denote

inadequate perfusion despite normal blood pressure values (33, 34).

Unlike many studies evaluating risk factors for deterioration in

the PHOpatient population, we elected to include non-neutropenic

patients. In addition to identifying which patients need urgent

intervention, there is also significant interest in risk models that

enable decreased intervention for patients at lower risk, which

largely includes the non-neutropenic population. The incidence of

CDE was significantly higher in neutropenic patients compared to

non-neutropenic patients. Despite this, neutropenia was not

determined to be a necessary variable in the multivariable model

of risk factors for CDE. Not only did the best-fit of the model

decrease when neutropenia was incorporated, but the presence of

neutropenia was no longer significant when evaluated in the

context of other relevant covariates. This suggests that although

the presence and duration of neutropenia is associated with risk of

severe infection, there is likely a role for incorporation of additional

clinical and laboratory factors to improve risk prediction for clinical

decompensation specifically.

While often linked with clinical deterioration in PHO patients,

IBI was included in this study as a separate outcome to test the

association of lactate level with serious infection, regardless of

clinical illness severity. This has implications for potential

incorporation of serum lactate into future prediction models

targeted towards decision-making about antimicrobial

administration. Our overall incidence of IBI was lower than

reported in other studies of PHO patients (79–83), however this

was expected given our inclusion of non-neutropenic patients. The

majority of studies reporting infectious outcomes in PHO are

limited to neutropenic patients as neutropenia is an established

risk factor for bacterial infection, which is in accordance with our

study results.

As an isolated risk factor, increased lactate level was

significantly associated with increased odds of IBI, although
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distinct differences in IBI rates were not appreciated unless lactate

was substantially elevated to levels ≥4 mmol/L. A possible

explanation for this is that lactate may not be as tightly associated

with IBI, compared to CDE, due to lactate being a marker of tissue

hypoperfusion and organ dysfunction regardless of etiology. In

other words, lactate is more suitable for detecting the negative

downstream effects of severe infection, rather than infection itself.

Despite the trend toward increased incidence of IBI seen in

patients with tachycardia and hypotension, the lack of a

significant association between these vital sign abnormalities

and IBI was an unexpected finding. This result may represent an

insufficient immune response in the setting of bacterial infection

due to immunosuppressive therapies, which further emphasizes

the need for improved strategies to determine infection risk in

this group. It is also possible that a difference was not

appreciated as more discrete measures of the degree of

tachycardia and hypotension such as z-scores were not utilized

(84). In accordance with prior studies, external central catheters

were associated with increased IBI (85, 86), although this may

have been influenced in part by the underlying diagnoses and

treatment regimens that mandate external catheters versus

implanted ports. Additionally, chills or rigors reported by

patients or documented by ED providers was an important

risk factor for IBI, suggesting that this should be part of the

routine evaluation of PHO patients presenting with fever. As

described above, substantial improvement in the multivariable

model of risk factor association with IBI seen with the

incorporation of lactate level demonstrates that it can provide

additional benefit in distinguishing which patients are at highest

risk for IBI. Moreover, elevated lactate level was associated with

IBI but not non-invasive infection types. This suggests a role in

specifically distinguishing patients with the most clinically

significant infection types. This has important implications for

risk stratification strategies as there is significant interest in

improving our ability to distinguish which patients require

aggressive intervention with broad-spectrum antimicrobials

from those who would benefit from less intensive therapy.

In accordance with other pediatric studies, we chose clinical

deterioration events as a primary marker of illness severity in

addition to other secondary outcomes that signify more severe

illness including PICU admission and LOS, duration of

hospitalization, and mortality. While mortality is the most extreme

predictor of illness severity, mortality rates are relatively low in our

pediatric population as seen in this study, and clinical deterioration

events still hold significant implications forboth short and long-term

healthcare outcomes and quality of life. We demonstrated longer

length of hospitalization, increased rates of PICU admission, and

longer PICU LOS as lactate level increased, suggesting this cohort

represents a sicker group of patients. The longer hospital LOS seen

with elevated lactate level may represent a subacute difference in

illness severity. Although the increase in hospital LOS may seem

inconsequential, it approximates to an additional day of

hospitalization above the median LOS for every 1 mmol/L
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increase in initial lactate level. Thirty-day infection-related

mortality was exceptionally low for the overall cohort, which is in

line with improvements seen in supportive care practices for

critically ill patients over the last several decades. We suspect that

in a larger cohort, therewould be a significant difference inmortality,

especially in a shorter time-period following a septic event.

The use of lactate in monitoring hemodynamic resuscitation

in general populations of children with septic shock is

recommended in the evidence-based consensus guidelines of

the Surviving Sepsis Campaign and is already common practice

in many pediatric EDs in the care of sepsis (78, 87). While this

study cannot establish exactly which clinical actions should be

taken based on a specific lactate level in a PHO patient, it gives

support to this practice in PHO patients with suspected sepsis in

the ED, in alignment with current standard of care for all children

with sepsis. Further researchmay establish specific considerations

needed to interpret lactate in PHO patients, but it is a low-cost,

readily available laboratory test already strongly supported in

pediatric sepsis generally, and it is likely to aid in early detection

and monitoring of PHO patients, as it already does non-PHO

children with sepsis.

There are limitations to this study, including the

retrospective nature and unblinded analysis. While our results

indicate an association between initial lactate level and increased

severity of illness in febrile PHO patients, the most effective way

to incorporate serum lactate levels in the clinical setting cannot

be derived from these study results alone. The utility of any

predictive laboratory marker cannot be established without

understanding its meaning in the context of other relevant risk

factors. We attempted to account for this by demonstrating that

models including known risk factors for CDE and IBI were

superior when lactate level was included.

This study is subject to selection bias as it was limited to a

single-center tertiary care center that included only ED

encounters, which may limit generalizability. Utilizing this

available ED database allowed for substantial patient numbers

but resulted in omission of patients who are already admitted to

the inpatient unit at the time of fever. While this study included a

larger number of febrile episodes compared to other studies of

serum lactate in PHO patients due to inclusion of non-

neutropenic patients, the number of neutropenic patients in

this study (n=414) still far exceeded the number evaluated in

previous studies (i.e. Suwanpakdee et al. n=99, and Pacheco-

Rosas et al. n=100). Although our results indicated that serum

lactate remained a significant prognostic indicator after

controlling for the presence of neutropenia as a covariate in

the statistical analysis, there may be more nuanced implications

for this laboratory marker if analyzed specifically in neutropenic

versus non-neutropenic patients. Additionally, patients who

were transferred from an outside institution or via EMS were

excluded to ensure that patients had not undergone

interventions prior to arrival that may impact lactate level.

This limits the potential study population to patients who live
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within one-hour driving distance, hereby creating a

demographically restricted subject group.

Outcomes may have been influenced by performance bias

because clinicians were not blinded to the lactate levels, and they

may have specifically carried out interventions such as fluid

administration directly in response to elevated lactate levels,

which would bias towards supporting the study hypothesis.

Conversely, performance bias may have led clinicians to deliver

more timely, high quality care to patients with elevated lactate

levels, because they were aware and concerned about this lab

value. If this were the case, this would potentially

disproportionately improve outcomes in the high-lactate

patients. Notably, we expect that this effect would have resulted

in diminished variance between groups based on lactate levels,

and bias towards the null hypothesis. As described above, the link

between vital sign abnormalities such as hypotension and the

CDE outcome were unavoidable. We elected to include this to

ensure that we considered the utility of serum lactate after

accounting for typical signs and symptoms of illness severity.

In conclusion, this is the largest study to date that

demonstrates the association of initial serum lactate levels with

adverse clinical outcomes in PHO patients specifically, who have

unique metabolic considerations in the setting of malignancy

and treatment regimens. While clinical decision making cannot

be made based on an isolated laboratory value, this study

suggests that there may be a role for serum lactate as a tool

that can be incorporated into other clinical prediction tools in

this unique population. The association between serum lactate

and poor outcomes in PHO patients demonstrated in this study

provides a foundation for future prospective investigations into

the most efficacious use of this marker for this group in

the future.
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Background: Pediatric Early Warning Systems (PEWS) reduce clinical

deterioration, improve interdisciplinary communication, and provide cost

savings; however, little is known about how these impacts are achieved or

related. This study evaluates the multi-level impacts of PEWS in resource-

limited pediatric oncology centers.

Methods: We conducted 71 semi-structured interviews including physicians

(45%), nurses (45%), and administrators (10%) from 5 resource-limited pediatric

oncology centers in 4 Latin American countries. Interviews were conducted in

Spanish, transcribed, and translated into English. A code book was developed

using a priori and inductively derived codes. Transcripts were independently

coded by 2 coders, achieving a kappa of 0.8-0.9. Thematic content analysis

explored perceived impacts of PEWS at the level of the patient, clinician,

healthcare team, and institution.

Results: PEWS improved the quality of attention for patients, reducing

morbidity and mortality. Clinicians felt more knowledgeable, confident, and

empowered providing patient care, resulting in greater job satisfaction. PEWS

affected team dynamics by improving interdisciplinary (ward and intensive care
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unit) and interprofessional (physicians and nurses) relationships and

communication. This ultimately led to institutional culture change with

emphasis on patient safety, collaboration with other centers, and receipt of

institutional awards. Together, these impacts led to hospital-wide support of

ongoing PEWS use.

Conclusions: In resource-limited hospitals, PEWS use results in multi-level

positive impacts on patients, clinicians, teams, and institutions, creating a

feedback loop that further supports ongoing PEWS use. These findings can

guide advocacy for PEWS to various stakeholders, improve PEWS effectiveness,

and inform assessment of other interventions to improve childhood cancer

outcomes.
KEYWORDS

Pediatric Early Warning System (PEWS), pediatric oncology, global health, quality
improvement, resource-limited, Latin America, pediatric critical care
Introduction

Hospitalized pediatric oncology patients are at high risk for

clinical deterioration, particularly in resource-limited settings (1,

2). Pediatric Early Warning Systems (PEWS) are bedside

assessment tools associated with an action algorithm used for

early identification of patients at risk for deterioration (3), and

have been validated to predict clinical deterioration in hospitals

of all resource levels (4–7).

The impacts of PEWS have been demonstrated across

multiple levels of hospital care. PEWS decrease clinical

deterioration events and pediatric intensive care unit (PICU)

utilization (8), and improve the perceived quality of care (9).

PEWS have also been shown to foster nursing empowerment

and increase confidence in recognizing and managing clinical

deterioration (10), improve interdisciplinary communication

and relationships (11, 12), and lead to cost savings (13).

While many positive impacts of PEWS have been identified

in resource-limited settings, little is known about how these

effects are achieved or interrelated. This study explores hospital

staff perceptions of the multilevel impacts of PEWS, how they

are achieved, and the process by which they facilitate and

augment one another.
Methods

This is a secondary analysis of a study designed to identify

barriers and enablers to PEWS implementation, and study methods

have been previously described in detail (14). The study was

approved by the St. Jude institutional review board as a minimal
02
27
risk and thereby exempt study. Additional approvals were obtained

by participating facilities as required. Written participant consent

was waived on account of the study’s exempt status; each

participant provided verbal consent prior to the start of their

interview. The Consolidated Criteria for Reporting of Qualitative

Research (COREQ) guidelines were used to maintain rigor of

qualitative reporting (15).
Hospital and participant selection

Escala de Valoraciόn de Alerta Temprana (EVAT) is a

Spanish-language PEWS validated in pediatric oncology

patients (4). Proyecto EVAT is an international collaborative

led by St. Jude Children’s Research Hospital (St. Jude) to support

PEWS implementation in resource-limited hospitals providing

pediatric oncology care in Latin America (16, 17).

Five Proyecto EVAT centers which completed PEWS

implementation prior to March 2020 were selected to participate

in the study with representation fromMexico, Central America, and

South America. Center characteristics are described in

Supplemental Table 1. Each center selected a study lead who

identified 10-15 participants involved in PEWS implementation,

including PEWS implementation leaders, hospital administrators,

and staff indirectly involved in utilizing PEWS.
Data collection

An interview guide (Supplemental Figure 1) was designed to

identify barriers and enablers to PEWS implementation at
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participating centers (14). The guide was translated to Spanish,

iteratively revised for relevance and clarity, pilot tested with

three individuals from hospitals not participating in this study

but demonstrative of the target population, and modified based

on feedback. Interviews were conducted in participants’ native

language (Spanish) by bilingual members of the research team

(PE, SG) via a video conferencing platform (WebEx) from June

to August of 2020. The interviewers were previously unknown to

participants, not affiliated with their hospital, and not involved

in PEWS implementation. Audio recordings of the interviews

were professionally transcribed, translated to English, and de-

identified (removing all names and other identifiers) prior

to analysis.
Analysis

A codebook was established using a priori (18) along with

inductively-derived codes defined by two authors (AA, GF)

through iterative review of nine transcripts. Two authors (AA,

GF) independently coded each transcript using MAXQDA

software (VERBI GMBH, Berlin, Germany), achieving a kappa

of 0.8-0.9. Incongruities in coding were resolved by a third

author (DG) serving as an arbitrator.

Three “outcomes” codes were identified to describe

perceived impacts of PEWS at the level of the patient,

individual, and institution (Supplemental Table 2). Individual

outcomes were subsequently split into impacts on the clinician

and healthcare team. Thematic content analysis explored

participant perceptions of these multilevel impacts of PEWS at

their centers. Codes were examined independently and

concurrently with constant comparative analysis of transcripts

by site, participant role (e.g., clinician vs. non-clinician and

nurse vs. physician), and center characteristics (e.g., presence or

absence of a dedicated PICU).
Results

Seventy-one interviews were conducted at 5 pediatric

oncology centers in Latin America (see Table 1 for participant

characteristics). Content analysis revealed perceived benefits of

PEWS for patients, clinicians, team dynamics, and institutions.

Figure 1 summarizes these multilevel effects and their interplay,

which is further described below.
Patient

Participants at all centers described similar benefits of PEWS

for patients including higher-quality patient attention, earlier

detection of deterioration, and a reduction in morbidity and

mortality (Table 2).
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Using PEWS required frequent and focused patient

assessments leading to increased situational staff awareness

and more individualized attention: “we’re not only applying a

routine on that patient, there was more specific care depending on

their current situation,” (Nurse, Xalapa). Staff explained that,

prior to PEWS, deteriorating patients would go undetected for

hours as their bed was the last discussed on rounds or because

vital signs were checked only once or twice a shift: “before when a

child got critical in the [ward] no one was aware of him” (Ward

Physician, San Luis Potosi). With the PEWS algorithm, patients

were monitored at appropriate intervals based on their clinical

status (Supplemental Figure 2). Thus, staff were better able to

track the condition of each patient and focus their attention and

resources where they were most needed: “they enter the service

and the first thing they do is check the sheet and see if someone has

a red or yellow [PEWS] so they can start to work on that patient”

(Nurse, Lima); “now, the detection of the child is done on time”

(Ward Physician, San Luis Potosi).

Greater situational awareness facilitated early detection of

clinical deterioration and increased opportunities for prevention

of critical illness: “if you see a patient who doesn’t look that bad

but he has a yellow [PEWS], it makes you act before; you prevent

a bigger complication and it doesn’t depend on what you see but

it’s something more objective” (Ward Physician, Lima). As a

result, deteriorating patients were identified and treated earlier,

leading to fewer unplanned PICU transfers. Patients who did

need PICU care were transferred earlier and required fewer

interventions: “The patient doesn’t need to go to intensive therapy

to get better. In case the patient goes to intensive therapy … he

won’t stay too long or need a tube,” (Nurse, San Luis Potosi).

These improvements led to a perceived reduction in the

morbidity and mortality of hospitalized patients: “the mortality

was highly reduced,” (Ward Physician, San Luis Potosi).

Additionally, with early detection, a patient transfer to the

PICU was no longer synonymous with death: “Before [PEWS],

children with cancer would go to the ICU and it was considered a

child with no opportunity, that child should die. Once [PEWS]

came, our children began to get out and we started saying a child

with cancer doesn’t die, we just transfer him too late”

(Nurse, Lima).
Clinician

In addition to improving patient care, PEWS use led to

multiple benefits for clinicians, including reduced nursing

workload, improved job satisfaction, increased knowledge, and

empowerment (Table 3).

While nurses initially perceived PEWS use as increasing

their workload, with continued use, it became part of their

workflow, and ultimately, the reduction in deterioration events

and earlier PICU transfers due to PEWS was felt to decrease

nursing workload as they were caring for fewer critical patients:
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“with the implementation of [PEWS] we have patients that stay

only a few days at the hospital, less patients at ICU, etc. So they see

results, they see less work for them” (Administrator, Xalapa).

Additionally, some centers leveraged the initial increase in

nursing workload to advocate for a reduction in the nurse-to-

patient ratio: “Without [PEWS] we couldn’t justify the need of a

nurse to take care of 6 children, they used to take care of 10 or 12

before,” (Nurse, INEN).

As a result of using PEWS to positively impact the care of

their patients, clinicians experienced greater job satisfaction:

“you can intervene your patients early and avoid ICU or even

death; that gives you great satisfaction,” (Nurse, San Luis Potosi).

Staff members across all disciplines found this to be motivating:

“they see that their work is represented in a patient who is

discharged in very good conditions, that makes their effort

worthy,” (Ward Physician, Lima).

Additionally, many staff members, especially nurses, found that

PEWS and the accompanied trainings expanded their knowledge-

base: “we used to take signs without knowing what was normal …

now with [PEWS], we know how different it is to have a bradycardia
Frontiers in Oncology 04
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or an asymptomatic bradycardia, it changes a lot,” (Nurse, Cuenca).

As a result, they were better able to monitor their patients and felt

more confident speaking up when necessary to raise an alarm.

As staff gained knowledge and confidence, they reported

increasing feelings of empowerment: “little by little the nurses

found out they could go beyond with their work in the service,

more than just give medicine, prepare chemotherapies, the fact that

they could evaluate a patient…makes them feel more educated, with

more power for decision,” (Ward Physician, Xalapa). PEWS

empowered nurses to take a more active role in patient

assessment and management, and physicians felt empowered to

contribute to ongoing improvements in patient care: “there is

motivation from the resident part knowing the supervision is

higher in the entire service” (Ward Physician, San Luis Potosi).
Team

In addition to benefits for patients and clinicians, PEWS led to

benefits for the interprofessional team including better
TABLE 1 Characteristics of interview participants.

Characteristic n %

Center

Lima, Peru 18 25.4%

San Luis Potosi, Mexico 11 15.5%

San Salvador, El Salvador 15 21.1%

Cuenca, Ecuador 15 21.1%

Xalapa, Mexico 12 16.9%

Profession

Ward Physician 26 36.6%

ICU Physician 6 8.5%

Nurse 32 45.1%

Other 7 9.9%

Gender

Male 21 29.6%

Female 50 70.4%

Years working in center

0-10 27 38.0%

11-20 25 35.2%

21+ 19 26.8%

Role in hospital

Administrator 8 11.3%

Clinician 30 42.3%

Clinician-Director 33 46.5%

Role in PEWS Implementation

Implementation Leader 39 54.9%

Director 21 29.6%

Other 11 15.5%

Total 71 100.0%
frontier
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communication between healthcare providers and improved

interprofessional (e.g., nurses and doctors) and interdisciplinary

(e.g., ward and ICU) team dynamics (Table 4).

Participants explained that prior to the introduction of

PEWS, nurses and physicians did not have common

terminology to discuss patient status, resulting in ineffective

communication: “Before [PEWS]… we would come to the doctor

and say I can see the patient is getting worse, the patient is not

well, but it was subjective; the doctor would say maybe you’re just

seeing him that way and maybe you’re wrong,” (Nurse, Cuenca).

PEWS use provided teams a common language, improving

interprofessional and interdisciplinary communication: “with

the [PEWS] score, it was so easy with everyone talking about
Frontiers in Oncology 05
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the same thing to detect a patient when he needed to be

transferred to the ICU or when they could treat him in the

[ward]… now we all speak the same language” (Ward Physician,

San Luis Potosi).

Improvements in team dynamics not only enhanced

communication but also improved interprofessional and

interdisciplinary relationships. Prior to implementation of

PEWS, collaboration between professions was minimal; after

implementation, nurses and doctors interacted more frequently

and the “relationship between them improved a lot” (Ward

Physician, Cuenca), “not only professionally, but friendly”

(Ward Physician, Lima). PEWS diminished hierarchies

between physicians and nurses, and as a result, nurses felt
FIGURE 1

PEWS Cycle of Reinforcement. This figure describes staff perception of the impact of PEWS use on patients, clinicians, teams, and institutions.
The benefits at each of these levels facilitate, augment, and reinforce the positive outcomes at the other levels and support ongoing PEWS use.
TABLE 2 Patient outcomes.

Higher Quality Patient Attention Attention for the patient according to their disease, the kind of risks they have (Nurse, Xalapa)

Improving the quality of attention for the hospitalized oncology patient has been the main thing (Ward
Physician, San Salvador)

The attention is faster and more precise (Nurse, Cuenca)

Early Detection & Prevention of Deterioration [PEWS] allows us to control and monitor the patient before deterioration … before the vital functions are too
late to act (Ward Physician, Lima)

Children’s health conditions were deteriorating and we didn’t know until they were in critical condition, but
with [PEWS] everything changed … we don’t wait until it’s too late (Nurse, Cuenca)

We’re able to capture the probability for this patient to get critical in the next few hours and everything we
must do to prevent this (Ward Physician, San Salvador)

Reduced Morbidity & Mortality The most important thing was the reduction of the morbimortality of the patient, that has been very visible.
(Ward Physician, Xalapa)

Mortality has decreased by 2/3. (ICU Physician, San Salvador)

We saw a decrease of adverse events and complications (Nurse, San Luis Potosi)
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their input was welcome and valued in ways that it was not

previously: “that we would all talk the same language and that the

nurse would have voice and vote in the evaluation of the patient,

it’s been one of the biggest and most successful projects,” (Nurse,

San Salvador). Similarly, the use of PEWS facilitated better

relationships between the ward and PICU teams: “before it was

like we must transfer him to the ICU, I’m scared they won’t accept

him, but not anymore … they are more sensitized, more

accessible,” (Ward Physician, Lima). Following PEWS

implementation, PICU transfers were less chaotic as PICU

clinicians were more willing to evaluate and admit patients

earlier in the course of illness.
Institution

Perceived institutional impacts of PEWS included cost

reduction, a change in hospital culture emphasizing high-

quality patient care, receipt of institutional awards, and

opportunities for collaboration with other hospitals (Table 5).

PEWS use reduced hospital costs by decreasing inpatient

days and resource utilization: “we are spending less; patients

arrive in ICU on time and they don’t need a ventilator,

vasopressors, they stay in ICU only one or two days …

compared to the times when it was too late for them, they

would stay a lot of days in ICU, they needed ventilator,
Frontiers in Oncology frontiersin.or06
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expensive medicine … the before and after is remarkable,”

(Nurse, Cuenca).

Additionally, participants at all sites noted that PEWS

implementation altered hospital culture to increase emphasis

on patient-centered care: “the culture changed, the culture for the

whole medical staff to see the patient in a comprehensive way,”

(ICU Physician, San Salvador). Staff experience using PEWS

demonstrated that clinical deterioration was largely preventable,

leading to a hospital-wide focus on patient safety: “[Clinicians]

see that his life is in danger or that he could get critical … they

visualize that it is very important to be on alert with that patient

so he won’t have risks, and applying [PEWS] on all our patients

has influenced a lot as part of their safety” (Ward Physician,

Xalapa). Quality improvement projects became more common

as staff were inspired to explore other strategies to improve

patient care: “A lot of us have started to get involved in other

quality improvement projects that maybe didn’t exist before

[PEWS], but it has helped us and pushed us to work … to

motivate ourselves as professionals to keep looking for alternatives

for our patients,” (Ward Physician, Lima).

Centers were further motivated by receiving awards

honoring their PEWS program from entities such as the

Ministry of Health: “all we wanted was to implement [PEWS]

and try to give quality to our patients, but it has been recognized

by the Ministry, so that’s an achievement bigger than we

expected,” (Nurse, San Salvador). Additionally, participation in
TABLE 3 Clinician outcomes.

Reduced Nursing Workload They realized it wasn’t more work, on the contrary, at some point, it would decrease their amount of work (Administrator, Xalapa)

Thanks to the result of this project, nurses can treat fewer patients (Nurse, Lima)

Job Satisfaction It’s personally very satisfying to be able to bring that kind of attention to the patients (Nurse, Xalapa)

The effort that [PEWS] requires is not that big and the satisfaction that we have to prevent a cardiac arrest or death on a
patient is much higher (ICU Physician, Cuenca)

The satisfaction of contributing to my patient’s health, preventing deterioration because my vital signs were taken on time,
because my interventions were correct (Nurse, San Salvador)

Knowledge [Nurses] would take the vital signs … without knowing if the patient was okay or bad until this program was implemented
(Ward Physician, San Luis Potosi)

It helped my knowledge; it expanded my ideas about attention (Nurse, Xalapa)

Empowerment This situation has helped for the empowerment of the nursing staff, to say hey my job is valuable (Ward Physician, Lima)

That empowerment, not just from the nursing staff but from the entire multidisciplinary team that participated in the
improvement of the patient, has helped with the success of the project (Nurse, San Salvador)
TABLE 4 Team outcomes.

Better Communication Now we’re talking the same language in relation to the patient (Nurse, San Salvador)

Communication, at the beginning this was a weakness, but then it became a strength (Ward Physician, Lima)

A lot of benefits regarding the communication between doctors and nurses … even communication with the department of
nutrition … the department of physiotherapy (ICU Physician, Cuenca)

Improved Team Dynamics We saw teamwork which very often is not seen in other units. The involvement of the medical part with the nursing staff and the
service staff, with the administrative staff (Nurse, San Salvador)

The chance to work as a team both with the nurses … the pediatric oncology staff and also the staff at the ICU (Ward Physician, Lima)

[The doctors] now let us give them suggestions, and before they never heard the observations we told them. (Nurse, San Salvador)
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Proyecto EVAT provided new opportunities to collaborate with

other hospitals: “We’re able to visit other countries, know the

realities of other people, share experiences, share situations,”

(Nurse, Lima).
Cycle of reinforcement

PEWS implementation led to benefits for patients, clinicians,

teams, and institutions initiating a feedback loop that reinforced

ongoing PEWS use (Figure 1). Recognition of the patient-level

benefits of PEWS led to increased buy-in as clinicians were

motivated by opportunities to directly improve patient

outcomes: “It was the motivation of seeing the children who

could have had a fatal ending return to the [ward] in a better

condition” (Nurse, Cuenca). Greater job satisfaction and

empowerment among staff led to improved interdisciplinary

and interprofessional relationships and communication.

Hierarchical barriers were reduced and the interprofessional

team functioned more cohesively: “we gained friendship and

fellowship, which reinforced our work” (Ward Physician,

Cuenca). As relations improved, so did the work environment,

facilitating a change in hospital culture with implications for

staff’s wellbeing and patient safety. Additionally, observed

reduction in resource utilization and mortality galvanized

support for PEWS among hospital leadership: “Even in the

administration field, we can see that if there’s a better response

to the patient’s need before he gets critical, this reduces spending

and reduces the probability to go to the ICU or get critical or even

die” (Ward Physician, San Salvador). This encouraged

leadership support for ongoing staff training and expansion of

PEWS within the hospital. Over time, PEWS became embedded

in the hospital’s culture and workflow, further reinforcing its

continued use: “The hospital has accepted [PEWS] as part of the

staff’s work, so they give us the sheets, they open the doors for the

training” (Nurse, Lima).
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Discussion

Our study demonstrates multiple benefits of PEWS

implementation for patients, clinicians, healthcare teams, and

institutions and the ways in which these benefits modulate and

reinforce one another. Similar to prior studies, we found that

staff perceived PEWS to reduce adverse events (8), improve

quality-of-care (9), increase staff knowledge, confidence, and

empowerment (10) , improve interprofessional and

interdisciplinary communication (11), and reduce hospital

costs (13). Our study, however, additionally demonstrates that

improvements in patient outcomes increase staff motivation and

job satisfaction, and better interpersonal relationships foster an

improved work environment leading to changes in hospital

culture including increased emphasis on patient-centered care,

patient safety, and quality improvement. The use of qualitative

methods allowed for this in-depth exploration of the interplay

between the multi-level impacts of PEWS and development of an

explanatory model for these impacts as understood by staff

directly engaged in PEWS use. Our findings can be used to

advocate for PEWS implementation to stakeholders at various

levels within an institution by focusing on the outcomes most

relevant to them.

Implementation and improvement research is important in

resource-limited settings where contextual and infrastructural

challenges make implementing evidence-based practices more

difficult (14). Correct use of any evidence-based practice is

integral to assuring impact, and quality of use must be

measured and iteratively improved over time. Process

evaluation is a strategy to identify and address gaps at each

level of an intervention to maximize implementation success and

address barriers to successful use (19, 20). Understanding how

PEWS impacts are interrelated helps explain how they are

achieved. Our study revealed a cycle of reinforcement which

outlines the mechanism by which multilevel outcomes

contribute to PEWS success. This process evaluation helps
TABLE 5 Institutional outcomes.

Cost Reduction We need less resources … we are spending less (Nurse, Cuenca)

It has resulted in reduction of spending, in hospitalization, in used treatments, the situation of the hospital has
been highly improved in that part (Ward Physician, Xalapa)

Emphasis on High-Quality Patient Care [PEWS] is a strength … moving forward to quality and safety of the patient as well as the institution (Nurse,
San Luis Potosi)

[PEWS] has given us a change in the culture of attention (Nurse, Xalapa)

This was the example to have bigger or better projects in quality improvement in order to help us with the rest
of the processes at the hospital (Ward Physician, Lima)

Awards & Accolades They gave an award for continued quality improvement from the Ministry (Nurse, San Salvador)

We were nominated a center of excellence in [PEWS] for Latin America. I think this is one of the biggest
achievements, reference for Latin America. (Ward Physician, Lima)

Opportunities for Collaboration We go outside to train other institutions both in the country and abroad … so [PEWS] grew beyond the
hospital and we are very proud as an institution (Ward Physician, Lima)

They have to come here and we have to go there so we can exchange knowledge and improve every day (Ward
Physician, Cuenca)
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identify critical components of effective quality improvement

interventions in settings of all resource-levels, creating a

framework for implementation and continuous monitoring

(19). Furthermore, understanding impacts relevant to different

stakeholders can help address specific barriers and inform

targeted and contextually-appropriate strategies to improve

intervention adoption and use. This approach can help inform

the assessment of PEWS and other clinical interventions.

The cycle of reinforcement identified in our study provides a

model to promote the sustainability and expansion (scale) of

effective quality improvement interventions. Prior work suggests

that an institution’s capacity to sustain an evidence-based

practice such as PEWS increases with time (21), and the cycle

of reinforcement described in this work identifies a potential

mechanism to explain this finding. Furthermore, participants

identified components of the clinical capacity for sustainability

framework (22), which describes an organization’s capacity to

sustain evidence-based interventions across seven domains,

including engaged stakeholders, outcomes and effectiveness,

implementation and training, and workflow integration (23),

as important outcomes of PEWS implementation. More work is

needed to prospectively evaluate whether these factors

contribute to the maintenance of high-quality PEWS use over

time and explore possible strategies to promote sustainability of

the multi-level benefits of PEWS use.

Our study has several limitations. Key stakeholder interviews

have a risk of social desirability bias (24); however, we attempted

to mitigate this by using interviewers previously unknown to

participants and not involved in PEWS implementation and by

explaining the process of interview de-identification to

participants. In addition, interview questions were designed to

explore barriers and enablers to PEWS implementation rather

than its impacts; identified themes regarding PEWS outcomes

were largely spontaneously reported by participants, minimizing

bias. All data were collected in Spanish with analysis conducted

in English, potentially influencing the interpretation of original

statements. To minimize inaccuracies, a professional service was

used for translation and 20% of transcripts were audited by a

bilingual team member (SG) to confirm accuracy. Finally, this

study was conducted in one region (Latin America) among

pediatric oncology centers, potentially limiting generalizability

of study findings to other regions and patient populations.

However, diversity of participating hospitals and similarities

between our findings and prior literature on PEWS supports

the applicability of these findings to other settings.

This study uniquely describes the interplay between the

multilevel impacts of PEWS implementation in resource-limited

settings. Benefits at the level of the patient, clinician, team, and

institution create a cycle of reinforcement that amplifies impact and

supports ongoing PEWS use. These findings can guide advocacy for

PEWS to different stakeholders, improve PEWS implementation
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and efficacy, and inform the implementation and evaluation of

other quality improvement initiatives to reduce disparities in

childhood cancer outcomes globally.
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Compassionate de-escalation of
life-sustaining treatments in
pediatric oncology: An
opportunity for palliative care
and intensive care collaboration

Andrea Cuviello1*, Melisa Pasli2†, Caitlin Hurley3,
Shalini Bhatia4, Doralina L. Anghelescu5 and Justin N. Baker1

1Division of Quality of Life and Palliative Care, Department of Oncology, St. Jude Children’s
Research Hospital, Memphis, TN, United States, 2Pediatric Oncology Education Program, St. Jude
Children’s Research Hospital, Memphis, TN, United States, 3Division of Critical Care Medicine,
Departments of Pediatric Medicine and Bone Marrow Transplantation and Cellular Therapy, St.
Jude Children’s Research Hospital, Memphis, TN, United States, 4Department of Biostatistics, St.
Jude Children’s Research Hospital, Memphis, TN, United States, 5Division of Anesthesiology,
Department of Pediatric Medicine, St. Jude Children’s Research Hospital, Memphis, TN, United States
Context: Approximately 40%-60% of deaths in the pediatric intensive care unit

(PICU) are in the context of de-escalation of life-sustaining treatments (LSTs),

including compassionate extubation, withdrawal of vasopressors, or other

LSTs. Suffering at the end of life (EOL) is often undertreated and

underrecognized. Pain and poor quality of life are common concerns

amongst parents and providers at a child’s EOL. Integration of palliative care

(PC) may decrease suffering and improve symptom management in many

clinical situations; however, few studies have described medical management

and symptom burden in children with cancer in the pediatric intensive care unit

(PICU) undergoing de-escalation of LSTs.

Methods: A retrospective chart review was completed for deceased pediatric

oncology patients who experienced compassionate extubation and/or

withdrawal of vasopressor support at EOL in the PICU. Demographics, EOL

characteristics, and medication use for symptom management were

abstracted. Descriptive analyses were applied.

Results: Charts of 43 patients treated over a 10-year period were reviewed.

Most patients (69.8%) were white males who had undergone hematopoietic

stem cell transplantation and experienced compassionate extubation (67.4%)

and/or withdrawal of vasopressor support (44.2%). The majority (88.3%) had a

physician order for scope of treatment (POST – DNaR) in place an average of

13.9 days before death. PC was consulted for all but one patient; however, in

18.6% of cases, consultations occurred on the day of death. During EOL, many

patients received medications to treat or prevent respiratory distress, pain, and

agitation/anxiety. Sedative medications were utilized, specifically propofol
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Abbreviations: DOD, day of death; EOL, end of life; H

transplantation; LST, life-sustaining treatment; PC,

pediatric intensive care unit; POST, physician order f

PST, palliative sedation therapy; QOL, quality of life;
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(14%), dexmedetomidine (12%), or both (44%), often with opioids and

benzodiazepines.

Conclusions: Pediatric oncology patients undergoing de-escalation of LSTs

experience symptoms of pain, anxiety, and respiratory distress during EOL.

Dexmedetomidine and propofol may help prevent and/or relieve suffering

during compassionate de-escalation of LSTs. Further efforts to optimize

institutional policies, education, and collaborations between pediatric

intensivists and PC teams are needed.
KEYWORDS

palliative care, palliative sedation therapy, dexmedetomidine, propofol, pediatric
oncology, symptom management, end of life
Introduction

Each year in the United States, approximately 20,000

children die, and beyond the first year of life, the majority of

those deaths are due to accidental trauma, congenital anomalies,

malignancy, or intentional injury (1, 2). Although the

distribution of the causes of pediatric deaths has not changed

significantly over several decades (2), the events leading up to

death have. The advancement of medical treatments and

evolution of pediatric critical care has altered the progression

of several pediatric disorders and increased invasive

interventions during the end-of-life (EOL) period (1, 3).

Life-sustaining treatments (LSTs), such as mechanical

ventilation and vasoactive support, play a substantial role in

supporting patients during EOL; nevertheless, they may

contribute to symptom burden and suffering (4, 5). Palliative

care (PC) as a medical subspecialty focuses on improving quality

of life (QOL) and decreasing suffering through symptom

management, psychosocial support, and advanced-care

planning (5–7). Integration of PC throughout the disease

trajectory and within the pediatric intensive care unit (PICU)

may improve outcomes and has become increasingly accepted,

yet such services remain underutilized (8, 9).

In pediatric oncology, advancements in hematopoietic cell

transplantation (HCT) and immunotherapy have increased

overall survival and critical care needs in this population have

risen accordingly (10). In fact, nearly 40% of pediatric oncology

patients are admitted to the PICU at some point during -
CT, hematopoietic cell

palliative care; PICU,

or scope of treatment;

TOD, time of death.
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therapy, and more than half of these patients require multiple

PICU admissions (3, 11). Additionally, mortality rates for

pediatric oncology patients admitted to the PICU are notably

4-fold greater than those for the general pediatric population

who require intensive care (12, 13). Patients undergoing HCT

can have further increases in mortality risk that are associated

with respiratory failure requiring mechanical ventilation and

prolonged PICU stays (>15 days) (10, 14).

However, regardless of diagnosis, prognosticating in the

PICU is difficult and comes with substantial uncertainty (15).

When faced with a terminal prognosis, families can find

themselves having to make difficult decisions regarding

LSTs (16). In this context, involvement of PC specialists

during PICU admissions can improve shared medical

decision making, decrease parental regret, and assist with

bereavement (8, 17). Nearly 40%-60% of pediatric deaths in

the PICU occur after a decision is made to withdraw LSTs (1,

18–20); however, little is known about how parents and

families arrive at that decision. One study suggests that, in

most cases, medical professionals initiate conversations about

compassionate de-escalation of LSTs, and consensus is

reached between medical teams and families after 1-2

meetings (21). The role of PC during this time remains

poorly defined, with the potential for missed opportunities

to provide improved QOL, support decision making, and give

psychosocial support to these families.

In general, literature on compassionate de-escalation of LSTs

is limited and it is rarely specific to pediatric oncology. To

address this gap in the literature, we conducted a retrospective

review of deceased pediatric hematology/oncology patients

treated at an academic hospital over a 10-year period, with the

goal of describing this patient population and their

EOL experiences.
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Methods

An Institutional Review Board–exempt, retrospective review

was performed of pediatric hematology/oncology patients

treated at St. Jude Children’s Research Hospital between April

1, 2011, and January 1, 2021. This date range defines a period

when patients would have all pertinent data for this study placed

into the electronic medical record system.

For the purposes of this study, the term LSTs was defined as

patients who required mechanical ventilation and/or vasoactive

support. Patients requiring non-invasive respiratory support

eventually progressed to intubation and mechanical ventilation

and thus are also represented in this definition. Inclusion criteria

consisted of age <25 years, a confirmed hematologic or oncologic

diagnosis, death occurring in the PICU, and patients who had

de-escalation of LSTs, specifically compassionate extubation,

withdrawal of vasopressor support, or both. Other LST

withdrawal was not assessed due to the complexity of

recognizing the rationale for withdrawal in our electronic

medical record.

Two study members (AC and MP) performed data

extraction in a systematic fashion using a data dictionary to

ensure consistency. Data collected included demographics [age

at diagnosis, sex, race/ethnicity, religious affiliation, date of

diagnosis, date of death, age at time of death (TOD)], disease

characteristics (primary oncology or hematology diagnosis, stage

of disease, presence of relapse or recurrence, history of

hematopoietic cell transplantation, type of transplant, cancer-

directed treatment within the last month and week of life,

infectious complications during last admission), EOL care

characteristics (date of PC first contact, goal of care at the

time of PC consultation, number of PC visits, hospice

enrollment and date if applicable, date of first pain service

consultation, number of pain service visits, intubation status at

TOD, withdrawal of LSTs, cardiopulmonary resuscitation on

day of death (DOD), Do Not Resuscitate status) and medications

used for symptom control within 24 hours of death. Of note, the

presence of symptoms (i.e., pain, anxiety, nausea, etc.) was

ascertained through daily progress note documentation.

Discrepancies were reviewed by both study members until a

consensus was reached.

Descriptive statistics of the data included frequency

(percent), mean ± standard deviation (SD), and median [Max,

Min]. SAS (version 9.4, SAS Inc.) was used for all analyses.
Results

Patient demographics

A total of 721 patients died during the study period: 244

deaths occurred in the inpatient setting, and 107 occurred in the
Frontiers in Oncology 03
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PICU. Of those patients who died in the PICU, 43 (40.2%) had

withdrawal of LSTs and thus met the study’s criteria. The

majority (58.1%) were male, primarily white (69.8%), and their

mean age at diagnosis was 5.54 years (median [Min, Max] = 3

[0.02, 18]) (Table 1).
Disease characteristics

Sixteen (37.2%) patients had acute lymphoblastic leukemia,

and 11 (25.6%) had acute myelogenous leukemia. Evidence of

relapsed disease was found in 24 (55.8%) patients, and 23

(53.5%) had undergone allogeneic HCT (Table 2).
End-of-life care

Of the 43 patients included in the study, 25 (58.1%) received

cancer-directed therapy during their last month of life, and 20

(46.5%) received it during their last week (Table 3). Among the

patients requiring compassionate de-escalation of LSTs, 24

(55.8%) underwent compassionate extubation, 14 (32.6%) had

withdrawal of vasoactive support, and 5 (11.6%) experienced

both (Table 4).
TABLE 1 Demographics of 43 pediatric hematology/oncology patients
who received compassionate de-escalation of life-sustaining treatments.

Demographic characteristic Frequency (%)a

Sex

Female 18 (41.2)

Male 25 (58.1)

Age at diagnosis (years)

Mean (SD) 5.54 (5.67)

Median [Min, Max] 3 [0.02, 18.0]

Age at TOD (years)

Mean (SD) 7.56 (6.52)

Median [Min, Max] 7 [0.17, 23]

Race/Ethnicity

White/Non-Hispanic 30 (69.8)

Black 6 (14.0)

White/Hispanic 3 (7.0)

White, South/Central American 1 (2.3)

Multiple races 1 (2.3)

Hispanic 1 (2.3)

Declined 1 (2.3)

Status Post Hematopoietic cell transplantation (allogeneic)

Yes 24 (55.8)

No 19 (44.2)
aData represents the number of patients (%), unless otherwise indicated.
Max, maximum value; Min, minimum value; No., number of; SD, standard deviation;
TOD, time of death.
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Regarding EOL characteristics, 38 (88.3%) patients had a

physician order for scope of treatment (POST - DNaR) in place

before death , and only 1 (2 .3%) patient received

cardiopulmonary resuscitation on the DOD (Table 3). POSTs

were completed an average of 13.9 days (median [Min, Max] = 1

[0, 373]) before DOD (Table 3).
Palliative care consultation

PC was consulted for 42 (97.6%) patients, and the average

number of PC visits was 14.2 (median [Min, Max] = 9 [0, 61])

(Table 3). Of note, 8 (18.6%) patients received PC consultation

on the DOD; however, for the remainder, PC was involved

approximately 2 weeks before the DOD. For many patients and

families, the goal of care remained cure, despite PC involvement,

and only 5 (11.6%) patients enrolled in hospice.
Frontiers in Oncology 04
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TABLE 3 End-of-life characteristics of 43 pediatric patients undergoing
compassionate de-escalation of life-sustaining treatments.

End-of-life characteristic Frequency (%)a

Cancer-directed treatment during the last month of life

Yes 25 (58.1)

No 18 (41.9)

Cancer-directed treatment during the last week of life

Yes 20 (46.5)

No 23 (53.5)

No. Palliative Care visits

Mean (SD) 14.2 (14.7)

Median [Min, Max] 9 [0, 61]

No. patients who met Palliative Care on DOD 8 (18.6)

No. Pain Service visits

Mean (SD) 6.98 (25.2)

Median [Min, Max] 0 [0, 118]

No. patients who did not interact with the Pain Service 36 (83.7)

Goal of Care

Cure 24 (55.8)

Comfort 10 (23.2)

Life prolongation 4 (9.3)

Poor prognosisb 2 (4.7)

Life prolongation and comfort 1 (2.3)

Not documented 2 (4.7)

Enrolled in Hospice

Yes 5 (11.6)

No 38 (88.3)

POST in place

Yes 38 (88.3)

No 5 (11.6)

CPR administered on DOD

Yes 1 (2.3)

No 42 (97.6)

Time between POST and DOD (days)

Mean (SD) 13.9 (61)

Median [Min, Max] 1 [0, 373]

Time between intubation and DOD (days)

Mean (SD) 1 (2.78)

Median [Min, Max] 0 [0, 14]

Examination for brain deathc

Yes 5 (11.6)

No 38 (88.4)
aFrequency indicates the number of patients (%), unless otherwise indicated.
bPoor prognosis, while not a true “goal of care” was part of the documentation template
for the goals of care section.
cOne patient with no formal examination for brain death was noted as having brainstem
disruption.
DOD, day of death; CPR, cardiopulmonary resuscitation; EOL, end of life; Max,
maximum value; Min, minimum value; No., number of; PICU, pediatric intensive care
unit; POST, physician order for scope of treatment; SD, standard deviation; TOD, time of
death.
TABLE 2 Disease characteristics of 43 pediatric hematology/
oncology patients who received compassionate de-escalation of life-
sustaining treatments.

Disease characteristic No. patients (%)

Primary Oncology Service

Bone Marrow Transplantation 23 (53.5)

Hematology 3 (7.0)

Leukemia 7 (16.3)

Neuro-Oncology 8 (18.6)

Solid Tumor 2 (4.7)

Primary Diagnosis

Acute lymphoblastic leukemia 16 (37.2)

Acute myelogenous leukemia 12 (27.9)

Atypical teratoid rhabdoid tumor 5 (11.6)

Rhabdoid tumor 1 (2.3)

Severe aplastic anemia 1 (2.3)

Dyskeratosis Congenita 1 (2.3)

Ependymoma 1 (2.3)

Evans syndrome 1 (2.3)

Fanconi anemia 1 (2.3)

Wilms tumor 1 (2.3)

Glioblastoma 1 (2.3)

Retinoblastoma 1 (2.3)

Medulloblastoma 1 (2.3)

Disease relapse

Yes 24 (55.8)

No 19 (44.2)
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Pain management consultation

Only 6 (14.2%) patients received pain service consultation,

and the average number of pain service visits was 6.9 (median

[Min, Max] = 0 [0, 118]) (Table 3). Those who received pain

service consultation did so on average 4.3 months before the

DOD and the consult was for pharmacological pain

management. None of the patients received interventional pain

modalities for pain management at the end of life.

Medication management

Complex medication regimens addresses the symptom burden

at the EOL. Respiratory distress (97.6%, n=42), pain (93.0%, n=40),

and anxiety/agitation (79.1%, n=34) were the most commonly

reported symptoms experienced at the EOL (Table 4).

All patients received one or more opioid medication to

manage their symptoms. Midazolam (79.1%, n=34) and

lorazepam (62.8%, n=27) were the two benzodiazepines most

often prescribed (Figure 1A). For vasopressor and inotropic

support, norepinephrine and dopamine were most commonly

prescribed (46.5%, n=20), followed by epinephrine (44.2%, n=19)

and vasopressin (32.6%, n=14) (Figure 1B). Sedative agents, such

as propofol (14.0%, n=6), dexmedetomidine (11.6%, n=5), or both

(44.2%, n=19), were administered (Figure 1C).
Discussion

Our study examined de-escalation of LSTs for pediatric

hematology/oncology patients at the EOL in the PICU setting, a
Frontiers in Oncology 05
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topic that has not been summarized in more than a decade and is

often generalized for all pediatric patients (13). The need for

intensive care, and by default implementation of LSTs, such as

mechanical ventilation and vasopressor or inotropic support, for

pediatric hematology/oncology patients is associated with increased

mortality risk (13, 22–25), especially for patients undergoing HCT

(10, 14). Additional factors associated with poor overall survival of

patients admitted to the PICU include multisystem organ

dysfunction (24, 26–28) and sepsis (13). Despite advances in the

treatment of childhood cancers, the risk for therapeutic toxicities,

including death, and the prevalence of suffering at the EOL remain

prominent (29).

We found that across all deaths that occurred in the PICU

during the study period, 40.2% of patients experienced

compassionate de-escalation of LSTs, specifically either removal

of vasopressor/inotropic support, or compassionate extubation, or

both. This is consistent with the literature, which suggests that

approximately 40%-60% of all PICU deaths occur after removal of

LSTs (18–20). The majority of patients had leukemia, which was

not surprising, as leukemia is the most common oncologic

diagnosis in children (30). Additionally, HCT is performed

primarily for hematologic malignancies at the study institution,

as noticed in over half of the study cohort, and is associated with

significant risk for treatment-related toxicity, including death (31–

34). Despite medical advances in the treatment of childhood

cancer, 1 in 5 patients will still succumb to their disease (35),

and it is well documented that the EOL period can be complicated

by physical, psychosocial, emotional, and spiritual suffering (5, 31,

35–37).

From the onset of diagnosis, oncologists facilitate important

conversations surrounding disease status and therapeutic

options and partner with pediatric intensivists to care for

patients when intensive care is required and potentially during

the EOL period (38). One way to help minimize the suffering

experienced by patients during the EOL in the PICU setting and

improve QOL may be through early engagement and

collaboration with PC teams. Our study showed that early

collaboration between intensivists and PC teams is feasible and

it is supported by the literature. Evidence throughout the

literature suggests several opportunities for interfacing and

collaboration between intensivists and PC team, to improve

the EOL experience of patients, their families, and even

medical teams, through assistance with advanced-care

planning, shared medical decision making, particularly when

faced with decisions about de-escalation of care and symptom

management, which may include palliative sedation therapy

(PST) (3, 7, 32, 39). PST is defined as, “the use of sedative

medications to relieve intolerable and refractory distress by the

reduction in patient consciousness” (40–44). Over the last

several years, acceptance of early integration of PC in the

realm of pediatric oncology and PICU care has grown with

institutions using the PICU admission as a trigger for PC

consultation (38, 45–49).
TABLE 4 Frequency of life-sustaining treatments withdrawn at the
end of life and symptoms experienced.

Life-sustaining treatment Frequency (%)

Intubated at the TOD

Yes 15 (34.9%)

No 28 (49.1%)

Vasopressors withdrawn before DOD

Yes 19 (44.2%)

No 24 (55.8)

Symptoms at EOL in the PICU

Respiratory distress

Yes 42 (97.7%)

No 1 (2.3%)

Anxiety/agitation

Yes 34 (79.0%)

No 9 (21.0%)

Pain

Yes 40 (93.0%)

No 3 (7.0%)
DOD, day of death; EOL, end of life; PICU, pediatric intensive care unit; TOD, time of death.
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All but one patient in our study engaged with the PC team.

The PC team was involved an average of 2 weeks before the

DOD, allowing for time to build rapport and trust with families.

This is important for the patient and family, as well as all medical

teams, as this time enables providers to gain a better

understanding of what is important to a patient and family

and what their goals may be. For example, most of the families

reported a goal of cure for their child, which may explain the

finding that approximately half of our study population received

cancer-directed treatment during the last month and/or week of

life. By extension, this information helps the medical team

provide support and guidance to patients and families through

shared medical decision making. Although the literature is rich

on the topic of shared medical decision making, little is known

about how families come to the decision to forgo LSTs (50–53).

One prospective study found that parents initiate a conversation

about compassionate de-escalation of care in about 25% of cases,

and that consensus can be reached between medical teams and

families after one meeting in about 50% of cases (21). Future

exploration of the timing of decision making, withdrawal of

LSTs, use of PST, and barriers to family consensus

are recommended.

In addition to augmenting discussions on de-escalation of

LSTs, the PC team can work with the medical teams to facilitate
Frontiers in Oncology 06
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conversations of advanced-care planning, specifically in

providing an extra layer of support for families and medical

staff. In some instances, these conversation may include

facilitating death in the home setting and coordinating hospice

services, and for many patients in an acute ICU setting these

conversations simply revolve around creating a calm, loving

EOL period with family members at the bedside and forgoing

cardiopulmonary resuscitation that may incur suffering (1, 54,

55). More than 80% of our cohort had a Do Not Resuscitate

order in place before death, and only 1 patient received

cardiopulmonary resuscitation. Additionally, the average time

between Do Not Resuscitate decisions and death was

approximately 14 days, which we hypothesized allowed

families time to discuss all options and make a well-informed,

goal-centric decision for their child and family. In contrast,

approximately 20% of the patients in our cohort met the PC

team on the DOD. We believe that unexpected acute changes to

signify a high likelihood of death and consultation occurring as

the team was preparing to remove LSTs most likely contributed

to this delay and poses a potential opportunity for practice

improvement. As PC encompasses a holistic approach to caring

for patients and families, this concept becomes increasingly

important during points of high patient acuity in one’s care

journey, especially when PICU care is required.
FIGURE 1

Medications used to treat pediatric oncology patients during compassionate de-escalation of life-sustaining treatments (LSTs). (A) All
medications prescribed to the study population to treat symptoms at the end of life. BA= Benadryl/Ativan. (B) Vasopressor medications used to
treat hypotension in the study cohort. (C) Use of palliative sedation therapy, specifically dexmedetomidine and propofol, during the end of life.
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Previous research suggests the PICU admission as a time

point for consideration in engaging PC teams (56, 57) and

optimizing PC integration in the PICU setting. One way this

may be accomplished is through an embedded model in which

PICU staff members are identified and trained to be PC

champions; a model that currently exists with success in some

PICUs, as well as pediatric critical care fellowship programs

across the nation (48). Training would include PC course work

and subspecialty clinical rotation experience, with the goal of

increasing awareness and education of ICU staff about PC

services available to patients and families (48). Prospective

studies and qualitative data would help determine the most

effective way for PC teams to support patients and families

during EOL in a PICU.

When death becomes inevitable, many families and

caregivers begin to hope for a “good death” for their child (58,

59). The concept of a good death looks different to each family

unit, and in some instances, compassionate de-escalation of

LSTs has been requested to occur in the home, an option that

may not be considered by healthcare professionals (4, 60–62).

Many parents describe a high symptom burden at the EOL and

state this as a major contributor to their child’s suffering (29).

Specifically, pain, dyspnea, fatigue, and anxiety are commonly

reported by patients and noted as a source of suffering by parents

(7, 29, 36). Our finding of pain, anxiety/agitation, and

respiratory distress being present for nearly all patients in our

study further supports this. Traditional symptom management,

with medications and psychological coping behaviors, are often

enough to alleviate suffering, but what happens when they are

not? In some cases, advanced adjuvant medications for pain can

be employed (lidocaine or ketamine infusions), or interventional

strategies (e.g., nerve blocks or neuraxial blocks), and even

implants, such as epidural catheters, can be employed (63–67).

In rare cases, suffering persists despite all interventions, and

PST is an effective tool for refractory suffering at the EOL (40–

44). PST practices are variable in pediatric oncology, and

medication choices for implementation of PST are evolving

(40, 68, 69). Propofol and dexmedetomidine are utilized more

commonly for this intervention (68–71).

Dexmedetomidine and propofol are commonly used in the

PICU setting (72). However, we took a closer look at what

medications were used within 24 hours of the TOD to decipher

how often patients received medication regimens like those used

in PST practices. Many patients were actively receiving propofol,

dexmedetomidine, or both at the TOD.We hypothesize that these

medications are often used for sedation while the patient receives

mechanical ventilation and/or for symptom control before de-

escalation of care and were continued to avoid withdrawal and

ensure adequate symptom management until the TOD. An

observational study of death in the PICU completed more than

2 decades ago demonstrated similar findings of sedative and

analgesic use after de-escalation of LSTs in the PICU (1). It also

noted 13% of medical professionals were dissatisfied with the EOL
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care provided and felt that the level of medication administration

was inadequate for symptom management (1). However, the

patient population in that study encompassed all of pediatrics

and was not focused on pediatric hematology/oncology. Propofol

or dexmedetomidine administration in our study may not have

been intended for PST, but it remains a fascinating finding and

offers an opportunity for increased education, awareness, and

implementation of PST practices in the PICU. Of the 13 patients

who did not receive propofol or dexmedetomidine, four had one

formal documented brain death exam and died prior to a second,

confirmatory exam, and one patient had documented

compression of the brainstem. It is also important to note that

medications, such as opioids, benzodiazepines, antiemetics,

muscle relaxants, and gabapentinoids, still have an important

role in symptom management at the EOL and many patients in

this study required these medications as part of their

symptom management.

Pain medicine specialists and anesthesiologists are an

additional resource for patients, families, and medical teams

mediating EOL symptoms. Our study showed that after

compassionate de-escalation of LSTs, most pediatric oncology

patients who died in the PICU did not involve the pain service in

their care. Collaboration between the PC team and pain

specialists can help optimize traditional strategies, incorporate

interventional tactics (e.g., nerve blocks), and initiate PST if

warranted (40).

Overall, this study builds on the limited literature on

pediatric oncology patients facing de-escalation of LSTs at the

EOL. We highlight opportunities for further PC integration to

help optimize shared decision making, advanced-care planning,

and symptom management at the EOL in the PICU. Future

studies characterizing how families decide to compassionately

de-escalate LSTs and prospective studies analyzing symptom

burden, relief, and interventions specifically surrounding PST

practices and drugs like propofol and dexmedetomidine, would

be most informative.

This study had several limitations. First, it represents the

experience of a single institution that sees a focused patient

population with a higher level of patient acuity and death.

Second, retrospective data collection relies on precise

documentation; therefore, information, such as timing of

discontinuation of a medication or LST, and specifics around

decision making are not always easily identified. As such, this

study design limits our ability to draw conclusions on causality

or intent of medication use (i.e., propofol for PST) and

necessitates the need for future prospective investigations.
Conclusion

Pediatric hematology/oncology patients admitted to the

PICU have increased risk of mortality, and especially when

LSTs are necessary, early integration of PC may be beneficial.
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It remains unclear how families decide to compassionately de-

escalate LSTs, how this decision may affect suffering at the EOL,

and how medication practices in the PICU may incorporate

concepts of PST. Collaborations between oncologists,

intensivists, and PC specialists may help optimize QOL and

minimize suffering. Furthermore, prospective and qualitative

studies in this realm and increased educational awareness of

EOL interventions, including the use of PST, are needed.
Data availability statement

The raw data supporting the conclusions of this article will

be made available by the authors, without undue reservation.
Author contributions

All authors listed have made a substantial, direct, and

intellectual contribution to the work and approved it

for publication.
Funding

This work was funded by the American Lebanese Syrian

Associated Charities (ALSAC). As a participant in the Pediatric

Oncology Education Program at St. Jude Children’s Research
Frontiers in Oncology 08
42
Hospital, MP was supported, in part, by R25 CA23944 from the

National Cancer Institute. The content of this paper is solely the

responsibility of the authors and does not necessarily represent

the official views of the National Institutes of Health.
Acknowledgments

We would like to acknowledge the support of the pediatric

palliative care and pain management experts for their care to our

patients, as well as the patients who participated in our study.
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.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. Burns JP, Rushton CH. End-of-life care in the pediatric intensive care unit:
Research review and recommendations. Crit Care Clin (2004) 20(3):467–85. doi:
10.1016/j.ccc.2004.03.004

2. Cunningham RM, Walton MA, Carter PM. The major causes of death in
children and adolescents in the united states.N Engl J Med (2018) 379(25):2468–75.
doi: 10.1056/NEJMsr1804754

3. Kaye EC, Gushue CA, DeMarsh S, Jerkins J, Sykes A, Lu Z, et al. Illness and
end-of-life experiences of children with cancer who receive palliative care. Pediatr
Blood Cancer (2018) 65(4): p. 1550–6. doi: 10.1002/pbc.26895

4. Gupta N, Harrop E, Lapwood S, Shefler A. Journey from pediatric intensive
care to palliative care. J Palliat Med (2013) 16(4):397–401. doi: 10.1089/
jpm.2012.0448

5. Snaman JM, Kaye E.C, Lu JJ, Sykes A, Baker JN, et al. Palliative care
involvement is associated with less intensive end-of-Life care in adolescent and
young adult oncology patients. J Palliat Med (2017) 20(5):509–16. doi: 10.1089/
jpm.2016.0451

6. Wolfe J, Friebert S, Hilden J. Caring for children with advanced cancer:
integrating palliative care. Pediatr Clinics (2002) 49(5):1043–62.

7. Wolfe J, Hammel JF, Edwards KE, Duncan J, Comeau M, Breyer J, et al.
Easing of suffering in children with cancer at the end of life: is care changing? J Clin
Oncol (2008) 26(10):1717–23. doi: 10.1200/JCO.2007.14.0277

8. Suttle ML, Jenkins TL, Tamburro RF. End-of-Life and bereavement care in
pediatric intensive care units. Pediatr Clin North Am (2017) 64(5):1167–83. doi:
10.1016/j.pcl.2017.06.012
9. Weaver MS, Heinze KE, Bell CJ, Wiener L, Garee AM, Kelly KP, et al.
Establishing psychosocial palliative care standards for children and adolescents
with cancer and their families: An integrative review. Palliat Med (2016) 30(3):212–
23. doi: 10.1177/0269216315583446

10. Tamburro RF, Barfield RC, Shaffer ML, Rajasekaran S, Woodard P, Morrison
RR, et al. Changes in outcomes (1996-2004) for pediatric oncology and hematopoietic
stem cell transplant patients requiring invasive mechanical ventilation. Pediatr Crit Care
Med (2008) 9(3):270–7. doi: 10.1097/PCC.0b013e31816c7260

11. Dalton HJ, Slonim AD, PollackMM.MultiCenter outcome of pediatric oncology
patients requiring intensive care. Pediatr Hematol Oncol (2009) 20(8):643–9.

12. Van Veen A, Karstens A, Hoek Der Van A, Tibboel D, Hählen K, Voort der
van E, et al. The prognosis of oncologic patients in the pediatric intensive care unit.
Intensive Care Med (1996) 22(3):237–41. doi: 10.1007/BF01712243

13. Dursun O, Hazar V, Karasu GT, Uygun V, Tosun O, Yesilipek A, et al.
Prognostic factors in pediatric cancer patients admitted to the pediatric intensive
care unit. J Pediatr Hematol/Oncol (2009) 31(7):481–4. doi: 10.1097/
MPH.0b013e3181a330ef

14. Rowan CM, Gertz SJ, McArthur J, Fitzgerald JC, Nitu ME, Loomis A, et al.
Invasive mechanical ventilation and mortality in pediatric hematopoietic stem cell
transplantation: A multicenter study. Pediatr Crit Care Med (2016) 17(4):294–302.
doi: 10.1097/PCC.0000000000000673

15. Feudtner C. Collaborative communication in pediatric palliative care: A
foundation for problem-solving and decision-making. Pediatr Clinics North Am
(2007) 54(5):583–607. doi: 10.1016/j.pcl.2007.07.008
frontiersin.org

https://doi.org/10.1016/j.ccc.2004.03.004
https://doi.org/10.1056/NEJMsr1804754
https://doi.org/10.1002/pbc.26895
https://doi.org/10.1089/jpm.2012.0448
https://doi.org/10.1089/jpm.2012.0448
https://doi.org/10.1089/jpm.2016.0451
https://doi.org/10.1089/jpm.2016.0451
https://doi.org/10.1200/JCO.2007.14.0277
https://doi.org/10.1016/j.pcl.2017.06.012
https://doi.org/10.1177/0269216315583446
https://doi.org/10.1097/PCC.0b013e31816c7260
https://doi.org/10.1007/BF01712243
https://doi.org/10.1097/MPH.0b013e3181a330ef
https://doi.org/10.1097/MPH.0b013e3181a330ef
https://doi.org/10.1097/PCC.0000000000000673
https://doi.org/10.1016/j.pcl.2007.07.008
https://doi.org/10.3389/fonc.2022.1017272
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Cuviello et al. 10.3389/fonc.2022.1017272
16. Postier A, Catrine K, Remke S. Interdisciplinary pediatric palliative care
team involvement in compassionate extubation at home: From shared decision-
making to bereavement. Children (Basel) (2018) 5(3): p. 37. doi: 10.3390/
children5030037

17. Levine D, Cohen K, Wendler D. Shared medical decision-making:
considering what options to present based on an ethical analysis of the
treatment of brain tumors in very young children. Pediatr Blood Cancer (2012)
59(2):216–20. doi: 10.1002/pbc.24189

18. Mink RB, Pollack MM. Resuscitation and withdrawal of therapy in pediatric
intensive care. Pediatrics (1992) 89(5):961–3. doi: 10.1542/peds.89.5.961

19. Vernon DD, Dean JM, Timmons OD, Banner W Jr, Allen-Webb EM.
Modes of death in the pediatric intensive care unit: withdrawal and limitation of
supportive care. Crit Care Med (1993) 21(11):1798–802. doi: 10.1097/00003246-
199311000-00035

20. Lantos JD, Berger AC, Zucker AR. Do-not-resuscitate orders in a children’s
hospital. Crit Care Med (1993) 21(1):52–5. doi: 10.1097/00003246-199301000-
00012

21. Garros D, Rosychuk RJ, Cox PN. Circumstances surrounding end of life in a
pediatric intensive care unit. Pediatrics (2003) 112(5):e371. doi: 10.1542/
peds.112.5.e371

22. Butt W, Barker G, Walker C, Gillis J, KilhamH, Stevens M, et al. Outcome of
children with hematologic malignancy who are admitted to an intensive care unit.
Crit Care Med (1988) 16(8):761–4. doi: 10.1097/00003246-198808000-00005

23. Hallahan AR, Shaw PJ, Rowell G, O’Connell A, Schell D, Gillis J. Improved
outcomes of children with malignancy admitted to a pediatric intensive care unit.
Crit Care Med (2000) 28(11):3718–21. doi: 10.1097/00003246-200011000-00030

24. Abraham RB, Toren A, Ono N, Weinbroum AA, Vardi A, Barzilay Z, et al.
Predictors of outcome in the pediatric intensive care units of children with
malignancies. J Pediatr Hematol/Oncol (2002) 24(1):23–6. doi: 10.1097/
00043426-200201000-00007

25. Sivan Y, Schwartz P, Schonfeld T, Cohen I, Newth C, et al. Outcome of
oncology patients in the pediatric intensive care unit. Intensive Care Med (1991) 17
(1):11–5. doi: 10.1007/BF01708402

26. Heying R, Schneider DT, Körholz D, Stannigel H, Lemburg P, Göbel U, et al.
Efficacy and outcome of intensive care in pediatric oncologic patients. Crit Care
Med (2001) 29(12):2276–80. doi: 10.1097/00003246-200112000-00007

27. Meyer S, Gottschling S, Biran T, Georg T, Ehlayil K, Graf N, et al. Assessing
the risk of mortality in paediatric cancer patients admitted to the paediatric
intensive care unit: a novel risk score? Eur J Pediatr (2005) 164(9):563–7. doi:
10.1007/s00431-005-1695-y

28. Haase R, Mathony U, Lieser U, Nagel F, Sitka U, Burdach S, et al. Oncology
patients in a pediatric intensive care unit–a 7-year experience. Klinische Padiatrie
(2003) 215(4):234–40.

29. Wolfe J, Grier H.E, Klar N, Levin S.B, Ellenbogen J.M, Salem-Schatz S, et al.
Symptoms and suffering at the end of life in children with cancer. New Engl J Med
(2000) 342(5):326–33. doi: 10.1056/NEJM200002033420506

30. Poplack DG, Pizzo PA. Childhood cancer: Incidence, survival and mortality.
In: Principles and practice of pediatric oncology, 7th ed. Philadelphia, PA: Lippincott
Williams & Wilkins (2016).

31. Ullrich CK, Dussel V, Hilden JM, Sheaffer JW, Lehmann L, Wolfe J. End-of-
life experience of children undergoing stem cell transplantation for malignancy:
parent and provider perspectives and patterns of care. Blood J Am Soc Hematol
(2010) 115(19):3879–85.

32. Ullrich CK, Lehmann L, London W.B, Guo D, Sridharan M, Koch R, et al.
End-of-Life care patterns associated with pediatric palliative care among children
who underwent hematopoietic stem cell transplant. Biol Blood Marrow Transplant
(2016) 22(6):1049–55. doi: 10.1016/j.bbmt.2016.02.012

33. Munchel A, Chen A, Symons H. Emergent complications in the pediatric
hematopoietic stem cell transplant patient. Clin Pediatr Emergency Med (2011) 12
(3):233–44. doi: 10.1016/j.cpem.2011.07.005

34. Snaman JM, Talleur AC, Lu J, Levine DR, Kaye EC, Sykes A, et al. Treatment
intensity and symptom burden in hospitalized adolescent and young adult
hematopoietic cell transplant recipients at the end of life. Bone marrow
Transplant (2018) 53(1):84–90. doi: 10.1038/bmt.2017.187

35. Ward E, DeSantis C, Robbins A, Kohler B, Jemal A. Childhood and
adolescent cancer statistics, 2014. CA: Cancer J Clin (2014) 64(2):83–103. doi:
10.3322/caac.21219

36. Wolfe J, Orellana L, Ullrich C, Cook EF, Kang TI, Rosenberg A, et al.
Symptoms and distress in children with advanced cancer: Prospective patient-
reported outcomes from the PediQUEST study. J Clin Oncol (2015) 33(17):1928–
35. doi: 10.1200/JCO.2014.59.1222

37. Bona K, London WB, Guo D, Abel G, Lehmann L, Wolfe J. Prevalence and
impact of financial hardship among new England pediatric stem cell
Frontiers in Oncology 09
43
transplantation families. Biol Blood Marrow Transplant (2015) 21(2):312–8. doi:
10.1016/j.bbmt.2014.10.016

38. Cuviello A, Raisanen J, Donohue PK, Wiener L, Boss RD. Defining the
boundaries of palliative care in pediatric oncology. J Pain Symptom Manage
(2019):1033–42. doi: 10.1016/j.jpainsymman.2019.11.022

39. Blais S, Cohen-Gogo S, Gouache E, Guerrini-Rousseau L, Brethon B, Rahal
I, et al. End-of-life care in children and adolescents with cancer: perspectives from a
French pediatric oncology care network. Tumori J (2021) p. doi: 10.1177/
03008916211013384

40. Anghelescu DL, Knapp E, Johnson LM, Baker JN. The role of the pediatric
anesthesiologist in relieving suffering at the end of life: when is palliative sedation
appropriate in pediatrics? Paediatr Anaesth (2017) 27(4):443–4. doi: 10.1111/
pan.13103

41. Johnson LM, Frader J, Wolfe J, Baker JN, Anghelescu DL, Lantos JD, et al.
Palliative sedation with propofol for an adolescent with a DNR order. Pediatrics
(2017) 140(2). doi: 10.1542/peds.2017-0487

42. de Graeff A, Dean M. Palliative sedation therapy in the last weeks of life: a
literature review and recommendations for standards. J Palliat Med (2007) 10
(1):67–85. doi: 10.1089/jpm.2006.0139

43. Cherny NI, Portenoy RK. Sedation in the management of refractory
symptoms: guidelines for evaluation and treatment. J Palliative Care (1994) 10
(2):31–8. doi: 10.1177/082585979401000207

44. Lo B, Rubenfeld G. Palliative sedation in dying patients:“we turn to it when
everything else hasn’t worked”. Jama (2005) 294(14):1810–6.

45. Dalberg T, McNinch NL, Friebert S. Perceptions of barriers and facilitators
to early integration of pediatric palliative care: A national survey of pediatric
oncology providers. Pediatr Blood Cancer (2018) 65(6):e26996. doi: 10.1002/
pbc.26996

46. Levine DR, Mandrell BN, Sykes A, Pritchard M, Gibson D, Symons HJ, et al.
Patients’ and parents’ needs, attitudes, and perceptions about early palliative care
integration in pediatric oncology. JAMA Oncol (2017) 3(9):1214–20. doi: 10.1001/
jamaoncol.2017.0368

47. Mack JW, Wolfe J. Early integration of pediatric palliative care: for some
children, palliative care starts at diagnosis. Curr Opin Pediatr (2006) 18(1):10–4.
doi: 10.1097/01.mop.0000193266.86129.47

48. Moynihan KM, Snaman JM, Kaye EC, MorrisonWE, DeWitt AG, Sacks LD,
et al. Integration of pediatric palliative care into cardiac intensive care: A
champion-based model. Pediatrics (2019) 144(2). doi: 10.1542/peds.2019-0160

49. Boss R, Nelson J, Weissman D, Campbell M, Curtis R, Frontera J, et al.
Integrating palliative care into the PICU: a report from the improving palliative
care in the ICU advisory board. Pediatr Crit Care Med (2014) 15(8):762–7. doi:
10.1097/PCC.0000000000000209

50. Levetown M, Pollack MM, Cuerdon TT, Ruttimann UE, Glover JJ.
Limitations and withdrawals of medical intervention in pediatric critical care.
JAMA (1994) 272(16):1271–5. doi: 10.1001/jama.1994.03520160055043

51. Wall SN, Partridge JC. Death in the intensive care nursery: physician
practice of withdrawing and withholding life support. Pediatrics (1997) 99(1):64–
70. doi: 10.1542/peds.99.1.64

52. Devictor D, Nguyen D. The groupe francophone de réanimation et
dUrgences pédiatriques. forgoing lifesustaining treatments: how the decision is
made in French pediatric intensive care units. Crit Care Med (2001) 29(7):1356–9.

53. Keenan SP, Busche KD, Chen LM, McCarthy L, Inman KJ, Sibbald WJ, et al.
A retrospective review of a large cohort of patients undergoing the process of
withholding or withdrawal of life support. Crit Care Med (1997) 25(8):1324–31.
doi: 10.1097/00003246-199708000-00019

54. Burns JP, Mitchell C, Outwater KM, Geller M, Griffith JL, Todres ID, et al.
End-of-life care in the pediatric intensive care unit after the forgoing of life-
sustaining treatment. Crit Care Med (2000) 28(8):3060–6. doi: 10.1097/00003246-
200008000-00064

55. Kaye EC, DeMarsh S, Gushue CA, Jerkins J, Sykes A, Lu Z, et al. Predictors
of location of death for children with cancer enrolled on a palliative care service.
Oncol. (2018) 23(12):1525–32. doi: 10.1634/theoncologist.2017-0650

56. Cuviello A, Raisanen JC, Donohue PK, Wiener L, Boss RD. Initiating
palliative care referrals in pediatric oncology. J Pain Symptom Manage (2020)
1:81–9.

57. Cuviello A, Yip C, Battles H, Wiener L, Boss R. Triggers for palliative care
referral in pediatric oncology. Cancers (2021) 13(6):1419. doi: 10.3390/
cancers13061419

58. Broden EG, Hinds PS, Werner-Lin A, Quinn R, Asaro LA, Curley MA, et al.
Nursing care at end of life in pediatric intensive care unit patients requiring mechanical
ventilation. Am J Crit Care (2022) 31(3):230–9. doi: 10.4037/ajcc2022294

59. Broden EG, Hinds PS, Werner-Lin AV, Curley MA, Investigators RS. I
Didn’t want my baby to pass, but I didn’t want him suffering either: Comparing
frontiersin.org

https://doi.org/10.3390/children5030037
https://doi.org/10.3390/children5030037
https://doi.org/10.1002/pbc.24189
https://doi.org/10.1542/peds.89.5.961
https://doi.org/10.1097/00003246-199311000-00035
https://doi.org/10.1097/00003246-199311000-00035
https://doi.org/10.1097/00003246-199301000-00012
https://doi.org/10.1097/00003246-199301000-00012
https://doi.org/10.1542/peds.112.5.e371
https://doi.org/10.1542/peds.112.5.e371
https://doi.org/10.1097/00003246-198808000-00005
https://doi.org/10.1097/00003246-200011000-00030
https://doi.org/10.1097/00043426-200201000-00007
https://doi.org/10.1097/00043426-200201000-00007
https://doi.org/10.1007/BF01708402
https://doi.org/10.1097/00003246-200112000-00007
https://doi.org/10.1007/s00431-005-1695-y
https://doi.org/10.1056/NEJM200002033420506
https://doi.org/10.1016/j.bbmt.2016.02.012
https://doi.org/10.1016/j.cpem.2011.07.005
https://doi.org/10.1038/bmt.2017.187
https://doi.org/10.3322/caac.21219
https://doi.org/10.1200/JCO.2014.59.1222
https://doi.org/10.1016/j.bbmt.2014.10.016
https://doi.org/10.1016/j.jpainsymman.2019.11.022
https://doi.org/10.1177/03008916211013384
https://doi.org/10.1177/03008916211013384
https://doi.org/10.1111/pan.13103
https://doi.org/10.1111/pan.13103
https://doi.org/10.1542/peds.2017-0487
https://doi.org/10.1089/jpm.2006.0139
https://doi.org/10.1177/082585979401000207
https://doi.org/10.1002/pbc.26996
https://doi.org/10.1002/pbc.26996
https://doi.org/10.1001/jamaoncol.2017.0368
https://doi.org/10.1001/jamaoncol.2017.0368
https://doi.org/10.1097/01.mop.0000193266.86129.47
https://doi.org/10.1542/peds.2019-0160
https://doi.org/10.1097/PCC.0000000000000209
https://doi.org/10.1001/jama.1994.03520160055043
https://doi.org/10.1542/peds.99.1.64
https://doi.org/10.1097/00003246-199708000-00019
https://doi.org/10.1097/00003246-200008000-00064
https://doi.org/10.1097/00003246-200008000-00064
https://doi.org/10.1634/theoncologist.2017-0650
https://doi.org/10.3390/cancers13061419
https://doi.org/10.3390/cancers13061419
https://doi.org/10.4037/ajcc2022294
https://doi.org/10.3389/fonc.2022.1017272
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Cuviello et al. 10.3389/fonc.2022.1017272
bereaved parents’ narratives with nursing end-of-Life assessments in the pediatric
intensive care unit. J Hospice Palliative Nurs (2022) 10:1097.

60. Nelson H, Mott S, Kleinman ME, Goldstein RD. Parents’ experiences of
pediatric palliative transports: A qualitative case series. J Pain Symptom Manage
(2015) 50(3):375–80. doi: 10.1016/j.jpainsymman.2015.04.004

61. Raed M, Grossoehme DH, Brown M, Friebert S. Hospital to home transport
at end of life: Survey of clinician experience. Palliative Med (2020) 34(3):424–9. doi:
10.1177/0269216319870641

62. Zwerdling T, Hamann KC, Kon AA. Home pediatric compassionate
extubation: bridging intensive and palliative care. Am J Hospice Palliative
Medicine® (2006) 23(3):224–8. doi: 10.1177/1049909106289085

63. Anghelescu DL, Faughnan LG, Baker JN, Yang J, Kane JR. Use of epidural
and peripheral nerve blocks at the end of life in children and young adults with
cancer: the collaboration between a pain service and a palliative care service.
Paediatr Anaesth (2010) 20(12):1070–7. doi: 10.1111/j.1460-9592.2010.03449.x

64. Anghelescu DL, Guo A, Morgan KJ, Frett M, Prajapati H, Gold R, et al. Pain
outcomes after celiac plexus block in children and young adults with cancer. J
Adolesc Young Adult Oncol (2018) 7(6):666–72. doi: 10.1089/jayao.2018.0035

65. Anghelescu DL, Ryan S, Wu D, Morgan KJ, Patni T, Li Y, et al. Low-dose
ketamine infusions reduce opioid use in pediatric and young adult oncology
patients. Pediatr Blood Cancer (2022) 69(9):e29693. doi: 10.1002/pbc.29693

66. Anghelescu DL, Morgan KJ, Frett MJ, Wu D, Li Y, Han Y, et al. Lidocaine
infusions and reduced opioid consumption-retrospective experience in pediatric
Frontiers in Oncology 10
44
hematology and oncology patients with refractory pain. Pediatr Blood Cancer
(2021) 68(11):e29215. doi: 10.1002/pbc.29215

67. Hall EA, Sauer HE, Davis MS, Anghelescu DL. Lidocaine infusions for pain
management in pediatrics. Paediatr Drugs (2021) 23(4):349–59. doi: 10.1007/
s40272-021-00454-2

68. Anghelescu DL, Hamilton H, Faughnan LG, Johnson LM, Baker JN.
Pediatric palliative sedation therapy with propofol: recommendations based on
experience in children with terminal cancer. J Palliat. Med (2012) 15(10):1082–90.
doi: 10.1089/jpm.2011.0500

69. Cuviello A, Anghelescu D, Johnson L-M, Baker J. Dexmedetomidine and
propofol use for palliative sedation therapy (PST) in pediatric oncology: A ten-year
review (GP750). J Pain Symptom Manage (2022) 63(6):1139–40. doi: 10.1016/
j.jpainsymman.2022.04.141

70. Burns J, Jackson K, Sheehy KA, Finkel JC, Quezado ZM. The use of
dexmedetomidine in pediatric palliative care: A preliminary study. J Palliat. Med
(2017) 20(7):779–83. doi: 10.1089/jpm.2016.0419

71. Hooke MC, Grund E, Quammen H, Miller B, McCormick P, Bostrom B,
et al. Propofol use in pediatric patients with severe cancer pain at the end of life. J
Pediatr Oncol Nurs (2007) 24(1):29–34. doi: 10.1177/1043454206296026

72. Gertler R, Brown HC, Mitchell DH, Silvius EN. Dexmedetomidine: a novel
sedative-analgesic agent. Proc (Bayl Univ Med Cent) (2001) 14(1):13–21. doi:
10.1080/08998280.2001.11927725
frontiersin.org

https://doi.org/10.1016/j.jpainsymman.2015.04.004
https://doi.org/10.1177/0269216319870641
https://doi.org/10.1177/1049909106289085
https://doi.org/10.1111/j.1460-9592.2010.03449.x
https://doi.org/10.1089/jayao.2018.0035
https://doi.org/10.1002/pbc.29693
https://doi.org/10.1002/pbc.29215
https://doi.org/10.1007/s40272-021-00454-2
https://doi.org/10.1007/s40272-021-00454-2
https://doi.org/10.1089/jpm.2011.0500
https://doi.org/10.1016/j.jpainsymman.2022.04.141
https://doi.org/10.1016/j.jpainsymman.2022.04.141
https://doi.org/10.1089/jpm.2016.0419
https://doi.org/10.1177/1043454206296026
https://doi.org/10.1080/08998280.2001.11927725
https://doi.org/10.3389/fonc.2022.1017272
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Frontiers in Oncology

OPEN ACCESS

EDITED BY

Pietro Merli,
Bambino Gesù Children’s Hospital
(IRCCS), Italy

REVIEWED BY

Jia Yin,
First Affiliated Hospital of Soochow
University, China
Xiaowen Tang,
The First Affiliated Hospital of
Soochow University, China

*CORRESPONDENCE

Dristhi Ragoonanan
DRagoonanan@mdanderson.org

SPECIALTY SECTION

This article was submitted to
Pediatric Oncology,
a section of the journal
Frontiers in Oncology

RECEIVED 19 August 2022

ACCEPTED 30 September 2022
PUBLISHED 24 October 2022

CITATION

Ragoonanan D, Bhar S, Mohan G,
Beltramo F, Khazal SJ, Hurley C,
Andersen C, Margossian S, Neelapu SS,
Shpall E, Gutierrez C, Tewari P,
Shoberu B, Talleur A, McCall D,
Nunez C, Cuglievan B, Tambaro FP,
Petropoulos D, Abdel-Azim H and
Mahadeo KM (2022) A multicenter
study of ICU resource utilization in
pediatric, adolescent and young adult
patients post CAR-T therapy.
Front. Oncol. 12:1022901.
doi: 10.3389/fonc.2022.1022901

COPYRIGHT

© 2022 Ragoonanan, Bhar, Mohan,
Beltramo, Khazal, Hurley, Andersen,
Margossian, Neelapu, Shpall, Gutierrez,
Tewari, Shoberu, Talleur, McCall, Nunez,
Cuglievan, Tambaro, Petropoulos,
Abdel-Azim 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.

TYPE Original Research
PUBLISHED 24 October 2022

DOI 10.3389/fonc.2022.1022901
A multicenter study of ICU
resource utilization in pediatric,
adolescent and young adult
patients post CAR-T therapy

Dristhi Ragoonanan1*, Saleh Bhar2, Gopi Mohan3,
Fernando Beltramo4, Sajad J. Khazal1, Caitlin Hurley5,
Clark Andersen6, Steven Margossian3, Sattva S. Neelapu7,
Elizabeth Shpall8, Cristina Gutierrez9, Priti Tewari1,
Basirat Shoberu1, Aimee Talleur5, David McCall10,
Cesar Nunez10, Branko Cuglievan10,
Francesco Paolo Tambaro11, Demetrios Petropoulos1,
Hisham Abdel-Azim12 and Kris M. Mahadeo1

1Department of Pediatrics, Stem Cell Transplantation and Cellular Therapy, University of Texas MD
Anderson Cancer Center, Houston, TX, United States, 2Texas Children’s Hospital, Baylor College of
Medicine, Houston, TX, United States, 3Division of Pediatric Hematology-Oncology, Boston
Children’s Hospital, Boston, MA, United States, 4Children’s Hospital Los Angeles, University of
Southern California Keck School of Medicine, Los Angeles, CA, United States, 5Department of Bone
Marrow Transplantation and Cellular Therapy, St Jude Children’s Research Hospital, Memphis, TN,
United States, 6Department of Biostatistics, Division of Basic Sciences, The University of Texas MD
Anderson Cancer Center, Houston, TX, United States, 7Department of Lymphoma and Myeloma,
The University of Texas MD Anderson Cancer Center, Houston, TX, United States, 8Department of
Stem Cell Transplantation and Cellular Therapy, The University of Texas MD Anderson Cancer
Center, Houston, TX, United States, 9Department of Critical Care, The University of Texas MD
Anderson Cancer Center, Houston, TX, United States, 10Department of Pediatrics, The University of
Texas MD Anderson Cancer Center, Houston, TX, United States, 11Pediatric Stem Cell Transplantation
and Cell Therapy Program, UOC SIT-TMO AORN Santobono-Pausilipon, Napoli, Italy, 12Division of
Transplant and Cell Therapy, Loma Linda University Cancer Center, Loma Linda, CA, United States
Tisagenlecleucel is associated with remarkable outcomes in treating patients

up to the age of 25 years with refractory B-cell acute lymphoblastic leukemia

(ALL). Yet, due to unique and potentially life-threatening complications, access

remains limited to higher-resource and certified centers. Reports of inequity

and related disparities in care are emerging. In this multicenter study of ALL

patients admitted for anti-leukemia therapy, who required pediatric intensive

care (ICU) support (n = 205), patients receiving tisagenlecleucel (n = 39) were

compared to those receiving conventional chemotherapy (n = 166). The

median time to ICU transfer was 6 (0–43) versus 1 (0–116) days, respectively

(p < 0.0001). There was no difference in the use of vasopressor, ionotropic,

sedating, and/or paralytic agents between groups, but use of dexamethasone

was higher among tisagenlecleucel patients. Patients receiving

tisagenlecleucel were more likely to have cardiorespiratory toxicity (p =

0.0002), but there were no differences in diagnostic interventions between

both groups and/or differences in ICU length of stay and/or overall hospital

survival. Toxicities associated with tisagenlecleucel are generally reversible, and
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our findings suggest that resource utilization once admitted to the ICU may be

similar among patients with ALL receiving tisagenlecleucel versus conventional

chemotherapy. As centers consider improved access to care and the feasibility

of tisagenlecleucel certification, our study may inform strategic planning.
KEYWORDS

Immunotherapy, CAR (chimeric antigen receptor) T-cell therapy, pediatric cancer,
AYA (adolescents and young adults), Resource utilisation
Introduction

Therapeutic strategies for patients with relapsed or refractory

(R/R) B-cell acute lymphoblastic leukemia (ALL) may differ based

on disease characteristics, cooperative group recommendations,

and resource availability. (1) Chimeric antigen receptor T-cell

(CAR-T) therapy is a promising strategy for patients with R/R

ALL. Tisagenlecleucel has demonstrated impressive minimal

residual disease negative remission rates of 81% at 3 months

(2). Yet, CAR-T therapy is associated with unique and potentially

life-threatening toxicities including cytokine release syndrome

(CRS) and immune effector cell-associated neurotoxicity

syndrome (ICANS) (3). Up to 40% of patients receiving

tisagenlecleucel may require transfer to the intensive care unit

(ICU) (2). While the availability of tisagenlecleucel has been

limited to certified centers with adequate training and resources

to deliver this therapy safely and effectively, emerging reports of

disparities in therapy suggest that wider availability may be

indicated (4, 5). We hypothesized that among patients admitted

for anti-ALL therapy who require ICU support, ICU resource

utilization and outcomes would not differ among patients

receiving tisagenlecleucel versus those who did not.
Methods

This study was reviewed by the Pediatric Acute Lung Injury

and Sepsis Investigators (PALISI) Network, Hematopoietic

Cellular Therapy-Cancer Immunotherapy Subgroup and

approved by the institutional review board (IRB) at each

participating PALISI Network sites (n = 5). We conducted a

retrospective analysis of patients up to age 25 years who received

tisagenlecleucel for ALL and required admission to the ICU

between 1 November 2017 and 1 June 2020. Patients with ALL

receiving conventional chemotherapy admitted to the ICU

during this period were used as comparators. CRS and ICANS

toxicities were graded as per the American Society for

Transplantation and Cellular Therapy (ASTCT) (6). Patients
02
46
with incomplete medical records and those receiving CAR-T

therapy other than tisagenlecleucel for ALL were excluded.

Data extracted from the electronic medical record included

demographics, reason for ICU admission, incidence and grading

of CRS and ICANS, pediatric sequential organ failure assessment

(pSOFA) score (7), resource utilization including imaging,

procedures and medications, ICU and overall hospital length

of stay (LOS), and mortality.

Patients’ demographic and clinical characteristics were

summarized as median and range for continuous variables and

as frequency and percentage for categorical variables and

compared between patient groups admitted to the ICU who

did and did not receive tisagenlecleucel using t-test, Mann–

Whitney test, negative binomial regression for continuous

variables, or Fisher’s exact test or chi-square test for discrete

variables, as appropriate. ICU survival and hospital survival were

summarized by Kaplan–Meier methods, with differences

between patient groups assessed by the log-rank test. Statistical

analyses were performed using R statistical software (8).

Statistical significance was set at a p-value of <0.05.
Results

Of the patients with ALL admitted to the ICU (n = 205), 39

patients (19.0%) received tisagenlecleucel and 166 (81.0%) did

not. Patient characteristics, resource utilization, and outcomes

are summarized in Table 1. Patients undergoing CAR-T therapy

were older as they underwent conventional chemotherapy prior.

The most common indication for ICU admission in the non-

CAR-T therapy group was respiratory failure requiring

mechanical ventilation (n = 82; 49.4%), whereas hypotensive

shock (associated with CRS) was the most common indication in

the CAR-T therapy group (n = 22; 56.4%). Non-CAR-T therapy

patients were more likely to be admitted to the ICU for

hyperleukocytosis (p = 0.001). The median time to ICU

admission from day of hospital admission was shorter in the

conventional chemotherapy group at 1 day (0–116 days) versus
frontiersin.org
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TABLE 1 Characteristics, resource utilization, and clinical outcomes of patients with acute lymphoblastic leukemia admitted to the intensive care
unit.

CAR-T therapy n = 39 Non-CAR-T therapy n = 166 P value

Age (years) 13 (1.5-25) 11 (0.3-25) 0.047

Gender Men 16 (41.0%) 111 (66.9%) 0.003

Women 23 (59.0%) 55 (33.1%)

Prior hematopoietic cell transplantation Yes 8 (20.5%) 41 (24.7%) 0.68

No 31 (79.5%) 125 (75.3%)

Days from CAR-T therapy to ICU admission 6 (0-43) — <0.0001

Days from hospital admission to ICU admission — 1 (0-116)

pSOFA score on admission to the ICU 6 (1-12) 6 (0-17) 0.67

Max pSOFA score during ICU admission 8 (1-18) 9 (1-23) 0.81

Reason for ICU admission Respiratory failure 17 (43.6%) 82 (49.4%) 0.59

Shock 22 (56.4%) 72 (43.4%) 0.16

Altered mental status 9 (23.1%) 22 (13.3%) 0.14

Renal failure 3 (7.7%) 18 (10.8%) 0.77

Seizures 0 (0%) 9 (5.4%) 0.21

Hyperleukocytosis 0 (0%) 31 (18.7%) 0.001

Medications Vasopressors 23 (59.0%) 73 (44.0%) 0.11

Inotropes 2 (5.1%) 17 (10.2%) 0.54

Sedatives 14 (35.9%) 82 (49.4%) 0.15

Paralytics 5 (12.8%) 27 (16.3%) 0.81

Dexamethasone 19 (48.7%) 2 (1.2%) <.0001

Max CRS score 1 3 (7.7%)

2 9 (23.1%)

3 14 (35.9%)

4 13 (33.3%)

Max ICANS score 0 17 (43.6%)

1 3 (7.7%)

2 10 (25.6%)

3 6 (15.4%)

4 3 (7.7%)

Evidence of liver dysfunction1 30 (76.9%) 123 (74.1%) 0.84

No. of patients requiring paracentesis
Median no. of paracentesis performed

2 (5.1%)
0 (0-3)

6 (3.6%)
0 (0-10)

0.65

Evidence of cardiotoxicity2 31 (79.5%) 87 (52.4%) 0.002

No. of patients requiring ECHOs
Median no. of ECHOs performed

26 (66.7%)
1 (0-4)

119 (71.7%)
1 (0-8)

0.56

Transesophageal echocardiogram 0 (0%) 4 (2.4%) 1.0

No. of patients requiring EKGs
Median no. of EKGs performed

27 (69.2%)
1 (0-16)

135 (81.3%)
1 (0-19)

0.12

No. of patients requiring pericardiocentesis 0 (0%) 1 (0.6%) 1.0

No. of patients requiring cardiac catheterization 0 (0%) 2 (1.2%) 1.0

Evidence of respiratory toxicity3 28 (71.8%) 82 (49.4%) 0.013

Evidence of cardiac and/or respiratory toxicity 38 (97.4%) 119 (71.7%) 0.0002

No. of patients requiring invasive mechanical ventilation 6 (15.4%) 58 (34.9%) 0.02

No. of patients requiring CPAP
Median duration of CPAP (days)

5 (12.8%)
0 (0-5)

13 (7.8%)
0 (0-27)

0.35

No. of patients requiring BiPAP
Median duration of BiPAP (days)

10 (25.6%)
0 (0-8)

52 (31.3%)
0 (0-68)

0.56

No. of patients requiring HFNC
Median duration of HFNC (days)

18 (46.2%)
0 (0-37)

53 (31.9%)
0 (0-31)

0.1

(Continued)
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6 days (0–43 days) in the CAR-T therapy group, respectively

(p < 0.0001).

All CAR-T therapy patients admitted to the ICU had CRS

and/or ICANS. Seventeen patients (43.6%) developed CRS only,

and 22 (56.4%) patients had concurrent CRS and ICANS.

Twenty-seven (69.2%) patients developed a maximum CRS

score of ≥Grade 3, eight of which had concurrent ICANS

Grade ≥ 3. Given the high incidence of CRS, patients in the

CAR-T therapy group were more likely to have evidence of

cardiac toxicity (defined as new-onset cardiomyopathy,

arrhythmia, tachycardia, or hypotension/shock) compared

with the non-CAR-T therapy group (79.5% vs. 52.4%; p =

0.002). Likewise, respiratory toxicity (defined as hypoxia

requiring oxygen supplementation or respiratory failure) was

higher in the CAR-T versus the non-CAR-T therapy group,

respectively (71.8% vs. 49.4%; p = 0.013). Despite the higher

incidence of respiratory toxicity in the CAR-T therapy group,

invasive mechanical ventilation (15.4% vs. 34.9%; p value = 0.02)

and bronchoscopies (2.6% vs. 14.5%; p = 0.05) were lower in the

CAR- therapy vs. the non-CAR-T therapy groups, respectively.

There were no significant differences between groups in the

use of procedures including paracentesis, pericardiocentesis,

cardiac catheterization, thoracentesis, tracheostomy, or

continuous renal replacement therapy. A higher proportion of
Frontiers in Oncology 04
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patients in the non-CAR-T therapy group underwent lumbar

puncture (p = 0.004) to facilitate the administration of

intrathecal chemotherapy. There was no significant difference

in the use of vasopressors, inotropes, sedatives, or paralytics

between both groups. The use of dexamethasone was

significantly higher in the CAR-T therapy group for the

treatment of CRS/ICANS (48.7% vs. 1.2%; p < 0.0001).

There was no significant difference in the number of imaging

investigations between groups, including transesophageal

echocardiogram, echocardiogram (ECHO), electrocardiogram

(EKG), chest X-ray, magnetic resonance imaging (MRI), and

c ompu t e r t omo g r a p h y (CT ) o f t h e b r a i n a n d

electroencephalogram (EEG).

Median ICU length of stay (LOS) was similar in the CAR-T

and non-CAR-T therapy groups, respectively (6 (2–55) versus

7.5 (1–125) days; p = 0.22). Overall hospital LOS was longer in

the CAR-T vs. the non-CAR-T therapy group (28 (5–150) vs. 21

(1–183) days; p = 0.019), which may be associated with a longer

preceding time to ICU admission in the CAR-T therapy group.

The pSOFA score, which is a measure of organ dysfunction with

higher scores on ICU admission being associated with higher in-

hospital mortality (7), was comparable between the CAR-T

therapy vs. non-CAR-T therapy groups (6 (1–12) vs. 6 (0–17),

respectively; p = 0.67). ICU mortality was higher in the non-
TABLE 1 Continued

CAR-T therapy n = 39 Non-CAR-T therapy n = 166 P value

No. of patients requiring chest X-rays
Median no. of chest X-rays performed

33 (84.6%)
4 (0-60)

155 (93.4%)
4 (0-83)

0.1

No. of patients requiring bronchoscopy
Median no. of bronchoscopies performed

1 (2.6%)
0 (0-1)

24 (14.5%)
0 (0-2)

0.05

No. of patients requiring tracheostomy
Median no. of tracheostomies performed

0 (0.0%)
0

2 (1.2%)
0 (0-1)

1.0

No. of patients requiring thoracentesis
Median no. of thoracentesis performed

1 (2.6%)
0 (0-1)

11 (6.6%)
0 (0-2)

0.47

No. of patients requiring CRRT 6 (15.4%) 30 (18.1%) 0.82

No. of patients requiring CT brain
Median no. of CT brain performed

13 (33.3%)
0 (0-2)

50 (30.1%)
0 (0-5)

0.7

No. of patients requiring MRI brain
Median no. of MRI brain performed

7 (17.9%)
0 (0-3)

35 (21.1%)
0 (0-7)

0.83

No. of patients requiring EEG
Median no.of EEG performed

12 (30.8%)
0 (0-17)

35(21.1%)
0 (0-17)

0.21

No. of patients requiring LP
Median no. of LPs performed

5 (12.8%)
0 (0-7)

61 (36.7%)
0 (0-5)

0.004

ICU LOS (days) 6 (2-55) 7.5 (1-125) 0.22

Hospital LOS (days) 28 (5-150) 21 (1-183) 0.019

Death during ICU admission 6 (15.4%) 45 (27.1%) 0.03

Death during hospital admission 8 (20.5%) 48 (28.9%) 0.33
front
1Defined as new-onset CTCAE ≥Grade 3 transaminitis, coagulopathy, or hepatomegaly.
2Defined as new-onset cardiomyopathy, arrhythmia, tachycardia, hypotension, or hypotensive shock.
3Defined as hypoxia requiring any oxygen supplementation or respiratory failure.
CAR-T, chimeric antigen receptor T cell; ICU, intensive care unit; pSOFA, pediatric sequential organ failure assessment; CRS, cytokine release syndrome; ICANS, immune effector cell-
associated neurotoxicity syndrome; ECHO, echocardiogram; EKG, electrocardiogram; CPAP, continuous positive airway pressure; BiPAP, bilevel positive airway pressure; HFNC, high flow
nasal cannula; CRRT, continuous renal replacement therapy; CT, computerized tomography; MRI, magnetic resonance imaging; EEG, electroencephalogram; LP, lumbar puncture; LOS,
length of stay.
iersin.org
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CAR-T therapy than the CAR-T therapy group (27.1% vs. 15.4%;

p = 0.03), although the difference in overall hospital mortality

was not significant (28.9% vs. 20.5%; p = 0.33). Neither ICU nor

hospital mortality differed significantly between CAR-T groups

per log-rank test (Figure 1).
Discussion

CAR-T therapy has revolutionized the therapeutic landscape

for patients with R/R ALL who previously had limited treatment

options. While its short-term benefits are well established, given

its lack of durable response in 50% of patients at 12 months and

with an estimated lifetime cost of $667,000, tisagenlecleucel is

currently the most expensive oncological therapy whose long-

term benefit remains to be established (2, 9). In 2018, however,

the institute for clinical and economic review estimated that the

cost-effectiveness of tisagenlecleucel fell within commonly cited

thresholds for cost-effective oncology drugs of $50,000 to

$150,000/QALY over a lifetime with 10.34 life years and 9.28

QALYs gained with tisagenlecleucel compared with 2.43 life

years and 2.10 QALYs gained with a conventional

chemotherapy-based regimen (9).

To our knowledge, this is the first multicenter study to

explore resource utilization in pediatric patients admitted to

the ICU for CAR-T therapy-related complications. Previous

reports suggest that up to 40% of patients receiving

tisagenlecleucel may require ICU support (2). Our study was

limited to outcomes of patients admitted to the ICU. As

expertise grows, however, ICU admission rates for patients
Frontiers in Oncology 05
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receiving CAR-T therapy may decline as many toxicities may

be managed without ICU intervention.

In this study, overall hospital LOS and time to ICU

admission were longer in patients undergoing CAR-T therapy

as they were all admitted for lymphodepletion at least 6 days pre-

infusion as per standard of care. Furthermore, patients in the

non-CAR-T group were more likely to be admitted due to the

acute nature of complications secondary to their disease course

and/or treatment such as septic shock or leukocytosis at initial

diagnosis. During their admission, overall resource utilization

appears comparable in patients with ALL receiving CAR-T

therapy and conventional chemotherapy. Additionally, CAR-T

therapy and non-CAR-T therapy patients appear to have similar

organ dysfunction and expected risk of hospital mortality upon

ICU admission (p-SOFA), although our study did not analyze

the effect of poor prognostic factors or cause of mortality. CAR-

T therapy patients, however, appear to require less invasive

mechanical ventilatory support and may demonstrate superior

outcomes, which is likely reflective of the potentially reversible

toxicities of CRS and ICANS when recognized and treated

promptly (10, 11).

Overall, while the administration of CAR-T therapy is

associated with increased upfront costs, resource utilization in

these patients requiring critical care is comparable with ALL

patients undergoing conventional chemotherapy. Given its

remarkable remission rates, CAR-T therapy is, therefore, an

excellent therapeutic strategy. As more centers introduce CAR-T

therapy, rigorous protocols for clinical monitoring and prompt

toxicity management available at certified centers may mitigate

ICU admissions and support needs (11). Longer-term studies,
FIGURE 1

Kaplan–Meier survival curves, which account for mortality over time, with shaded +/- standard error, showed no evidence of difference by CAR-
T therapy group in intensive care unit mortality or hospital mortality, with p = 0.80 and 0.25, respectively.
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however, are needed to fully understand the critical care needs of

patients undergoing CAR-T therapy.
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Cytomegalovirus (CMV), like other herpesviruses, has the unique ability to
establish latent infection with subsequent reactivation during periods of
stress and immunosuppression. Herpesviruses cause potentially devastating
disease, particularly in hematopoietic stem cell transplant (HSCT) recipients.
CMV is especially of concern in HSCT recipients given the high community
seroprevalence, high risk of reactivation and high risk of transmission from
HSCT donors to recipients causing primary infection after transplantation.
The risk of CMV infection and severity of CMV disease varies depending on
the underlying disease of the HSCT recipient, donor and recipient CMV
status prior to HSCT, type of conditioning therapy in preparation for HSCT,
allogeneic versus autologous HSCT, donor graft source, timing of infection
in relation to HSCT, and other patient comorbidities. Different strategies exist
for prevention (e.g., preemptive therapy vs. universal prophylaxis) as well as
management of CMV disease (e.g., antiviral therapy, augmenting immune
reconstitution, cytotoxic T-cell therapy). The purpose of this narrative review
is to discuss diagnosis, prevention, and management of CMV infection and
disease at different stages of HSCT, including key points illustrated through
presentations of complex cases and difficult clinical scenarios. Traditional
and novel strategies for CMV management will be discussed in the context
of these unique clinical cases.

KEYWORDS

cytomegalovirus, pediatrics, hematopoietic (stem) cell transplantation (HSCT),

immunosuppression, infection, herpesviruses

Introduction

Hematopoietic stem cell transplant (HSCT) is a curative therapy for several diseases

in pediatric patients, including hematologic malignancies, primary immune deficiencies,

myelodysplastic syndrome, congenital metabolic disorders, and hemoglobinopathies (1,

2). More than 12,000 HSCTs were performed in children <18 years of age in the United

States between 2016 and 2020 (3). HSCT recipients have severely compromised immune

systems (due to their underlying disease and secondary to HSCT conditioning),
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increasing their risk for bacterial, fungal, viral, and parasitic

infections. These infections can be derived from donors,

environmental sources or via reactivation of endogenous

latent infections (4, 5).

Among viral infections, herpesviruses, particularly

cytomegalovirus (CMV), present significant concerns for

infection in HSCT patients. CMV has a high community

seroprevalence with approximately 50% of people in the

United States seropositive, with variations depending on age,

geography, and socioeconomic status (6, 7). Many patients

will therefore enter HSCT with an established latent CMV

infection (as indicated by a positive pre-transplant CMV IgG

serology). In addition, CMV can also be transmitted to HSCT

recipients from the donor. This may result in devastating and

possibly fatal disease with the potential to precipitate several

indirect outcomes such as graft-vs.-host-disease (GVHD),

autoimmunity, malignancy, and increased risk of other

opportunistic infections (4, 8, 9).
Pre-transplant evaluation

Among many other predisposing factors, the risk of CMV

infection and disease is highly dependent on the combination of

recipient and donor CMV serostatus. HSCT recipients are at

highest risk of CMV infection when the recipient is CMV

seropositive and the donor is CMV seronegative pre-transplant

(9). In this case, the recipient will be at high risk for

endogenous CMV reactivation during immune suppression

following HSCT, at a time when the cell-mediated immune

system is suppressed from the conditioning regimen for HSCT.

Eventually, there will be a gradual development or

reconstitution of CMV-specific T-cell immunity, but this may

take time (10). Fifty percent of patients develop detectable CMV

cytotoxic T-cell (CTL) response by 3 months after allogeneic

HSCT, and reconstitution of CMV-specific CD4+ and CD8+ T-

cells has been shown to be a good indicator of absolute CD4+

and CD8+ T-cell numbers (11, 12). Failure to produce CMV-

specific immunity by 3 months post-HSCT has been shown to

be significantly associated with late CMV reactivation and

increased mortality (13). Among CMV seropositive patients,

approximately 80% will experience CMV reactivation after

allogeneic HSCT in the absence of CMV prophylaxis (14).

When interpreting serologies, it is important to consider

pre-transplant receipt of intravenous immunoglobulin (IVIG)

or blood products within the preceding 8–11 months, as these

treatments are common among pre-HSCT recipients and can

lead to false-positive serologies (15, 16). Care should also be

taken when interpreting CMV serologies in infants ≤12
months of age, given influence of transplacental maternal

antibody (17, 18).

Providers should also consider the graft source. Matched

unrelated, mismatched and HLA-haploidentical transplants
Frontiers in Pediatrics 02
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have an increased risk of CMV infection compared to

matched related transplants, possibly secondary to greater

immune suppression (9, 19–21). Receipt of T-cell depleted or

umbilical cord allografts (which are deficient in CMV-specific

T-cells) are particularly associated with a very high risk of

CMV infection.

It is also important to consider if the patient is currently

breastfeeding, as CMV can be transmitted via breast milk. Up

to 96% of CMV seropositive breastfeeding mothers develop

CMV reactivation at some time during lactation (22).

Amongst patients with severe combined immune deficiency

breastfed by CMV seropositive mothers, there is a 5%–6%

CMV transmission rate (23). For mothers of infants

undergoing evaluation for HSCT, consideration can be given

to testing for CMV antibodies. Some advocate for CMV

seropositive mothers to refrain from breastfeeding due to the

risk of CMV transmission and the potential for devastating

outcomes (24).
CMV prevention strategies

There are two main strategies for CMV disease prevention

following HSCT: preemptive therapy and universal

prophylaxis. The overall risk of CMV disease is considered in

determining the appropriate preventive approach.

Preemptive therapy involves instituting serial CMV

monitoring and beginning CMV antiviral therapy at a pre-

defined threshold of viral load (25). This approach is more

likely to be considered in patients deemed to be at a lower

risk of CMV reactivation. Preemptive therapy involves once

weekly CMV quantitative polymerase chain reaction (PCR)

monitoring until day +100 with initiation of CMV-active

antivirals if CMV PCR becomes positive or rises above a

certain level. Though some thresholds have been suggested,

there is no widely-accepted universal viral load threshold at

which to initiate therapy; the decision to initiate therapy

should be determined by each treatment center based on the

assay used, patient risk factors (e.g., donor/recipient CMV

serostatus, overall state of immune suppression), and the rate

of rise of viral load (7, 26).

Universal prophylaxis is the strategy of administering anti-

CMV drug prophylaxis (Table 1) to at-risk recipients prior to

the development of CMV viremia at a pre-defined time point

after transplant. Universal prophylaxis is often pursued in

patients at higher risk such as recent primary CMV infection

immediately prior to transplant, CMV-seropositive patients

receiving a graft from seronegative donors, those who receive

T-cell depleting therapies (e.g., alemtuzumab or antithymocyte

globulin) and recipients of T-cell depleted, HLA-mismatched,

haploidentical or umbilical cord blood allografts (36). Potential

adverse effects of antiviral medications are an important

consideration with use of universal prophylaxis. Ganciclovir
frontiersin.org
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TABLE 1 Antiviral prophylaxis and treatment in pediatric HSCT recipients (27–35).

Medication Prophylaxis Prophylaxis dosea Treatment Treatment dosea

Ganciclovir Y 5 mg/kg/dose IV q24 h Y 5 mg/kg/dose IV q12 h

Valganciclovir Y 7 × BSAb × CrClc PO q24 h (max 900 mg/day) Y 7 × BSAb × CrClc PO q12 h (max: 900 mg/dose)

Foscarnetd Y 60 mg/kg/dose IV q12 h for 7 days then 90–
120 mg/kg/dose qDay

Y 60 mg/kg/dose IV q8 h; Maintenance: 90 mg/kg
qDay

Cidofovire Yf 5 mg/kg/dose qWeek × 2 weeks then 5 mg/kg/dose
every other week

Y 5 mg/kg/dose qWeek × 2 weeks then 5 mg/kg/
dose every other week

Letermovir (≥18 years) Y 480 mg PO IV q24 h N NA

Maribavir (≥12 years and
≥35 kg)

N NA Y 400 mg PO BID

aDosing given is for patients with normal renal function.
bBSA, body surface area.
cCrCl, creatinine clearance, using modified Schwartz formula which bases k constant on age.
dIV hydration should be given as 10–20 ml/kg (max 1,000 ml) prior to initial infusion and then 10–20 ml/kg (max 1,000 ml) given concurrently with subsequent doses.
eShould be given with probenecid (25–40 mg/kg/dose (max 2,000mg) PO 3 h prior to cidofovir and 10–20 mg/kg/dose (max 1,000 mg) 2–3 h and 8–9 h after

cidofovir) as well as IV hydration (10–20 ml/kg pre- and post-cidofovir OR increase maintenance IVF by 1.5–2×).
fLess commonly used due to availability of other agents with more favorable side effect profiles.
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and valganciclovir have the undesirable side effect of

myelosuppression, which can delay or reverse neutrophil

engraftment. The resulting prolonged lymphopenia and/or

neutropenia places the patient at risk for other opportunistic

bacterial and fungal infections (37, 38). Foscarnet and cidofovir

could also be considered and may be preferred due to less

bone marrow toxicity. However, these medications can lead to

renal toxicity and/or electrolyte abnormalities. Letermovir has

been Food and Drug Administration (FDA) approved for CMV

prophylaxis in adult HSCT recipients aged 18 years or older,

though has not yet received approval for use in children (27).

Despite this, several centers have begun using letermovir in

pediatric HSCT patients and have reported promising

outcomes (39–42). Maribavir is the newest antiviral to have

received FDA approval. This medication is only approved for

the treatment of refractory/resistant CMV infection or disease

in patients 12 years of age and older and weighing ≥35 kg, and
has not been approved for prophylaxis (28).

Another proposed prevention strategy is pre-transplant

ganciclovir or valganciclovir. With this strategy, CMV

seropositive patients receive ganciclovir or valganciclovir at

the start of conditioning and through day −2. Patients are

subsequently followed by preemptive therapy as noted above.

Research has shown lower rates of CMV reactivation amongst

patients receiving pre-transplant ganciclovir, with incidence of

reactivation comparable to patients receiving letermovir (43).

One study showed earlier time to reactivation amongst

patients who did not receive pre-transplant valganciclovir,

though noted no overall impact on rate of CMV reactivation

or survival at 100 days (44).

Blood transfusions carry an additional risk of CMV

transmission. Transfusion-associated CMV infection occurs due

to reactivation of latent CMV infection in transfused monocytes

(45), although the risk is exceedingly small with the use of
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leukoreduced blood products (46). Therefore, only CMV-negative

or leukocyte-reduced blood products should be administered to

patients in whom HSCT is anticipated or planned (47).

CMV hyperimmune globulin (CMVIG) is not

recommended for routine use for prophylaxis in pediatric

HSCT recipients. While some research has indicated that

receipt of IVIG may decrease risk of CMV infection or

disease, particularly in the first year after transplant, other

studies have indicated no benefit beyond what is provided by

antiviral drugs (48–50).

Despite a decades-long effort to develop a CMV vaccine, there

is no vaccine available for clinical use. Research is ongoing

regarding vaccinations to boost CMV immunity in high-risk

patients. There are several vaccines under investigation,

including clinical trials in pediatric patients (51, 52).
Diagnosis of CMV infection and
disease

In this section, we will discuss general diagnostic principles.

Further details on diagnosis of specific disease manifestations

are discussed in the relevant case presentations.

When CMV is detected in a clinical sample, it should then be

determined if the patient is experiencing CMV infection or CMV

disease. CMV infection is defined as the presence of CMV

replication in tissue, blood, or other bodily fluids regardless of

symptoms. CMV disease is the presence of CMV infection in

the setting of attributable symptoms (e.g., fever, hypoxia, or

diarrhea). CMV disease is generally divided into CMV

syndrome (a term used only in solid organ transplantation) or

CMV end-organ disease. CMV syndrome often manifests with

constitutional symptoms of fever and malaise as well as

laboratory findings of atypical lymphocytosis, leukopenia,
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neutropenia, thrombocytopenia and/or elevated hepatic

transaminases; this terminology is generally not used in HSCT

because of the common occurrence of the signs and symptoms

(e.g., leukopenia, thrombocytopenia) even in the absence of

active CMV replication. CMV end-organ disease presents with

symptoms in the affected organ, such as abdominal pain or

diarrhea in gastrointestinal disease or hypoxia, dyspnea, and

new pulmonary infiltrates in pneumonia (7, 14).

Nucleic acid amplification testing (NAT) is the preferred

method of diagnosis of CMV infection. This testing most

commonly uses PCR to detect viral DNA (or, less commonly,

RNA). Detection of RNA is a more specific marker for viral

replication (but it is a less sensitive target), while presence of

DNA does not necessarily reflect active viral replication (7,

53–55). There is currently no commercial assay available for

CMV RNA. When NAT testing is performed, quantitative

methods should be used. Quantitative methods allow

differentiation between detection of latent virus (e.g., low-level

DNA-emia) vs. active replication (such as with high or rising

viral load) and allow for monitoring of change in viral load

over time. The change in viral load is important to measure

treatment response, progression of viremia and risk of CMV

disease (7). Research has indicated that a higher initial viral

load as well as a higher logarithmic rate of rise in viral load

are both risk factors for development of CMV disease (56).

Histopathology is the gold standard for definitive diagnosis

of end-organ CMV disease (7, 57). Samples can be collected

from the source tissue of interest, such as the intestine or

lung. Hematoxylin and eosin preparations as well as

immunohistochemical stains are performed and the samples

are evaluated for CMV viral inclusions (58). The exception to

this is CMV retinitis, which is diagnosed primarily through

classic ophthalmologic examination findings, with PCR of

vitreous fluid used only at times to confirm the diagnosis,

particularly in atypical cases (9, 59, 60). It should be noted

that obtaining samples for confirmative histopathology review

may not always be feasible given the inherent invasive nature

of this testing. Often, HSCT patients have thrombocytopenia

that limits the performance of invasive procedures.

Other methods of testing, including pp65 antigen testing

(detection of CMV antigen on peripheral blood leukocytes) and

conventional or shell vial viral culture, have largely fallen out of

favor in the era of molecular assays. Viral culture, though highly

specific for diagnosis of CMV infection, has poor sensitivity and

takes longer to result (61, 62). CMV pp65 antigenemia on the

other hand is labor intensive and lacks standardization (7).
General management strategies

Management of CMV infection and disease in HSCT

patients requires a multidisciplinary approach involving the

infectious diseases specialist, stem cell transplant physician,
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pharmacist, and other providers. Immunosuppression should

be reduced as a first step, as rapidly as possible (7). In

allogeneic HSCT recipients, this may mean a rapid wean and

discontinuation of tacrolimus, sirolimus, mycophenolic acid or

other prophylactic drugs against GVHD. In cases of

asymptomatic, low-grade CMV viremia, this may be the only

intervention necessary to control infection.

However, in some HSCT patients, particularly those with

active GVHD, reduction of immune suppression may not

always be feasible. Antiviral therapy is often necessary for

management of CMV infection and disease in these patients.

First-line antiviral agents are intravenous (IV) ganciclovir and

oral (PO) valganciclovir. As noted previously, these agents are

myelosuppressive. IV ganciclovir is recommended for initial

management in those with severe disease, very high viral load,

and those with concerns regarding absorption. PO valganciclovir

is a reasonable option in mild-moderate disease when the

patient can reliably take oral medication. Valganciclovir is also

used as oral step-down therapy in patients with CMV disease

who have demonstrated good clinical and virologic response to

initial IV ganciclovir treatment (7, 36). Doses of ganciclovir and

valganciclovir are noted in Table 1.

Other antiviral medications include foscarnet and cidofovir.

Both medications are only available in IV form, and both are

nephrotoxic. In some centers, foscarnet is the preferred drug

for CMV treatment in the pre-engraftment period given

concerns of bone marrow toxicity with ganciclovir and

valganciclovir (Table 1). Additionally, both medications can

be used for treatment of refractory or resistant CMV infection

or disease (Figure 1) (7).

Maribavir is a CMV antiviral agent that was approved in

November 2021 for treatment of refractory and/or resistant

CMV infection and disease in adults and children aged 12

years or older and weighing at least 35 kg (28). As noted

previously, letermovir is approved for CMV prophylaxis,

though is not approved for treatment of CMV infection or

disease (Table 1) (27). There are case reports of letermovir

use as salvage therapy in refractory/resistant CMV infection,

however, there is concern for low threshold for resistance

following exposure to letermovir (65, 66).

CMV antiviral therapy should be continued until

symptomatic resolution and viral clearance, and all patients

should receive at least 2 weeks of therapy. Depending on the

sensitivity of the assay used, viral clearance may be defined as

undetectable viral load for 1–2 weeks (7). The role of

secondary antiviral prophylaxis is debated but may be

considered for HSCT patients with ongoing risk factors for

recurrence of CMV infection. If secondary antiviral prophylaxis

is not provided, HSCT patients should undergo weekly CMV

surveillance to monitor for recurrence or relapse (47).

A more recent investigational therapy is the utilization of

CMV-specific cytotoxic T lymphocytes (CTLs). CTLs are

produced by using CMV antigen peptides to induce CMV-
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FIGURE 1

Proposed treatment algorithm for refractory/resistant CMV infection or disease (7, 9, 63, 64). GCV, ganciclovir; FOS, foscarnet; MAR, maribavir; CDV,
cidofovir. **In the rare instance of UL54 mutation that predicts FOS-R alone (GCV-S) and without UL97 mutation, resume GCV.
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specific T-cells in donor blood (67). There are limited studies

on the use of CTLs for treatment of CMV infection in

children, though available data suggest this could be a safe

and effective therapy for treatment in pediatric HSCT

recipients (68, 69). Availability of this therapy is currently

limited to clinical trials.
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CMVIG is another available therapeutic option in addition

to an antiviral drug. CMVIG is a pooled plasma product

containing a high titer of anti-CMV antibody (70). CMVIG

has been investigated as salvage therapy in adults with CMV

infection post allogeneic HSCT (71, 72). While this therapy

has been well-tolerated, the benefit has not been proven.
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CMVIG has also been used as salvage therapy in pediatric

populations, though pediatric-centered research is lacking.

Additionally, intrathecal CMVIG has been suggested as a

potential adjunctive treatment for CMV encephalitis. With

few anecdotal cases in adults showing mixed results, this is

not regarded as a preferred strategy (73, 74).

Non-CMV-specific high-dose IVIG has historically been

used in management of CMV disease, particularly in

treatment of CMV pneumonia (75). However, recent research

has failed to clearly support the role of IVIG these patients

(75–77). Current pediatric HSCT guidelines recommend IVIG

therapy only in cases of hypogammaglobulinemia (78, 79).
Clinical case examples

Case presentation 1: CMV DNAemia pre-
transplant

A 6-month-old boy with Wiskott-Aldrich Syndrome was

admitted for conditioning in preparation for a matched

unrelated donor bone marrow transplant (MUD HSCT)

(CMV D−/R+). Pre-transplant antimicrobial prophylaxis

included daily trimethoprim-sulfamethoxazole, amoxicillin,

and monthly IVIG. Pre-transplant infectious diseases work-up

demonstrated positive CMV, Epstein-Barr (EBV) and herpes

simplex virus (HSV) IgG though interpretation of these

results was complicated by recent receipt of IVIG as well as

possible maternal antibodies. A CMV viral load was obtained

one day prior to transplant and was noted to be 5,000 IU/ml.

The patient had no evidence of CMV disease, including

retinitis. He received busulfan and cyclophosphamide for

conditioning and underwent BMT as planned. He

subsequently received GVHD prophylaxis with daily

tacrolimus 0.6 mg BID, a single dose of alemtuzumab 3 mg

and mini methotrexate 1.75 mg on days +1, +3, +6 and +11.

Due to CMV viremia, he was started on foscarnet 90 mg/kg/

dose IV q12 h on day +1 for treatment, in order to avoid bone

marrow toxicity associated with ganciclovir pre-engraftment.

On day +11, CMVIG was initiated in addition to antiviral

therapy. At the end of 2 weeks of therapy, the CMV viral

load demonstrated a nearly 1-log increase. Though resistance

testing through next-generation sequencing did not

demonstrate any drug resistance-conferring mutations, there

was concern for foscarnet resistance and the patient was

switched to induction dosing ganciclovir of 5 mg/kg IV q12 h

which was subsequently increased to 10 mg/kg IV q12 h due

to a further rising viral load. The viral load then

demonstrated a slow improvement and ganciclovir dosing was

decreased to 7.5 mg/kg q12 h and then back to 5 mg/kg q12 h.

On day +31, approximately 1 month into antiviral therapy

and shortly after the decrease in ganciclovir dosing to 5 mg/kg

q12, the patient started to require supplemental oxygen. A
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computed tomography (CT) scan of the chest revealed diffuse

ground-glass opacities in the setting of a rising viral load up

to 110,000 IU/ml (5.04 log). The patient was transitioned back

to foscarnet 60 mg/kg q8 h. A bronchoalveolar lavage (BAL)

was concerning for diffuse alveolar hemorrhage (DAH). The

CMV PCR on BAL fluid was positive, as would be expected

with DAH in a patient with significant viremia. Cytology

from the BAL fluid showed abnormal epithelial cells favored

to be of a reactive/degenerative etiology with rare degenerative

cells demonstrating staining suspicious for CMV. The patient

required oxygen therapy for several days during this

evaluation, though was quickly weaned to room air. It was felt

that DAH was the primary contributor to the patient’s

respiratory symptoms, though CMV likely played a role, as well.

During this time, the patient’s absolute lymphocyte count

(ALC) remained profoundly low at <0.1 × 109/L (normal 1.56–

7.83 × 109/L). This was potentially a combined consequence of

recent HSCT with myeloablative conditioning, alemtuzumab,

CMV infection, and the bone marrow suppressive effects of

intermittent ganciclovir. Due to persistent lymphopenia likely

contributing to the difficulty in controlling infection, CTL

therapy was considered. However, given the recent receipt of

alemtuzumab, a T-cell antibody, CTL therapy was initially

deferred. The patient underwent plasmapheresis to remove

alemtuzumab, with close monitoring of alemtuzumab levels.

Once the alemtuzumab level was <0.15 μg/ml, the patient was

referred to a nearby study center for CTL therapy and

received 2 doses, given 3 weeks apart. The CMV viral load

subsequently decreased and repeat resistance testing was again

negative. The ALC demonstrated improvement to 1.71 × 109/

L. With an improved viral load and lymphocyte recovery, the

patient was transitioned to valganciclovir 180 mg PO BID for

home-going therapy.

Case discussion
This case highlights the unique challenges of managing

CMV viremia before and during bone marrow transplant

while awaiting immune reconstitution. Patients with CMV

DNAemia at the time of transplant are among the highest

risk patients for CMV infection and disease (9). This patient’s

course was complicated by delayed lymphocyte recovery, likely

a result of the combination of his myeloablative conditioning

regimen, GVHD prophylaxis with alemtuzumab, CMV-

induced lymphopenia, and possible contribution of bone

marrow suppression secondary to intermittent therapy with

ganciclovir.

Also highlighted in this case is the patient’s diagnosis of

probable CMV pneumonia. He had bronchoscopy findings

concerning for DAH with cytology suspicious for CMV. DAH

is an uncommon complication of HSCT, typically occurring

in the early post-transplant period. Additionally, DAH in

HSCT patients is, by definition, non-infectious (80). However,

CMV viremia with cytology suspicious for CMV was
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concerning for possible contribution of CMV to the patient’s

respiratory symptomatology.

While not the clear sole cause of this patient’s symptoms,

CMV pneumonia is a significant concern in

immunocompromised patients. CMV pneumonia is one of the

most severe manifestations of CMV infection in HSCT

recipients and has a mortality rate of up to 50% even with

treatment (81, 82). This diagnosis is made by a combination

of new infiltrates on imaging and respiratory symptoms (e.g.,

tachypnea, dyspnea, hypoxia) in the setting of CMV detected

in lung tissue or BAL fluid. The diagnosis is considered

proven if CMV is documented in lung tissue by viral

isolation, culture, histopathology, immunohistochemistry, or

DNA hybridization techniques and probable if CMV is

detected in BAL fluid by viral isolation, culture, or PCR (7).
Case presentation 2: Resistant CMV

In continuation of case #1, the patient was noted to have a

rising CMV viral load once again after 4 months of antiviral

therapy [from 653 (2.81 log) to 3,310 IU/ml (3.52 log)]. He

also had chronic diarrhea, which raised concern for CMV

intestinal disease or gastrointestinal GVHD. A duodenal

biopsy was obtained and demonstrated sparse inflammatory

cells in the lamina propria with crypt apoptosis and negative

CMV immunostain. While crypt apoptosis can be associated

with GVHD, the patient was also noted to have Clostridioides

difficile infection, which can also cause these findings (83, 84).

The patient had no other symptoms suggestive of CMV

disease, including respiratory compromise. Given prolonged

exposure to ganciclovir, valganciclovir and foscarnet,

resistance testing was performed, and showed a L595W

mutation in the UL97 gene, predicting resistance to

ganciclovir. Notably, although the patient’s ALC had

improved to around 1.0 × 109/L, quantitative lymphocyte

subsets revealed primarily (70%) CD19 cells with a CD4

count of 12 cells/mcl, CD8 count of 2 cells/mcl and CD3

count of 28 cells/mcl. T-cell receptor excision circles (TREC)

analysis demonstrated pan-T-cell lymphopenia, consistent

with poor T-cell reconstitution following HSCT. It was felt

that lymphopenia was contributing significantly to the

patient’s ongoing CMV viremia. For therapy optimization, the

patient was transitioned to foscarnet 60 mg/kg q8 h and

received a third dose of CMV-specific CTLs.

After 2 months on foscarnet (and approx. 6 months post-

transplant), the patient continued to have detectable viral

load, rising again to a height of 7,900 IU/ml. He was re-

admitted due to hematemesis. Ophthalmologic exam showed

CMV retinitis with small intraretinal hemorrhages and small

subretinal lesions amenable to monitoring. Repeat resistance

testing revealed a A834P mutation of UL54 (with no UL97

mutation), predicting resistance to ganciclovir, foscarnet and
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cidofovir. His ALC had improved to 2.01 × 109/L, though still

with predominance (59%) of CD19 cells, and improved but

persistently low CD4 count of 141 cells/mcl, CD8 count of

157 cells/mcl and CD3 count of 377 cells/mcl. Ganciclovir was

restarted, in addition to foscarnet.

After approximately 1 week on dual antiviral therapy, the

patient developed respiratory distress with hypoxia and

increased work of breathing. A CT chest revealed bilateral

opacities. The CMV viral load was 1,100 IU/ml. Due to

concern for CMV pneumonia in the setting of multi-drug

resistant CMV, ganciclovir was discontinued, and the patient

was started on maribavir 400 mg/dose BID. CMVIG was

continued weekly. Within 24 h of transition to maribavir,

however, the patient developed worsening respiratory distress

and required transfer to the pediatric intensive care unit.

Bronchoscopy with BAL demonstrated normal lower airways.

The BAL fluid analysis showed a total nucleated cell count of

1.8 and predominance of alveolar macrophages. Infectious

diseases work-up on the BAL fluid showed negative bacterial,

fungal and mycobacterial cultures, as well as negative

aspergillus antigen and negative PCRs for Pneumocystis

jirovecii, adenovirus, CMV, influenza and respiratory syncytial

virus. An esophagogastroduodenoscopy showed esophageal

ulcers; biopsy of the esophagus revealed reactive squamous

esophageal mucosa with rare inflammatory infiltrate, no

apoptotic bodies, no definitive GVHD, negative periodic acid-

Schiff (PAS) stain and negative CMV immunostain.

CMV viral load remained elevated at 1,620 IU/ml 3 days after

initiation of dual therapy with maribavir and foscarnet. The

patient received a fourth dose of CTLs. The ophthalmologic

exam remained stable. The patient unfortunately progressed to

severe acute respiratory distress syndrome (ARDS) with

refractory hypoxia, necessitating transition to extracorporeal

membrane oxygenation (ECMO). Suspicion rose for an

alternative etiology of ARDS, including DAH, idiopathic

pneumonia syndrome (IPS) or cryptogenic organizing

pneumonia. The patient was started on methylprednisolone.

After approximately 2 weeks on maribavir, the CMV viral load

showed improvement, decreasing to 550 IU/ml. However, given

the patient’s critical status, he was also started on letermovir

240 mg IV BID, leflunomide 5 mg PO q24 h and artesunate

3 mg/kg IV q24 h for additional CMV-active antiviral therapy.

A lung biopsy revealed acute lung injury with predominant

features of organizing diffuse alveolar damage and a

component of necrotizing bronchiolitis. Immunohistochemical

stains were initially negative for CMV, varicella zoster virus

(VZV), adenovirus and HSV 1 and 2. With initial negative

infectious work-up of lung biopsy, artesunate, leflunomide and

letermovir were discontinued and the patient was started on

etanercept and tocilizumab for management of a post-HSCT

inflammatory disorder. Later re-evaluation of the lung biopsy

showed rare CMV positive cells of unclear significance in the

setting of ongoing CMV viremia.
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The CMV viral load continued to improve on combination

therapy with maribavir and foscarnet (to 94 IU/ml).

Unfortunately, the patient continued to have complications of

ARDS, prompting redirection of cares to comfort measures

and the patient passed away.

Case discussion
Refractory or resistant CMV infection or disease occurs in

cases where the CMV viral load continues to rise and/or

symptoms of CMV disease fail to improve despite appropriate

antiviral therapy for 2 weeks or more (7).

Refractory CMV infection is defined as a CMV viral load

increasing by 1 log or more, or fails to decline by 1 log, after

2 weeks of appropriately dosed antiviral therapy. Probable

refractory infection is considered if the viral load increases by

<1 log after at least 2 weeks of appropriately dosed antiviral

therapy. Refractory CMV disease occurs when symptoms are

persistent despite at least 2 weeks of appropriate treatment. In

cases of refractory infection, one must reassess status of

immune suppression, confirm appropriate antiviral drug

dosing and consider genotypic resistance testing. If resistance

is present, drug therapy should be tailored to susceptible

medications (Figure 1). Individual mutations can confer low-

or high-level resistance, and multiple mutations can be

additive, leading to high-levels of resistance (85).

As reported previously, maribavir is approved for treatment

of refractory/resistant CMV infection or disease in patients 12

years of age and older. There is no dosing information

available for children under 12 years of age. As this patient

had multi-drug resistant CMV with few remaining therapy

options and was clinically worsening on dual therapy with

ganciclovir and foscarnet, we proceeded with full-dose therapy

with maribavir in combination with continued foscarnet. This

therapy did appear to have some effect, with decreasing viral

load within 2 weeks of starting maribavir.

In this case, the patient also briefly received letermovir in

the setting of ARDS and concern for CMV pneumonia. As

noted previously, letermovir is not FDA approved for CMV

prophylaxis or treatment in children, though is used off-label

at some pediatric centers for prophylaxis and in select cases

reported as salvage therapy (39–42, 86–88). With the lack of

treatment options in resistant CMV infection, the favorable

side effect profile of letermovir (including less bone marrow

toxicity) and lack of cross-resistance with other antivirals (due

to different therapeutic target sites), interest in the use of

letermovir as salvage therapy has grown. As noted above,

while some studies have shown a potential benefit with

letermovir monotherapy or combination antiviral therapy in

refractory or resistant CMV infection, resistance can develop

quickly (66, 86).

Antiviral therapy is the mainstay of therapy for CMV

infection and disease post-HSCT, though several adjunctive

therapies are available. Adjunctive treatments are largely of
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questionable benefit, particularly in pediatrics. This patient

received adjunctive treatment with leflunomide, artesunate and

CMVIG. Leflunomide is an immunosuppressive drug typically

used to treat autoimmune conditions or solid-organ transplant

rejection (89). Leflunomide has also been found to have novel

anti-CMV activity (either by inhibition of pyrimidine synthesis

or inhibition of tyrosine kinase activity) and potential use in

treatment of refractory/resistant CMV infection and disease

(89–91). Artesunate, an anti-malarial medication, is thought to

have antiviral activity via inhibition of CMV replication by

interference with host cell kinase signaling systems (92). Studies

on use of artesunate in resistant CMV infections have shown

mixed results, with most success noted in mild CMV infection

without organ involvement, though failure to prevent

development of disease in some patients (93–95). The benefit

of CMVIG as salvage or adjunctive therapy is also

questionable, though is generally well tolerated.
Case presentation 3: CMV pre-
engraftment

A 3-year-old girl with acute lymphoblastic leukemia (ALL)

and stage 4 neuroblastoma was admitted for allogeneic HSCT

from a MUD (CMV D+/R+, EBV D−/R−). She received

myeloablative conditioning with total body irradiation,

cyclophosphamide 60 mg/kg, and etoposide 1,500 mg/m2.

Within 1 week following HSCT, she developed CMV

reactivation with low-level viremia (<100 IU/ml). Viremia was

initially monitored without treatment, though with rapid

rise of nearly one-log within 4 days (up to 424 IU/ml), she

was started on foscarnet 60 mg/kg/dose q12 h. Foscarnet was

continued for nearly 2 weeks, though the patient

was transitioned to ganciclovir 5 mg/kg q12 h when the viral

load continued to rise, due to concerns for resistance. She was

noted to have diarrhea and rising ALT, concerning for CMV

enteritis. An endoscopy was performed, and pathology

demonstrated a single inclusion of a normal-sized nucleus

with no CMV-type cytomegalic changes; this finding was felt

to be of questionable clinical significance. In the setting of

concern for probable CMV gastrointestinal disease, she was

started on adjunctive CMVIG once weekly. The patient

continued to have fevers, diarrhea, and elevated liver enzymes,

prompting extensive work-up including unrevealing CT chest/

abdomen and stool testing positive for C. difficile. The patient

was started on PO vancomycin for C. difficile. Additional

evaluation revealed adenovirus viremia (45,720 copies/ml of

plasma) providing an alternate explanation for colitis and

hepatitis. Cidofovir 5 mg/kg weekly was subsequently added

(in addition to ganciclovir) to the antiviral regimen to provide

treatment for adenovirus.

The patient responded to ganciclovir and was transitioned to

valganciclovir. However, after a little over a month of ganciclovir/
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valganciclovir therapy, the CMV viral load rose substantially (up

to 19,500 IU/ml). Throughout her treatment course, the patient

had continued to have profound lymphopenia (<0.2 × 109/L),

which likely hindered her ability to mount an appropriate

response to concurrent viral infections. Therefore, she was

transferred to a study center for treatment with CMV- and

adenovirus-specific CTLs. Letermovir 240 mg daily was also

added for salvage therapy for approximately 1 week, later

discontinued due to lack of evidence of benefit and to preserve

letermovir for future prophylactic use.

CMV resistance testing was performed and demonstrated

resistance to ganciclovir and cidofovir via A594V and T503I

mutations, respectively. Ganciclovir was stopped and foscarnet

60 mg/kg q8 h was restarted. Cidofovir was continued for

management of adenovirus viremia.

The patient underwent ophthalmologic exam shortly after

diagnosis of CMV viremia that demonstrated no evidence of

retinitis. However, approximately 1 month later, she was noted

to have findings concerning for bilateral CMV retinitis,

including white fibrotic lesions and white-centered intraretinal

hemorrhages as well as a possible juxtafoveal lesion that was

felt to be potentially vision-threatening. Despite this, the patient

did not have any vision changes. A CMV PCR from the

intravitreal fluid was negative. With concern for threatened

vision and findings consistent with CMV retinitis, intravitreal

foscarnet dose of 2,400 mcg was administered once at the time

of intravitreal aspiration. Eye examinations were continued

once weekly and demonstrated steady improvement. It was

ultimately determined that ophthalmologic exam abnormalities

might have been secondary to CMV retinitis or changes

secondary to blood dyscrasia.

In the setting of ongoing lymphopenia and concern for graft

failure, the patient ultimately received a second CTL infusion.

She also received a peripheral blood stem cell boost with

4.86 × 106 CD34 cells/kg from her original HSCT donor.

Foscarnet was discontinued when the CMV quantitative PCR

was undetected twice, measured 1 week apart, and she was

transitioned to letermovir 240 mg PO daily for secondary

CMV prophylaxis.

Case discussion
This case illustrates several principles in management of

CMV infection and disease, including the diagnosis of CMV

gastrointestinal (GI) disease, CMV retinitis monitoring and

treatment, and adjunctive therapies.

Though not ultimately found to be the cause of this patient’s

diarrhea and transaminitis, CMV gastrointestinal disease is a

well-known manifestation of CMV disease (81). CMV can

affect the entire gastrointestinal tract (e.g., esophagitis, colitis).

Clinical manifestations include abdominal pain, nausea,

vomiting, diarrhea, GI bleeding and fever (96). Diagnosis is

made based on the presence of upper and/or lower GI

symptoms and CMV documented in tissue by histopathology,
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virus isolation, culture, immunohistochemistry, or DNA

hybridization. Probable diagnosis is considered if the above

are present, with proven or definite disease defined as

presence of the above plus macroscopic mucosal lesions (7). It

is important to note that CMV GI disease can present

similarly to or occur concurrently with other conditions that

can cause diarrhea, including intestinal GVHD, parenteral

tube feedings, or other viral infections such as adenovirus.

Therefore, one must have a high level of suspicion and pursue

endoscopic evaluation with biopsies in patients with recent

HSCT (especially within the first 100 days post-transplant)

and abdominal symptoms.

Our patient was also evaluated for CMV retinitis, a potentially

vision-threatening involvement of the eye. Early stage CMV

retinitis is often asymptomatic, particularly in young children

who may be unable to report or describe their symptoms (97).

Even in the absence of symptoms, all HSCT patients with CMV

viremia who are unable to clearly articulate visual symptoms

should undergo thorough evaluation by an experienced

ophthalmologist; this may require sedation in some children.

Diagnosis of CMV retinitis is based on ophthalmologic

examination alone in the majority of cases, with positive

intravitreal CMV PCR considered as supportive of the

diagnosis, especially in the presence of atypical ophthalmologic

exam findings (7). Ophthalmologic findings consistent with

CMV retinitis include areas of white/pale necrotic retina and

focal areas of hemorrhage spreading centrifugally along vascular

arcades (98). Treatment includes systemic antiviral therapy and/

or intravitreal injections of antivirals (99–101).

As noted in case 2, adjunctive therapies including

letermovir and CMVIG are of questionable benefit,

particularly in the pediatric population.
Case presentation 4: CMV during
treatment for GVHD

A 12-year-old boy with chronic myeloid leukemia (CML)

was admitted for allogeneic HSCT from a matched sibling

donor (CMV D−/R+, EBV D+/R+). He received conditioning

with busulfan, cyclophosphamide. He received daily

tacrolimus and methotrexate on days +1, +3, +6 and +11 for

GVHD prophylaxis. He tolerated HSCT well and engrafted on

day +21. Due to his high-risk CMV status, he received

letermovir 480 mg PO daily until day +100 with undetected

weekly CMV blood PCR.

Approximately 3 months post-engraftment, the patient

presented to the transplant clinic with a generalized rash,

conjunctivitis, photophobia, and mouth sores. A skin biopsy

was obtained which showed interface vacuolar dermatitis,

focal subepidermal blisters and mixed dermal inflammation

with few eosinophils, consistent with grade III GVHD. CMV

stain of the skin biopsy was negative. He was treated with
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light therapy as well as prednisone 30 mg PO BID with

improvement and subsequent slow steroid wean.

Five months post-engraftment, the patient was readmitted

with chronic cough, progressively increasing shortness of

breath and exercise intolerance. He was found to have low

oxygen saturations in the mid-80s on room-air. A CT chest

demonstrated multifocal ground-glass opacities bilaterally,

predominantly in a peribronchial vascular distribution,

scattered subpleural ground-glass opacities and mild cystic

bronchiectasis. A bronchoscopy with BAL showed thick

cloudy secretions in multiple segments with no mucosal

edema and negative infectious evaluation, including negative

bacterial, fungal, and mycobacterial cultures, negative P.

jirovecii PCR and negative CMV PCR. With negative

infectious work-up, the patient was diagnosed with

pulmonary GVHD and started on 5 mg ruxolitinib PO daily.

Due to the risk of reactivation of CMV and EBV on

ruxolitinib, CMV and EBV quantitative PCRs were monitored

once weekly. Approximately 3 weeks after starting ruxolitinib,

the patient developed CMV viremia up to 5,000 IU/ml. He

was started on ganciclovir 5 mg/kg/dose q12 h with a rapid

decline in CMV viral load. After 4 weeks of induction therapy

with ganciclovir, the patient had 2 consecutive undetected

CMV PCRs and he was transitioned to ganciclovir 5 mg/kg/

dose q24 h followed by valganciclovir for maintenance while

receiving treatment for GVHD.

Case discussion
This case demonstrates the importance of CMV monitoring,

prophylaxis, and treatment during treatment for GVHD.

Immune suppression given for treatment of GVHD increases

the risk of several infections, including reactivation of

herpesviruses, other viral illnesses, fungal infections and

bacterial infections (5). Some GVHD management strategies

may increase risk of CMV reactivation compared to others.

Specifically, post-transplant cyclophosphamide has been

associated with increased incidence of CMV infection in both

haploidentical and matched HSCT (102, 103).

During treatment for GVHD, patients should have serial

monitoring for reactivation of herpesviruses, including both

CMV and EBV. Antiviral induction therapy should be

initiated with detection of CMV viremia and continued until

CMV viremia has resolved. Following resolution of viremia,

regular CMV monitoring with pre-emptive antiviral therapy

vs. secondary prophylaxis should be continued until the

patient has completed therapy for GVHD and risk factors for

CMV reactivation are no longer present (104).
Case presentation 5: Late-phase CMV

A 16-year-old boy with refractory acute myelogenous

leukemia (AML) underwent a haploidentical allogeneic HSCT
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(CMV D+/R+, EBV D+/R+). He had previously received two

cycles of FLAG-IDA chemotherapy. He received conditioning

with fludarabine 25 mg/m2 for 3 days and total body

irradiation 150 cGy BID for 4 days. Though he initially

appropriately engrafted, he subsequently developed

lymphopenia as low as 0.44 × 109/L (normal 1.0–3.2 × 109/L).

His post-transplant course was complicated by peripheral

demyelinating and axonal sensorimotor neuropathy (requiring

plasma exchange and rituximab), aspiration pneumonia,

ventilator-associated pneumonia, central line-associated

bloodstream infection, and pulmonary aspergillosis. He

continued to receive prophylactic antivirals, letermovir and

acyclovir, which were begun in the immediate peri-transplant

period, until he demonstrated appropriate lymphocyte recovery.

At that time, immune competence studies were performed

to determine if ongoing antiviral prophylaxis was required.

These studies were relatively reassuring with a CMV immune

competence assay consistent with effective immunologic

response, normal lymphocyte proliferation to mitogens and

moderately decreased lymphocyte proliferation to antigens.

With this reassuring evaluation, consistent improvement of

ALC to >1.0 × 109/L and normal CD4 count at 600 cells/mcl

(normal 497–2,267 cells/mcl), both antivirals were stopped

approximately 6 months after engraftment. CMV PCRs were

monitored once weekly for 4 weeks after stopping letermovir.

One month after stopping CMV prophylaxis, the patient was

noted to have a CMV viral load of 454 IU/ml, which

increased to 826 IU/ml 2 days later with concurrent ALC of

2.0 × 109/L. He remained an outpatient and clinically stable.

Valganciclovir was started with rapid improvement in viral

load to 43 IU/ml.

Given the history of long-term antiviral therapy, resistance

testing was sent and revealed a L501F mutation in UL54,

conferring predicted resistance to ganciclovir and cidofovir.

However, given his rapid response to valganciclovir, this

therapy was continued. The patient completed a total of 4

weeks of therapy with valganciclovir, having two undetected

quantitative CMV PCRs documented prior to completing

therapy. The patient returned to his home country during

this time and recommendations were provided to administer

secondary CMV antiviral prophylaxis and repeat

immunologic testing.

Case discussion
This case demonstrates the ongoing risk of CMV

reactivation in the late-phase (>100 days) following HSCT.

Risk factors for late-phase reactivation include allogeneic

HSCT (most notably MUD or T-cell depleted HSCT), chronic

GVHD, steroid use, low lymphocyte counts (particularly low

CD4), and delay in development of high-avidity anti-CMV

antibody (105).

CMV immune competence assays, which quantitatively and

qualitatively measure T-cells against CMV antigens, are used as
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a means of evaluating immune reconstitution following HSCT

or solid-organ transplant. Research indicates that recovery of

CMV-specific CD4+ and CD8+ T-cells is important in

controlling CMV disease after HSCT (106).

This patient experienced CMV reactivation following T-cell

reconstitution and demonstration of CD8 immune competence.

It should be noted that this patient did not develop CMV

disease and, despite predicted resistance to ganciclovir, this

patient responded to a rather short course of therapy with

valganciclovir. Both findings are likely secondary to immune

reconstitution, improving the patient’s ability to manage CMV

reactivation without multiple or prolonged interventions.
Discussion

Pediatric patients receiving HSCTs are at high risk of

infectious complications from bacterial, fungal, parasitic, and

viral pathogens. Among viruses, CMV is an important cause

of illness in these patients, including life or vision-threatening

disease. CMV must be considered at pre-transplant

evaluations, at the time of transplant and in the early and

late-phases post-transplant.

Prior to transplant, providers should ascertain donor and

recipient CMV serostatus and consider the planned

conditioning regimen and HSCT source to determine the

ultimate risk of CMV infection and disease in each individual

patient. CMV prophylaxis should be administered in patients

at high risk for CMV infection and disease, or pre-emptive

monitoring enacted to ensure early identification of viremia.

As illustrated by the cases in this review, treatment of CMV

infection can be complicated, particularly in HSCT patients,

in whom T-cell recovery may be delayed, and considering the

high incidence of myelosuppression with antiviral agents.

Adjunctive therapies are available, though often have limited

data support, particularly in the pediatric population.

Preventing and managing CMV in pediatric HSCT patients

is a team effort with experts in stem cell transplant, infectious

diseases, and pharmacy involvement. This review serves as a

reference to manage these patients, including some of the
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most complex and difficult scenarios as illustrated by the

cases presented in this report.
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Introduction: Children with cancer have a higher risk of adverse outcomes

during critical illness than general pediatric populations. In Low- and middle-

income countries, lack of resources can further negatively impact outcomes in

critically ill children with cancer.

Methods: In this study, we describe the outcomes of a large cohort of children

with cancer including mortality and resource utilization. We performed a

retrospective review of all patients admitted to our PICU between December

12th, 2013 and December 31st, 2019. Outcomes were defined as recovery or

death and resource utilization was described via use of critical care

interventions, Length of stay as well as PICU- and Mechanical Ventilation-

free days.

Results: Overall mortality was 6.9% while mortality in the unplanned

admissions was 9.1%. This remained lower than expected mortality based on

PIM2 scoring. Type of PICU admission, Neurological Deterioration as a cause of

PICU admission, and PIM2 were significant as risk factors in univariate analysis,

but only PIM2 remained significant in the multivariate analysis.
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Discussion:Our Study shows that high survival rates are achievable for children

with cancer with critical illness in resource-limited settings with provision of

high-quality critical care. Organizational and clinical practice facilitating quality

improvement and early identification and management of critical illness may

attenuate the impact of known risk factors for mortality in this population.
KEYWORDS

pediatric intensive care unit (PICU), onco-critical care, pediatric cancer, low- and
middle-income countries (LMIC), outcomes, resource utilization
Introduction

An estimated 400,000 children and adolescents are diagnosed

with cancer every yearworldwide (1). The burden of pediatric cancer

is very high,with an estimated 11.1million years-of-life-lost (YLL) in

2017, and this burden is disproportionately shifted towards low- and

middle-income countries (LMICs) where unfortunately 90% of the

cases occur (2). Up to 40%of these children experience critical illness

and will require care in a pediatric intensive care unit (PICU) during

the course of their cancer treatment (3, 4).

While the true burden of acute critical illness is unknown,

previous point prevalence studies focusing on specific diseases

suggest that at least 80% of the 64 million annual deaths in children

takeplace inLMICs,where lackof resourcescannegatively impact the

outcomes for acute critical illness (5, 6) andoncological disease (7). In

High-income countries (HICs), children with cancer have a higher

risk for adverse outcomes than general pediatric patients during

critical illness, withmortality ranging from 6.8-27% (4), representing

mortality almost three times higher than that of previously healthy

children with critical illness (8). Furthermore, a recent meta-analysis

found a 27.8% mortality rate for this population in HIC, with little

change over the past 20 years (9).

Although there is limited data on outcomes of critical illness for

children with cancer in LMICs, available studies report higher

mortality (17-50%) for selected cohorts (10–12). For instance, a

recent multi-site analysis describing characteristics of deterioration

events in hospitalized children with cancer in Latin America found a

mortality of 27% (13). However, more data is needed to better

understand the outcomes of critical illness and prognostic factors

for these patients in LMICs. Moreover, critical care resource

utilization in this population has not been previously described in

resource-limited settings, which is particularly relevant to adequately

and effectively allocate available but limited resources in LMICs.

In this study, we describe the outcomes of a large cohort of

children with cancer admitted to the PICU of a single specialized

pediatric cancer center in Mexico and identified potential risk

factors associated with adverse outcomes. We also aim to

provide a description of resource utilization in this setting.
02
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Material and methods

Setting

Hospital Infantil Teleton de Oncologia (HITO) is a dedicated

pediatric cancer hospital located in central Mexico. It is the only

dedicated pediatric cancer center in the country caring for children

aged 0 to 18 years old (at the time of diagnosis) and is a national

referral center. HITO is a comprehensive facility with a mixed private

and public funding management scheme. It includes a 27-bed

inpatient ward, a 4-bed dedicated PICU and a 4-bed

Hematopoietic Stem Cell transplant (HSCT) unit, as well as a

patient housing facility located at walking distance from the hospital.
Data collection

We conducted a retrospective review of all patients admitted to

our PICU between December 12th, 2013 and December 31st, 2019.

Patients older than 18 years of age and those without a diagnosis of

malignancywere excluded. In addition, patients transferred out of our

PICU to another institution before resolution of their acute illness

were excluded since critical illness outcomes could not be adequately

followed. This study was approved by the Institutional Review Boards

at HITO and St. Jude Children’s Research Hospital (SJCRH).

Patients were identified using the electronic PICU

admissions and discharge log and clinical information was

extracted from a retrospective review of electronic medical

records using a case report form. Each patient was assigned a

personal study ID number and likewise each admission event

was assigned an admission ID number. The de-identified data

was saved in MS Excel and used for data analysis.
Definitions

Outcomes were defined as recovery or death (including death in

thePICUorwithin48hrs. ofPICUdischarge). Patient characteristics
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included gender, age, type of malignancy, type of oncological

treatment received prior to PICU admission, tumor activity

(relapsed or refractory disease – defined as new or persistent

tumoral activity after oncological treatment vs. all others), use of

steroids prior to PICU admission (yes/no), mucosal barrier injury

(defined by the Center of Diseases Control in the United States of

America) (14), type of PICU admission (planned - defined as an

elective admission that could potentially be delayed or cancelled

without increasing the immediate risk of patient death or injury, e.g.,

scheduled surgical admissions, vs. unplanned – medical or other

emergencieswhere the admission cannot be delayed),main cause for

PICUadmission, Pediatric index ofmortality 2 (PIM2) score (15) on

admission, use of mechanical ventilation (yes/no), use of renal

replacement therapies (RRT), PICU length of stay, duration of

mechanical ventilation, PICU free days within the first 30 days and

mechanical ventilation free days within the first 30 days (defined as

days where the patient was alive and free of the intervention during

the first 30 days following the onset of their critical illness).
Statistical analysis

Descriptive statistics were used to summarize characteristics,

outcomes, and resource utilization for all PICU admissions

identified. Chi-square test, Fisher Exact test, t-test or ANOVA were

used to identify univariate risk factors for ICU mortality, as

appropriate. Multivariable analysis of risk factors for mortality used

a generalized estimating equation (GEE) model, controlling for

multiple sampling (multiple ICUadmissions for individual patients).
Results

A total of 469 PICU admissions in 238 individual patients were

identified during the 6 years of the study period. Of these, 1 was

excluded because of age >18 years and an additional 8 were excluded

because they did not have a cancer diagnosis. An additional patient

was eliminated because he was transferred per guardians’ request to a

different facility from our PICU before resolution of critical Illness,

and no follow up data was available. This resulted in a final sample

size of 459 admissions among 228 patients (mean 2.1 admissions/

patient) used for analysis.
Admission characteristics

Patient characteristics are summarized in Table 1. The most

frequent causes of PICU admission were: Post-surgical admission

(167, 36.4%), Sepsis (121, 26.4%), Respiratory distress (88, 19.2%),

and Neurological deterioration (69, 15%). Other less common causes

for PICU admission include Oncologic emergencies (24, 5.2%), Non-

septic cardiovascular dysfunction (19, 4.1%), Coagulopathy,

hemorrhage and/or anemia (14, 3.1%) and primary toxicity from
Frontiers in Oncology 03
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drugs including chemotherapy (12, 2.6%). Some patients presented

multiple causes for the same PICU Admission. Unplanned

admissions represented 66.7% of all admissions (n=306).
Outcomes and risk factors for mortality

Thirty-two patients died during their PICU stay or within

the first 48 hours after discharge, for a mortality of 6.9%. This

was higher for unplanned admissions (28/306, 9.1%.) than for

planned admissions (4/153, 2.3%, p=0.0104). Of the 32 deaths, 1

(3%) patient death occurred within 24 hours, 6 (18.7%) within

the first 48 hours and 9 (29.1%) within the first 72 hours of PICU

admission. Most PICU deaths occurred before 21 days of

admission, accounting for 28 of the 32 deaths (87.5%).

The observed mortality was similar to the expected mean

mortality for all admissions as predicted by the PIM2 (6.9% vs

7.2% respectively) and for the unplanned admissions group (9.1%

vs 9.7%). When analyzing mortality by quartiles for ‘all admissions’

and ‘unplanned admissions only’, the observedmortality was higher

in the lower risk groups (Q1 and Q2), similar in the Q3, and lower

in the sickest patients (Q4) (Supplementary Table 1).

In the univariate analysis, type of PICU admission, Neurological

Deterioration as a cause of PICU admission, and PIM2 were the only

risk factors at admission associated to mortality (Table 2). Notably, of

the 202 PICU admissions requiring mechanical ventilation, 14.9%

(30/202) resulted in mortality, and for the 20 admissions requiring

RRT, 55% (11/20) resulted mortality. In our multivariate analysis,

only PIM2was an independent risk factor for mortality (See Table 3);

when this was removed from the model, no other factors reached

significance, though Neurological deterioration as an admission

diagnosis had a trend towards higher mortality (See Table 4). This

was similar in our analysis focused only on unplanned admissions

(Supplementary Table 2).
Resource utilization

Overall, 202 admissions (44%) required mechanical ventilation

and of these 132 were unplanned admissions (n= 306, 43%). Mean

and median duration of mechanical ventilation was 9.35 and 5 days

respectively (range of 1-79 days). Twenty patients (4.4%) required

renal replacement therapy alone or in combination with other

extracorporeal depuration techniques (3 of these patients received

plasmapheresis and RRT simultaneously), and 5 patients (1.1%)

received other extracorporeal depuration therapies without RRT (4

patients receivedplasmapheresis and1 leukapheresis).Themeanand

medianPICULength of staywere 9.04 and 5days respectively (range

1-89 days).
Neither duration of mechanical ventilation (among those who

received it) or length of stay (among all patients) were significantly

different among survivors and non-survivors (p=0.96 and 0.60,

respectively; See Supplementary Table 3). When analyzing all

admissions, hematological malignancies were associated with both
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an increased PIM2 score and less mechanical ventilation-free and

PICU-free days (Supplementary Table 4). However, when focusing

only on unplanned admissions, hematological malignancies were

only associated with higher disease severity (PIM2 score) and not

with increased resource utilization (mechanical ventilation-free or

PICU-free days.) (Supplementary Table 5).

Seventy-six (16.5%) patients had a prolonged PICU length of

stay (defined as LOS > 14 days) with 27 patients having a PICU LOS

greater than 30 days (5.8%). Of note, survival for these admissions

was 89.5% (68/76 patients) for the group with LOS > 14 days and

92.6% (25/27 patients) for the group with LOS > 30 days (Figure 1).

Out of 202 admissions, 40 patients (19.8%) who required

mechanical ventilation (MV) needed prolonged mechanical

ventilatory support (longer than 14 days), and 13 (6.4%)
Frontiers in Oncology 04
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required mechanical ventilation for more than 30 days.

Survival for the > 14 days MV group was 82% (33/40) and

92% (12/13) for the more than 30 days MV group.

Discussion

Our study of PICU admissions at a dedicated pediatric oncology

hospital in Mexico over a period of 6 years found a lower mortality

rate (9.1%) for unplanned admissions than previously described in

LMIC (between 27% and 77% (13, 16, 17). Despite being a resource-

limited hospital in an upper-middle income country, this is

comparable to reported mortality rates in HIC between 6.8% to

17.5% (4, 18). These findings highlight the fact that it is possible to

attain high survival rates for critically ill children with cancer in

resource-limited settings.

The main causes for PICU admission in this cohort were

consistent with published literature, including planned post-surgical

admissions and unplanned admissions for neurological deterioration,

respiratory distress, and sepsis (3, 19). In our study, the only

characteristics at admission identified as significant risk factors

were severity of illness (PIM2) score and unplanned admission,

similar to prior studies (9, 13). The distinction between planned

and unplanned PICU admissions is important, since planned/post-

surgical admissions make up the majority of oncology PICU

admissions and have a significantly lower risk of mortality. Thus,

further studies seeking to improve outcomes for critically ill children

with cancer should focus on unplanned or emergency admissions

and hospitalized patients with deterioration events, which represent

the majority of adverse outcomes and mortality.

In previous studies, the need formechanical ventilation (20) and

renal replacement therapy (4, 9, 21) during the PICU stay have been

associated with poor survival. This finding was confirmed in our

studypopulation,where outcomes for children requiringmechanical

ventilation and RRT were similar to those reported on HIC, (MV

mortality rate of 14.8% in our population vs 15-40% in reported

literature (4, 9) and a mortality of 55% for those requiring RRT vs

54.5% in published literature (22).

Most deaths in this cohort occurred before 21 days of PICU

stay, with longer PICU admissions having relatively high survival

rates. These prolonged-stay admissions included patients with

central nervous tumors or hematological malignancies and

multiple PICU reasons for PICU admission including a

combination of sepsis, respiratory distress, coagulopathy and/or

neurological deterioration. Patients in this subgroup required

prolonged stays for rehabilitation and weaning or subsequent

myelotoxic chemotherapy after resolution of the primary event

with potential for additional toxicity-related complications.

Encouragingly, the survival rates for these long-stay patients are

similar in our study to those described in the literature for all

unplanned PICU admissions (4, 9) and higher than that described

for prolonged-stay in general PICU admissions(95.2% vs 80%) (23).

This exemplifies the fact that despite risk factors, many children

with cancer who experience critical illness can recover with
TABLE 1 Summary of Patient Characteristics.

Total

(N=459)

Age (years)

Mean (sd) 7.62 (5.24)

Median (Min, Q1, Q3, Max) 7 (0.04, 3.00, 12.00, 18.00)

Gender, n(%)

Female 203 (44.2)

Male 256 (55.8)

Type of PICU admission (Planned vs Unplanned, n(%)

Elective (planned) 153 (33.3)

Non-Elective (unplanned) 306 (66.7)

PICU Diagnosis on admission, n=521(%)

Neurological Deterioration 69 (15.0)

Other 76 (16.6)

Respiratory distress 88 (19.2)

Sepsis 121 (26.4)

Major Surgery Post-operative admission 167 (36.4)

Oncological disease group, n(%)

Central Nervous System Tumor 112 (24.4)

Hematological Malignancy 204 (44.4)

Solid tumor (outside CNS) 143 (31.2)

Outcome, n(%)

Death 32 (7.0)

Survival 427 (93.0)

PIM2 (%)

Mean (SD) 7.24 (13.15)

Median (Min, Q1, Q3, Max) 2.6 (0.05, 1.10, 7.90, 94.10)

Total ICU stay (days)

Mean (SD) 9.04 (11.35)

Median 5

Min, Q1, Q3, Max 1.00, 3.00, 9.00, 89.00

Mechanical Ventilation (Yes or No), n(%)

No 257 (56.0)

Yes 202 (44.0)

Total days with mechanical ventilation (Among Yes)

Mean (SD) 9.35 (11.12)

Median (Min, Q1, Q3, Max) 5 (1.00, 2.00, 12.00, 79.00)
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adequate supportive care. This finding is an important divergence

from the common belief that many of these patients will not survive

critical illness in resource-limited settings, leading to inadequate

resource and ultimately poor outcomes (8).

Our center’s relatively low mortality in critically ill children with

cancer compared to other resource-limited settings is likely due to a

combination of factors and practices that may improve outcomes in

these patients. As a dedicated pediatric cancer center, we have

systematically implemented a number of quality practices intended

to improve care for this patient population, including: a) training and
Frontiers in Oncology 05
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education of the clinical staff managing critical illness in the child with

cancer b) early identification of deterioration events facilitated by a

Pediatric Early Warning System (PEWS) (12) validated in oncology

patients (12, 24), c) timely PICU transfer of deteriorating patients due

to a proactive critical care outreach team and our favorable ratio of

critical care beds to regular floor beds leading to few PICU-level

interventions performed on the ward; d) Rapid access to clinical care

for outpatients in the nearby housing facility, e) Implementation of a

Golden Hour initiative for antibiotic administration in febrile

neutropenia, among others. Consequently, our center’s lower
TABLE 3 Multivariate analysis of Risk Factors for Mortality (GEE Model) among all admissions (including PIM2).

Factor Category Multivariable Analysis

P-value Odds Ratio

Type of PICU admit Non-Elective (Unplanned) 0.0433 2.75 (0.91 - 8.30)

Elective (Planned) 1.00 (ref)

Neurological Deterioration as cause of PICU admission Yes 0.1914 2.21 (0.77 - 6.35)

No 1.00 (ref)

PIM2 0.0068 1.05 (1.03 - 1.07)
TABLE 2 Univariate analysis of risk factors for mortality (GEE MODEL) among all admissions.

Factor Category All Admissions (n=459) Univariate Analysis

Survivors
N (%)

Non-
Survivors
N(%)

P-value Odds Ratio

Type of PICU admit Non-Elective (Unplanned) 278 (90.8) 28 (9.2) 0.0022 3.75 (1.29 -
10.88)

Elective (Planned) 149 (97.4) 4 (2.6) 1.00 (ref)

Neurological Deterioration as cause of PICU
admission

Yes 59 (85.5) 10 (14.5) 0.0446 2.84 (1.32 - 6.12)

No 368 (94.4) 22 (5.6) 1.00 (ref)

Respiratory distress as cause of PICU admission Yes 79 (89.8) 9 (10.2) 0.2392 1.74 (0.78 - 3.88)

No 348 (93.8) 23 (6.2) 1.00 (ref)

Sepsis as cause of PICU Admission Yes 108 (89.3) 13 (10.7) 0.0933 2.02 (0.97 - 4.19)

No 319 (94.4) 19 (5.6) 1.00 (ref)

Type of Malignancy CNS tumor 103 (92.0) 9 (8.0) 0.0743 2.43 (0.82 - 7.19)

Hematological Malignancy 186 (91.2) 18 (8.8) 2.69 (1.00 - 7.29)

Solid tumor (outside CNS) 138 (96.5) 5 (3.5) 1.00 (ref)

Oncologic treatment prior to PICU admission HSCT 11 (100.0) 0

Low toxicity treatment 54 (93) 4 (7) 0.3696 1.48 (0.37 - 5.98)

Myelotoxic chemotherapy 181 (93.3) 13 (6.7) 1.47 (0.51 - 4.24)

None (New Diagnosis) 77 (88.5) 10 (11.5) 2.73 (0.91 - 8.21)

Surgery 104 (95.4) 5 (4.6) 1.00 (ref)

Tumor activity Relapsed or refractory
disease

61 (91.0) 6 (9.0) 0.5277 1.39 (0.55 - 3.52)

All others 366 (93.3%) 26 (6.7%) 1.00 (ref)

Steroids prior to PICU admission No 252 (92.3) 21 (7.7) 0.4340 1.34 (0.63 - 2.84)

Yes 175 (94.1) 11 (5.9) 1.00 (ref)

PIM2 Mean (median) 6% (2.4%) 23.9% (8.55%) 0.0040* 1.05 (1.03 - 1.07)

Mucosal barrier injury No 318 (93.8) 21 (6.2) 0.3148 0.65 (0.30 - 1.42)

Yes 109 (90.8) 11 (9.2) 1.00 (ref)
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TABLE 4 Multivariate analysis of Risk Factors for Mortality (GEE Model) among all admissions (NOT including PIM2).

Factor Category Multivariable Analysis

P-value Odds Ratio

Type of PICU admit Non-Elective (Unplanned) 0.4235 1.82 (0.42 - 7.93)

Elective (Planned) 1.00 (ref)

Neurological Deterioration as cause of PICU admission Yes 0.0966 2.94 (0.94 - 9.21)

No 1.00 (ref)

Sepsis Yes 0.1207 2.05 (0.83 - 5.07)

No 1.00 (ref)

Type of Malignancy CNS tumor 0.4512 1.74 (0.54 - 5.60)

Hematological 1.84 (0.62 - 5.48)

Solid tumor (outside CNS) 1.00 (ref)
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FIGURE 1

Histogram Distribution of Survivors vs Non-survivors over time, (A) Distribution over days of PICU stay, (B) Same distribution over duration of
Mechanical Ventilation.
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mortality rates support prior work demonstrating that simple

organizational and clinical interventions can lead to significant

improvement in outcomes for these patients in centers of all

resource-levels (13)

Notably, more than half our PICU patients did not require

mechanical ventilation, even in the unplanned admission group

(43%), which is similar to that reported in previous studies,

including a large multicenter cohort in Latin America (48-53%%)

(13, 20) We interpret this as a marker of proactive identification of

deterioration events and timely PICU transfer of patientswith critical

illness. While it may be argued that some of these admissions do not

actually experience critical illness, our expectedmortality is similar to

that of a large Argentinian cohort (25). Similarly, our observed

mortality and performance (observed/expected mortality) in the

unplanned admissions, mechanical ventilation and RRT subgroups

is comparable to that of high-resource settings. Early intervention

before the need for invasive mechanical ventilation may lead to

resolution of critical illness through early institution of non-invasive

respiratory support, vasoactive infusions, or extracorporeal purifying

therapies suchasplasmapheresis, leukapheresis or conventional renal

replacement therapies. Early institution of continuous multisystem

monitoring only available in an PICU setting may also improve our

ability to detect deterioration, allowing for earlier intervention and

resolution of critical illness in these high-risk patients.

There are some limitations to our study. First, this is a single

center cohort from a hospital specializing in the care of childrenwith

cancer and our results may not be generalizable to all resource-

limited hospitals. Also, the retrospective nature of our study limited

our data analysis to that available in the patients’ charts; data on the

use of vasoactive infusions and organ dysfunction scores were

unavailable. The relatively low mortality in our study may also

have prevented identification of significant risk factors for

mortality due to power limitations. Despite these limitations, we

included all eligible admissions and had no exclusions due to

incomplete data, and this study represents one of the largest

cohorts of pediatric oncology patients with critical illness in a

hospital in Latin America. Our study’s demonstrated low mortality

represents an important addition to the literature and highlights the

impact of dedicated expertise and prioritization of this high-risk

patient population despite resource limitations.
Conclusion

High survival rates for children with cancer with critical illness

are achievable in resource-limited settings with provision of high-

quality critical care. As exemplified in our study, organizational and

clinical practice facilitating quality improvement and early

identification and management of critical illness may attenuate the

impact of known risk factors for mortality in this population. Future

collaborative studies in different regions and hospital resource levels

should be aimed at evaluating the impact of these interventions to

improve outcomes for children with cancer globally.
Frontiers in Oncology 07
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An understanding of the interplay between both donor endothelial progenitors
and the recipient endothelium (in the case of hematopoietic cell transplant) and
recipient endothelial provenance upon the established donor endothelium (in
the case of solid organ transplant) is unknown. It is postulated that this interplay
and consequences of purported dual endothelial populations may be a
component of the post-transplant disease process and contribute to
complications of engraftment or rejection. To address this potential
confounding and often overlooked arena of vascular biology, a directed brief
overview primarily focused on literature presented over the last decade is
presented herein.

KEYWORDS

endothelial cell provenance, endothelial chimerism, cellular transplantation, organ

transplantation, hematopoietic stem cell transplantation

1. Introduction

Endothelial cells comprise a physical and functional interface between blood and tissues,

and in the context of transplant medicine, between self and non-self. Beyond their role in

metabolic hemostasis, endothelia provide biological linkages in the dynamic regulation of

vascular tone, permeability, coagulation, and inflammation (1). Endothelial cells express

Class 1 and Class II MHC antigens, ABO antigens and a variety of surface molecules in

response to ischemia/reperfusion physiology, cytokine exposure and cell injury pathways.

Human endothelial cell can act as antigen presenting cells to T cells via LFA3/CD2,

CD45 and allo antibody responses leading to organ rejection. Pre-formed endothelial

antibodies in recipients can further fuel this process. The endothelium is exposed to

inflammatory cytokines, alloreactive lymphocytes, activated neutrophils, donor-specific

antibodies, procoagulant proteases and complement fragments. This leads to further

endothelial cell activation and potentially organ rejection or graft vs. host disease (2–4).

Recipient endothelial cells that repave the vasculature with HLA and ABO compatible

surfaces may be a homeostatic attempt to attenuate this inflammatory process. Hence, an

understanding of the provenance of the endothelial cell may yield clinical implication in

terms of graft function and survival.

The transplant population has grown in recent years with 22,013 hematopoietic stem cell

transplants performed in the United States in 2020 including both pediatric and adult cases

(5). Similarly, 33,309 solid organ transplants were completed in 2020 according to the Organ

Procurement and Transplantation Network data (6). Both cellular and solid organ transplants
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FIGURE 1

In hematopoietic stem cell transplantation, endothelial chimerism is a result of the process by which recipient endothelium is gradually repopulated by
endothelial progenitor cells of donor bone marrow origin. Blue, indicates of donor origin. Red, indicates of recipient origin. Purple represents monocyte
to endothelial transformation or fusion cell phenomena. Endothelial dysfunction is exacerbated by HLA and ABO disparity, along with loss of tight junction
integrity, overexpression of adhesion molecules that promote leukocyte recruitment and transmigration across the endothelium. The resultant
endotheliopathy contributes to the pathogenesis of graft versus host disease, sinusoidal obstruction syndrome, capillary leak, transplant associated
thrombotic microangiopathy, and idiopathic pneumonia syndrome. (Figure by S. Somani).
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face potential compromised graft and host viability from required

immunosuppressive medications, resultant infections and both

acute and chronic rejection (6). While this is clearly documented

in the literature, an understanding of the interplay between both

donor endothelial progenitors and the recipient endothelium (in

the case of cellular transplant) and recipient endothelial ontology

upon the established donor endothelium (in the case of solid

organ transplant) is unknown. It is postulated that this interplay

and consequences of purported dual endothelial populations (i.e.,

of donor and recipient origin) may be a component of the post-

transplant disease process. To address this potential confounding

and often overlooked arena of vascular biology, a directed brief

overview primarily focused on literature presented over the last

decade is presented herein. Moreover, given that both cellular and

solid organ transplant present complementary yet inverse donor

and host endothelial interactions, both processes are subsequently

alluded to.

Given that transplant rejection is a common occurrence,

there have been many studies aimed at improving the

understanding of this pathophysiological process. One of these

hypothesized mechanisms may be related to the concept of

endothelial chimerism at the organ level, whereby donor and

host endothelial cell populations both line the vasculature.
Frontiers in Transplantation 0274
Endothelial chimerism varies depending on the type of

transplant which is being discussed. In HSCT patients,

endothelial chimerism is a result of the process by which

recipient endothelium is gradually repopulated by immature

donor-derived cells of ontological donor bone marrow

providence (7) (Figure 1). In solid organ transplantation,

organ derived mature senescent donor endothelial cells are

transplanted with the organ graft. For this reason, it is

commonly referred to as reverse endothelial chimerism, which

is defined as recipient-derived cells replacing the donor-derived

endothelial cells within the vasculature of the grafted organ (8)

(Figure 2). Endothelial or reverse endothelial chimerism may

be assessed in a variety of ways, using fluorescence in situ

hybridization (FISH), immunohistochemistry (IHC), or flow

cytometry to evaluate sex-mismatched transplants, ABO-

incompatible transplants, and/or unique genetic markers (7, 9–

11). Age-associated vascular changes may further affect the

endothelial chimerism occurring after transplantation. With

aging, vessel density and pericyte numbers decline significantly

in tissues displaying lower remodeling capacity (such as the

kidney, muscle, and spleen) vs. tissues with a greater

regenerative potential (such as the gut, skin, uterus, and the

human liver). Secondly, at the cellular level accumulation of
frontiersin.org
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FIGURE 2

In solid organ transplantation, organ derived mature senescent donor endothelial cells are transplanted with the organ graft. Here, reverse endothelial
chimerism occurs as recipient-derived cells replace the donor-derived endothelial cells within the vasculature of the grafted organ. At the zone of
vascular anastomosis, exposed basement membrane (yellow) may also be reendothelized by donor graft endothelial cells (facilitated by cell-to-cell
contact expansion). Blue, indicates of donor origin. Red, indicates of recipient origin. Purple represents monocyte to endothelial transformation or
fusion cell phenomena. Chronic alloimmune injury leads to intimal thickening, accumulation of extracellular matrix, smooth muscle cell proliferation
with resultant luminal narrowing. Here an indolent host versus graft reaction results in transplant vasculopathy that is associated with long-term
organ loss. (Figure by S. Somani).

Pace et al. 10.3389/frtra.2023.1130941
reactive oxygen species, low grade inflammation, mitochondrial

dysfunction, and even pericyte to fibroblast differentiation that

occur with aging may be compounded and triggered by

vascular injury and could be expected to develop from

chemotherapy, radiation, infection, or surgical manipulation

occurring in transplant settings (12). Likewise, the aged

bone marrow has limited lymphatic endothelial cell expansion

ability, diminished cellular cross-talk capacity, and attenuated

hematopoietic stem cell (including EPCs) regeneration (13).

The age-associated tissue-specific molecular changes could

thus variably repopulate the endothelium following transplant

with unknown consequences but has not been specifically

studied.

In 1965, Medawar hypothesized that replacement of donor

vascular endothelium by host endothelium may lead to increased

survival of the graft (presumably by allowing for preservation of

microvascular architecture and function that would otherwise be

obliterated by immune mediated acute or indolent rejection)

(14). At that time, studies had predicted the site of graft rejection

was against the donor endothelium (15–18). Complementary to

this concept, Calne suggested that early reverse endothelial

chimerism would protect the donor endothelium from graft

rejection and improve viability of graft acceptance (18). These
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controversial topics are still widely debated and continue to be

an active area of investigation in transplant medicine.
2. Methods

A literature search using the keywords “endothelial”

“chimerism” and “transplant” was conducted within the PubMed

database. The results were filtered to only include publications

which were published between 2010 and 2020 to summarize

current knowledge. This resulted in 43 abstracts, which were

reviewed to determine possible pertinent papers.

Abstracts were excluded at this point if the entire paper was not

available or printed in English, if it was a duplicate article, or if there

was duplicate data published which had been included in a previous

paper. Of these 43 abstracts, 19 papers were selected for further

screening for relevance to this review. Of the 19 papers that were

included, 13 of these proved to be pertinent and included specific

information related to this review. Manuscripts were excluded if

they mentioned chimerism of various types of cells after transplant

but did not specifically address or discuss endothelial chimerism.

References of the final 13 manuscripts were cross-referenced and

an additional 4 papers were added for further references (Figure 3).
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FIGURE 3

Diagram of search methods used to perform systematic review.
“PubMed” refers to the initial keyword search within the PubMed
database. “Title and abstract search” refers to review of titles and
abstracts and exclusion per exclusion criteria noted above. “Full article
search” refers to full paper review and exclusion at that point per
exclusion criteria noted above. “Screening for relevance” refers to
assessment of the publications’ relevance to this review. “References
cross-referenced” refers to review of the references from the original
included papers and the addition of papers if they satisfied inclusion
and exclusion criteria. Figure adapted from Bolado and Landin (19).
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3. Results

3.1. Endothelial chimerism after bone
marrow transplant in animal models

Multiple studies have readily established that bone marrow-

derived cells are the primary ontologic progenitors of mature

endothelial cells, however the terminology, surface marker

definition, quantity and doubling potential of donor derived

endothelial cells is debated and varies between different studies

(20). Within the past 10 years, two animal studies have been

published that investigated endothelial chimerism after bone

marrow transplant (10, 21). However, neither of these studies

investigated any association with graft vs. host disease or

transplant rejection.

Bonfim-Silva et al. demonstrated in a mouse model that

endothelial chimerism happens frequently within the bone

marrow as early as 30 days after bone marrow transplant (10).

Green fluorescent protein (GFP) positive donor cells in GFP

negative mice showed significantly more endothelial cells derived

from the transplanted GFP + bone marrow than native cells from

the GFP- recipients (39.58 ± 10.66% vs. 2.75 ± 0.9%, p = 0.04).

Bone marrow derived cells (BMDC) are also recruited into the

melanoma tumor microenvironment and contribute to vascular

development. The GFP + bone marrow transplanted GFP- mice

were found to have 11.5 ± 6.85% of GFP + cells present as

CD31 + endothelial cells by flow cytometry. Additionally, these

CD31+ GFP + endothelial cells were localized to blood vessels

supplying the melanoma tumor microenvironment (10). While

this study confirms that bone marrow derived cells can
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contribute to the bone marrow environment and tumor

environment, the study does not evaluate or correlate its findings

with clinical significance. Further, the tumor microenvironment

is metabolically active with likely novel angiogenesis that may

limit inferences into the more quiescent or senescent vascular beds.

A second animal study published within the past 10 years

demonstrated that endothelial chimerism happens diffusely

throughout multiple different organ systems. BXSB mice were

transplanted with GFP + unfractionated bone marrow cells or ex

vivo expanded mesenchymal stem cells delivered by intravenous

injection (21). Organs that demonstrated endothelial chimerism

at 62 weeks after injection included the liver sinusoids, brain

choroid plexus and the endothelium of adipose, lung, and kidney

tissue. GFP + chimeric endothelial cells were also found in the

capillaries of the gut, skin, and striated muscle, but not within

capillaries of the pancreas or brain parenchyma. While

endothelial cells derived from transplanted unfractionated bone

marrow was demonstrated in various organs in this study, the

frequency at which these transplanted cells were found was not

addressed. The authors speculated that the multisystem

engraftment of endothelial cells following intravenous progenitor

cell infusion coupled with immune modulation of the host and

organ-specific factors might contribute to disease control through

endothelial cell chimerism (21).
3.2. Bone marrow transplant in humans

Following human hematopoietic stem cell transplantation

(HSCT), donor stem cells migrate into numerous tissues where

they proliferate and differentiate, creating varying degrees of

chimerism between recipient and donor cells. Pulmonary

chimerism involving bronchial and alveolar epithelium and

endothelium, including Type II pneumocytes, has been described

in association with various lung injuries (22). In a recent study,

Hijiya et al. studied pulmonary endothelial chimerism in patients

who had previously received an ABO-incompatible hematopoietic

stem cell transplant. Immunohistochemical staining to ABO

antigens was used to determine the percentage of vessels

expressing donor antigens on the pulmonary endothelium. Of

the 16 samples which were analyzed, 7 of the samples came from

explanted lungs in patients who had required pulmonary

transplants for severe chronic pulmonary graft-vs. host disease

(GVHD). The other 9 samples were obtained from autopsy

samples with 6 of these 9 autopsy samples posthumously

diagnosed with chronic pulmonary GVHD. Of the overall 13

samples which were diagnosed with pulmonary GVHD, all of

them showed pulmonary endothelial chimerism. The frequency

of donor group antigens on vessel endothelium ranged widely

from 0.1 to 17.5% in these patients with pulmonary GVHD but

no endothelial ABO chimerism was observed in the 3 samples

from patients unaffected by GVHD (9.28% ± 6.59 vs. 0 ± 0, p <

0.001). There was also a positive correlation between percentage

of chimeric vessels and recipient age at transplant (r = 0.85, p =

0.02), which may co-correlate with development of GVHD. A

literature review included in this study tabulated 20 of 28
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patients reported with endothelial chimerism and 5 of 11 with

epithelial chimerism with different pathologies, including diffuse

alveolar hemorrhage, bronchiolitis obliterans and “chronic

inflammation” (22). Of note, transplant toxicities such as

thrombotic microangiopathy are likely due to multi-factorial

insults, but endothelial chimerism has not been clearly

implicated as a pathogenic mechanism (23).

Skin GVHD has been associated with endothelial chimerism as

well (22). Two cases reported by Kaffenberger et al. also

demonstrated endothelial cell chimerism but within GVHD-

associated angiomatosis (GVHD-AA) diagnosed at 46- and 30-

months post-transplant respectively (24). The frequency or

percentage of chimeric endothelial cells was not documented in

either of these cases.

Tran et al. described endothelial chimerism in salivary glands

after stem cell transplantation. Five females who transplanted

from male donors who underwent salivary gland biopsy had

scattered Y-positive cells in acini, ducts, stroma, and endothelial

cells of their salivary glands (mean 1.01%) from 13 to 201

months following transplant. Four had GVHD (liver, skin, oral

and/or cryptogenic organizing pneumonia) (25).

Mueller’s series of endothelial chimerism included 52 HSCT

patients who underwent a combination of 22 normal skin

biopsies, 12 GVHD skin biopsies, 4 tumor biopsies, and 5

autopsies variably sampling heart, liver, skin, and marrow

following HSCT (7). Analysis via ABO immunohistochemistry,

XY fluorescence or short tandem repeat analysis of laser captured

endothelial cells failed to show physiologic endothelial turnover

resulting in donor endothelial chimerism. Endothelial cell

chimerism was detected at low levels (0.9% and 3.3%) in skin

biopsies from only two patients with chronic GVHD. Tumor

tissues showed 1.2% and 2.5% of donor derived endothelial cells

in two patients. The authors concluded that “endothelial cell

replacement by bone marrow derived donor cells… is a rare

event” and “does not represent a major repair mechanism”.

However, they did not sample lung tissue in their patients (7).

Thus, the mechanisms by which circulating donor stem cells

may populate vascular endothelial surfaces remain unclear. Prior

injury or inflammation appears to be a precipitating factor and

the circulating stem cells may contribute to a healing effect of

regional or tissue-specific chimerism. Whether this chimerism is

beneficial and can/should be facilitated in early stages of injury

to mitigate severe adverse transplant-related toxicities,

particularly in the lung, remains to be studied.
3.3. Solid organ transplant in animals

Three studies were conducted recently which investigated

endothelial chimerism within solid organ transplants in animal

models. In this situation, (reverse) endothelial chimerism is

defined as having recipient-derived endothelial cells replace the

donor-derived endothelial cells or co-populate within the

vasculature of the grafted organ (8).

While Chen et al. primarily focused their study on pancreatic

islet transplants, they made some comparisons to mouse models
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of heart transplants to evaluate how donor specific antibodies

can lead to solid organ transplant failure (26). Syngeneic and

allogeneic heart transplants were evaluated in a mouse model,

which was injected with either donor specific antibodies or

placebo (HB13 monoclonal antibody vs. phosphate buffered

saline). At 30 days after cardiac transplantation, the transplant

was harvested for histological evaluation. Cardiac transplants

which were exposed to donor specific antibodies showed

evidence of humoral rejection (as documented by complement

activation, leukocyte infiltration, and destructive ultrastructural

endothelial changes noted on staining and electron microscopy)

while the hearts that were exposed to phosphate buffered saline

did not. Additionally, the transplanted hearts were assessed using

flow cytometry at 4 weeks post-transplantation and the

endothelial cells were deemed to be of donor origin (although

not quantified). In contrast, a progressive replacement of donor

endothelial cells by recipient endothelial cells was observed over

a six-week period in their pancreatic islet cell aggregate

transplanted into the renal subcapsular area. Acknowledging that

in solid organ transplant, immediate viability depends on

establishing perfusion by surgical connection of prominent

vessels (as in their cardiac model) vs. angiogenesis and diffusion

capacity in cellular aggregate transplant (as in the their

subcapsular islet cell model), they postulate that reverse

endothelial chimerism and the diffusion restriction of large

proteins (complement activators and donor specific antibodies) is

protective against humoral mediated rejection in the latter

situation, which is clearly not afforded in their cardiac transplant

model (26).

Interestingly and in contrast, Onuta et al. found a positive

association between the frequency of host-endothelial

chimerism and the frequency of transplant vasculopathy (27).

In their experiments, MHC-incompatible transplants were

performed between various strains of rats, specifically Lewis

and Brown Norway. After one and two weeks of MHC-

incompatible aortic transplantation, the host-endothelial

chimerism was assessed histologically. In the BN-to-Lew

transplants, 2%–3% of endothelial cells were host derived;

while in the Lew-to-BN transplants, 37% and 27% of

endothelial cells were host derived at the respective one- and

two-week time point post-transplant. This increased host-

derived endothelial cell chimerism may be reflective of an

injured intimal layer on the transplanted aortic graft and was

correlated with a more pronounced profibrotic state and

transplant vasculopathy noted over 4 to 8 weeks. Lew-to-BN

grafts also had earlier, and more aggressive acute vascular

rejection compared to BN-to-Lew allografts, which may be

influenced by underlying non-MHC-immunologic

determinants, intrinsic neointimal smooth muscle cell

proliferative capacity and availability of host-derived fibrocytes.

However, this is correlation, not causation, and the timeline

and details regarding level of vascular rejection were not

discussed within the study (27).

Schirutschke et al. attempted to quantify incorporation of

nonrenal host endothelial cells (defined by double staining for

RECA-1 and hPAP) in R26-hPAP transgenic Fischer F-344 rats
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(with confirmed hPAP positivity of all bone marrow cells) who

received Fischer F-344 wild type rat kidney grafts (28). They

used both an acute and reversible endothelial cell-specific

nephritis model (GEN model with loss of 85% of the

glomerular endothelial cells and a loss of 69% of the peritubular

endothelium at day three post renal injury) and a complex,

chronic progressive model of kidney endothelial injury (5/6

nephrectomy model with noted endothelial rarefaction of 23%

in the glomeruli and 49% in the peritubular capillaries after 14-

week post injury). Both models demonstrated infiltration of

hPAP + cells (thought to be macrophages or inflammatory

cells); however, limited incorporation of host endothelium was

noted at both the glomerular (0.25% at GEN week 4 and 0.05%

at 5/6 Nx week 14) and the peritubular level (0.1% at GEN

week 4 and 0.86% at 5/6 Nx week 14).They conclude that

independent of acute vs. chronic or healing vs. progressive

disease outcome, actual recipient derived incorporated

endothelium is a rare event and that endothelial regeneration

likely originated primarily from intrinsic kidney cells in their

syngeneic transplant model (28).

The syngeneic animal model does necessarily limit our

inferences for most human transplantation situations.
3.4. Solid organ transplant in humans

An additional three articles have been published within our

search time frame (2010–2020), further supplemented by a 2010

paper (29) and 2013 synopsis article (19) that investigated

reverse endothelial chimerism of solid organ transplants within

human patients and its association with transplanted organ

rejection.

Tanabe et al. 2011 evaluated the rate of endothelial chimerism

expression of blood type A or B antigens in the transplanted

kidneys of 6 patients who had received ABO-incompatible

kidney transplants over the 10 years post-transplant (10). In

general, the expression of blood-type A or B antigen (on

identified CD34 positive capillaries) decreased as the duration

from transplant increased. Expression of blood-type A or B

antigen decreased to 91.8%, 85.8%, 64.1%, and 57.6% in the

respective first three months, five years, ten years, and greater

than ten years post-ABO-incompatible kidney transplantation. In

comparison to a control group of ABO-compatible transplant

recipients, no change in blood-type A or B antigen expression

was seen after transplant with 99.8% of vessel endothelium

expressing the expected blood-type antigen more than 10 years

after an ABO-compatible renal transplant. While (antigenic, not

necessarily cellular) endothelial chimerism in the long-term

period post-ABO-incompatible renal transplant was

demonstrated here, it could not be associated with either graft

accommodation (i.e., resistance to humoral rejection despite the

presence of antibodies against the donor endothelium) or

antibody-mediated rejection. Only one of the 6 patients was

diagnosed with chronic antibody mediated rejection, which

occurred about 7 years after ABO-incompatible transplant,

however the rate of this patient’s endothelial chimerism was
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similar compared to the remainder of the 5 patients. Moreover,

similar graft and patient survival rates between ABO-

incompatible and compatible kidney transplants are likely due to

the efficacy of post-transplant immunosuppression regimens

clouding inferences at the endothelial level. However, Tanabe

et al. 2012 suggested that patients with acute or chronic antibody

mediated rejection had a higher incidence of chimerism (7/9

patients), leading to poor graft survival (8). Hence, it is still

unclear whether replacement chimerism may allow for graft

adaption (whereby donor endothelial cells repopulate the donor’s

organ vessel walls) or are involved in graft compromise.

Varga et al. also evaluated the frequency of endothelial

chimerism in sex-mismatched kidney allograft recipients

(identifying XX or XY chromosomes via FISH or CISH) and its

relationship to signs of rejection (9). 16 patients were evaluated

1–12 years duration after a sex-mismatched renal transplant.

Endothelial chimerism was not noted in any of the 4 female

recipients, however endothelial chimerism was noted in

lymphatic vessels in 25% (3/12) of male recipients and in

capillary vessels in 17% (2/12) of male recipients. In all the grafts

which showed endothelial chimerism, tubular cell chimerism was

also noted, so there were no grafts with isolated endothelial

chimerism. In the 5 patients with demonstrated endothelial and

tubular cell chimerism, 3 of these patients also had acute T-cell

rejection, however this association was not statistically evaluated

nor associated with antibody mediated rejection (9).

Ferlicot et al. evaluated the frequency of chimerism in sex-

mismatched renal transplants using FISH (for the Y

chromosome) and IHC (for endothelial marker CD31) in 33

renal biopsies from 22 male recipients who had received

female kidney transplants (29). Endothelial cell chimerism was

present in 67% of patients with a mean percentage of 61.8%

chimeric glomeruli or a mean number of 3.53 chimeric cells

per glomerular section. They did find endothelial chimerism

was associated with a prior (but not necessarily acute current)

episode of acute T-cell mediated rejection (p = 0.02).

Moreover, having had higher grade II/III acute-T-cell

mediated rejection appeared correlated to a greater number of

chimeric cells per glomerular section compared to prior grade

I rejection in these patients (29). This may support the

contention that donor graft endothelium is replaced after

rejection associated vascular injury.

Bolado and Landin published a review article evaluating a total

of 33 articles published between 1972 and 2012 on the frequency of

reverse endothelial chimerism in solid graft recipients of cardiac,

kidney, liver, and lung transplants (19). The incidence of reverse

chimerism was respectively 50%, 58.95%, 79.12%, and 33.34% in

cardiac, kidney, liver, and lung allografts. The estimated

percentage of host derived endothelial cells within the donor

allografts was 14.04% (cardiac), 9.96% (kidney), 49.33% (liver),

and 0.56% (lung). Across all patient transplant types, reverse

endothelial chimerism and transplant rejection co-existed in

31.86% of patients; however, there was no significant association

that could be determined between these variables (19). Hence,

inferences on whether host endothelial cell integration into

donor tissue is an adaptive and presumably protective
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phenomena or a reflection of vascular injury and rejection is

unclear and yet to be determined.
4. Discussion

The endothelial layer serves as an interface between blood

borne elements and underlying tissue, and in transplant

medicine, between the self and non-self. As such it is both the

site of, and an effector in immune homeostasis, and in defining

the balance between rejection and tolerance (30, 31).

In HSCT, the recipient endothelium in the bone marrow niche

and in the systemic vasculature may be affected by pre-existing

host vulnerabilities (atherosclerosis, testosterone deficiency, heart

failure) and especially by pretransplant conditioning

(chemotherapy, radiotherapy, lymphodepleting regimens) that may

compromise graft viability and end organ function (32, 33).

Further, endothelial dysfunction is exacerbated by HLA and ABO

disparity, increased synthesis of angiopoietin-2 (furthering

permeability) along with loss of tight junction integrity,

overexpression of adhesion molecules (ICAM, VCAM, E-selectin,

P-selectin) that promote leukocyte recruitment and transmigration

across the endothelium, diminished eNOS and prostacyclin that

dysregulates vascular tone, and altered VEGF and FGF2. Oxidative

stress, the cytokine milieu, monocyte/macrophage involvement and

complement activation pathways are also implicated (34, 35).

Moreover, endothelial cells act as non-professional antigen

presenting cells with increased MHC class II, CD40, and ICOSL

expression promoting T cell activation and chemotaxis (36).

This resultant endotheliopathy contributes to the pathogenesis

of sinusoidal obstruction syndrome, engraftment syndrome,

capillary leak, transplant associated thrombotic microangiopathy,

graft vs. host disease and idiopathic pneumonia syndrome (34).

Administration of VEGF, pigment derived endothelial factor,

defibrotide, and N-acetyl-L-cysteine may ameliorate clinical

outcomes (33). Animal studies published within the past decade

suggest that HSCT derived donor cells contribute to the

endothelial microenvironment, however the abundance of donor-

derived cells varies between studies and does not address any

association with GVHD or transplant rejection (10, 21). In

patients that have received an ABO-incompatible HSCT, there

was a statistically significant association between severe chronic

pulmonary graft-vs. host disease and pulmonary endothelial

chimerism (p < 0.001) (22), suggesting post injury seeding.

Promisingly, in a mouse BMT model of acute GVHD, co-

infusion of bone marrow derived EPCs mobilized to and

stabilized the affected endothelium, downregulated MHC class II

expression and attenuated CD3+ T cells infiltration improving

pathological scores and survival outcomes in test animals (36).

In solid organ transplantation, recipient endothelial

susceptibility may be exacerbated by end stage organ disease,

comorbidities (hypertension, diabetes etc.), pre-existing HLA

sensitization from previous blood transfusions, pregnancies, or

allografts (which have been partially managed with exchange

transfusions, IVIG, and depleting antibodies to attenuated B cell

lineage (rituximab) or both B and T cells (thymoglobulin,
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alemtuzumab), as well as complicating infections. Donor derived

inflammation from brain death induced cytokine storm or

ischemia/reperfusion insult in the donated organ also compounds

endothelial injury and activation resulting in microvascular

inflammation and thrombosis. Both recipient immune cell

activation as well as donor immune cells and extracellular

vesicles from the transplanted organ heighten the inflammatory

state that compromise graft endothelial integrity and function.

Ultimately, chronic alloimmune injury leads to intimal

thickening, accumulation of extracellular matrix, smooth muscle

cell proliferation with resultant luminal narrowing. Here an

indolent host vs. graft reaction results in transplant vasculopathy

that is associated with long-term organ loss (30, 31, 37).

Some studies have investigated reverse endothelial chimerism

in solid organ transplantation, both in animal models and in

human studies over the last decade. Cardiac allografts

demonstrated reverse endothelial chimerism at 4 weeks post-

transplant in a mouse model, however quantification or

association with rejection was not delineated (26). A positive

association between the frequency of host-endothelial chimerism

and the acute vascular rejection was seen in a rat aortic allograft

model; this may be reflective of an accelerated underlying intimal

injury (with associated inflammation and fibrosis) overwhelming

putative stabilizing effects of a more gradual neo-endothelial

seeding (27). Independent of acute vs. chronic or healing vs.

progressive disease states in a rat renal transplant model, actual

recipient bone marrow derived incorporated endothelium was

deemed to be a rare event and endothelial regeneration from

intrinsic kidney cells should also be considered at least in the

syngeneic transplant model (28). A review of cardiac, kidney,

liver, and lung transplants in human recipients demonstrated

varying levels of reverse endothelial chimerism but no significant

association with transplant rejection (19). ABO-incompatible

renal transplants had decreased levels of expected blood-type

antigens on graft capillaries over time suggestive endothelial

chimerism but association with either graft accommodation or

rejection could not be determined (10). Whereas having both a

prior episode and a higher grade (II/III) of acute-T-cell mediated

rejection appeared to correlate with greater number of chimeric

cells per glomerular section (29). This tends to support the

contention that donor graft endothelium is replaced after

rejection associated vascular injury.

Whether reverse chimerism occurs primarily post graft

endothelial injury or as a gradual process to “repave” the donor

vasculature or a likely a combination of both is yet to be fully

defined. Chimerism at the endothelial level, monocyte to

endothelial transformation (particularly of VEGFR1 monocytes

that express M2 phenotype to promote barrier integrity and

angiogenesis) (35), cell fusion phenomena (9), and/or alloantigen

incorporation by recipient antigen presenting cells may promote

long term tolerance and graft survival (30); perhaps, by

upregulation of protective anti-oxidant and anti-inflammatory

genes (Bcl-2, Bcl-xL, HO-1) and downregulation of adhesion

molecules and pro-inflammatory cytokines (35, 37, 38).

Harvesting the potential of accelerating endothelial

chimerism, human placental endothelial progenitor cells are
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able adhere with expected alignment and morphology to

decellularized vascular surfaces on rat aorta (in vitro) and rat

kidney, lung and hindlimb (ex vivo model). Beyond the

conceptual approach of promoting graft immune tolerance,

placental EPCs may be harvested readily (with ABO and HLA

matching), expanded, and stored for future use. Further, they

retain phenotypic plasticity to adapt to the specifically seeded

organ microenvironment and/or may serve as temporary

vascular lining until replacement by recruited recipient

endothelial cells (39). Of interest, human umbilical vein

endothelial cells were co-cultured to create vessel-like

structure in an in vitro kidney organoid model (40).

Enhancing host endothelial “repaving” of the donor organ or

co-infusion of donor EPCs in HSCT may prove to be

promising modalities to attenuate morbidity in transplant

medicine (36).
4.1. Limitations

There is a paucity of studies which investigated endothelial

chimerism after hematopoietic stem cell or solid organ transplant

and any association with graft tolerance or rejection. Given the

wide variety in study designs, patient population, and outcomes

analyzed, in addition to the minimal number of studies to begin

with, a meta-analysis is not feasible. Many of the studies which

assess sex-mismatched transplantation are lacking data on

whether the donors or recipients had ever received blood

transfusions, or if any of the females had miscarriages, abortions

or given birth to a son—examples of a potential source of Y

chromosomes and false positive signal. Additionally, cell fusion

phenomena may obfuscate identification of endothelial cell

ontology. Varga et al. noted endothelial chimerism within a

control patient, most likely due to endothelial cell fusion in a

male patient noted to have cells with double × chromosomes

within tubular epithelium and double Y chromosomes within the

interlobular artery (9). Further, tissue specific or circulating

mesenchymal precursor cells may confound clear identification of

endothelial chimerism and preclude inferences on clinical

significance. Heterogeneity of techniques to assess chimerism and

dependence on a single endothelial cell surface marker pose

challenges to study design and conclusions. Moreover, functional

assessment of presumed chimeric endothelial cells is challenging

(and lacking at the cellular level) also obscuring clinical

implications.
4.2. Future directions

Given the level of controversial data regarding the frequency of

which endothelial chimerism occurs after a bone marrow or solid

organ transplant, a broad multimodal study covering thousands

of patients via coordination between multiple sites (including

harvesting data from already existing biopsy samples correlated

to clinical outcomes) may be necessary to determine baseline
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endothelial chimerism levels and to validate or refute current

data and associated clinical implications.

One aspect of this chimerism suggests that immune-mediated

endothelial cell injury either in a transplanted organ due to ABO

incompatibility or GVHD after a HSCT activates a repair response

leading to bone marrow or organ derived endothelial cells to

migrate to this point of possible de-endothelialization.

Monitoring the number and activation state of circulating

endothelial cell populations in the transplant setting would

allow an assessment of their genotypic ontology and phenotypic

expression. Human endothelial progenitor cells (EPCs) express a

variety of cell surface markers similar to those expressed by

vascular endothelial cells, adhere to endothelium at sites of

injury, have expansive potential and are purported to assist in

vascular intimal healing. Circulating endothelial cells (CEC)

represent peripheral blood cell subpopulation detached from an

established vascular network characterized by mature

endothelial features with limited proliferative potential. Flow

cytometry can identify and quantify these cell subtypes allowing

for inferences over time in cheremic incidence and associated

disease state (41). Further an assessment of angiogenic factors

such as VEGF, FGF, angiopoietin -1 and -2, Tie-2,

thrombospondin-1, heparan sulfate proteoglycans, etc especially

in hypoxic microenvironments such as organ rejection may

serve as modulating factors for this chimerism. The injury to

the vessel may signal procoagulant factors such as von

Willebrand’s factor, tissue factor, EPCR, D-dimer and

thrombin-antithrombin complexes and complement activation.

This analysis may be complementing by assessing shed

endothelium microparticles (which have transmembrane

proteins and surface markers present on their phospholipid

bilayer and contain cytosolic components such as enzymes,

transcription factors and mRNA from their parent cells) (42).

Pairing blood sampling with pathology from needle biopsy or

even whole explanted donated organs (the latter in the event of

graft failure or at autopsy) may yield further mechanistic insights.

To answer these questions, use of spatial transcriptomics

whereby quantification of mRNA (as a proxy for gene

expression) in relation to the spatial context of cells within tissue

architecture may be sought. Especially relevant here would be the

zone of the anastomosis between the donor organ vessels and the

recipient’s arterial and venous vasculature. The goal being broad

transcriptome profiling and high gene detection efficiency at the

single cell resolution level to infer cell ontology and functional

state (even at the proteome level). Single-molecule fluorescent in

situ hybridization in series and sequentially to create

combinatorial barcoding to reconstruct gene expression in 3D

and cross referenced to tissue atlases (currently primarily focused

on brain, lung and breast tissue in humans) would likely yield

such information. Optimizing signal to noise ratio, limiting

optical crowding, balancing spatial resolution with tissue field of

view, leveraging automation for high throughput analysis, sharing

open-source code, integrating data bases, moving beyond

institute of origin specific protocols to commercial systems with

decreasing cost would all yield beneficial insights (43). As an

example, single cell transcriptome methods have been
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successfully applied to define the heterogeneity and chimerism of

endothelial cells in a mouse liver cancer model (44).

Incorporation of above cited detection techniques (45) would

be required to identify previously undiagnosed chimeric states

and aid in the understanding of pathophysiology and clinical

management.
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Background: Pediatric Early Warning Systems (PEWS) aid in identification of

deterioration in hospitalized children with cancer but are underutilized in

resource-limited settings. Proyecto EVAT is a multicenter quality improvement

(QI) collaborative in Latin America to implement PEWS. This study investigates

the relationship between hospital characteristics and time required for PEWS

implementation.

Methods: This convergent mixed-methods study included 23 Proyecto EVAT

childhood cancer centers; 5 hospitals representing quick and slow implementers

were selected for qualitative analysis. Semi-structured interviews were

conducted with 71 stakeholders involved in PEWS implementation. Interviews

were recorded, transcribed and translated to English, then coded using a priori

and novel codes. Thematic content analysis explored the impact of hospital

characteristics and QI experience on time required for PEWS implementation

and was supplemented by quantitative analysis exploring the relationship

between hospital characteristics and implementation time.

Results: In both quantitative and qualitative analysis, material and human

resources to support PEWS significantly impacted time to implementation.

Lack of resources produced various obstacles that extended time necessary

for centers to achieve successful implementation. Hospital characteristics, such

as funding structure and type, influenced PEWS implementation time by

determining their resource-availability. Prior hospital or implementation leader

experience with QI, however, helped facilitate implementation by assisting

implementers predict and overcome resource-related challenges.

Conclusions: Hospital characteristics impact time required to implement PEWS

in resource-limited childhood cancer centers; however, prior QI experience

helps anticipate and adapt to resource challenges and more quickly implement

PEWS. QI training should be a component of strategies to scale-up use of

evidence-based interventions like PEWS in resource-limited settings.
KEYWORDS

Pediatric Early Warning Systems (PEWS), quality improvement collaborative (QIC),
implementation science, pediatric oncology, resource-limited settings, global health
Introduction

With modern advancements in treatments and supportive care,

survival of children with cancer in high-income countries has risen

to over 80% (1, 2). However, survival in low-middle-income

countries (LMICs), where roughly 90% of children with cancer

reside (1), remains low, between 10% and 50% (1, 3). Treatment-

related toxicity (3) and infections (4) contribute to cancer mortality

in resource-limited settings, where hospitals face limitations in staff

and equipment needed for supportive care (5–10). There is an

urgent need for evidence-based practices that reduce preventable

mortality and improve global childhood cancer survival.

Pediatric Early Warning Systems (PEWS) are evidence-based

interventions that allow for early detection of clinical deterioration

in hospitalized children with cancer (11–13). PEWS produce multi-

level advantages beyond the patient (14), such as improving
0284
interdisciplinary (15) and family communication (16), reducing

hospital costs (17), and empowering providers (18). Resource-limited

hospitals, however, face additional challenges implementing PEWS (19).

More work is needed to understand how to address implementation

challenges and support PEWS adoption in these settings.

The Consolidated Framework for Implementation Research (CFIR)

describes factors influencing implementation of evidence-based

interventions across five domains: inner setting, characteristics of

individuals, outer setting, intervention characteristics, and

implementation process (20–22), with modifications suggested for

LMICs (22). CFIR constructs like culture (23), individual need (23),

and teaming (23) characterize different aspects of the implementation

process and their impact on its outcomes, e.g. time (24). The inner

setting domain, including characteristics like resource availability and

infrastructure, has been identified as particularly relevant to

implementation of evidence-based interventions in resource-limited
frontiersin.org
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hospitals (22, 25, 26). Our priorwork similarly suggested the importance

of hospital characteristics on PEWS implementation (5); however, it

remains unclear how these characteristics influence time required to

implement PEWS, or what strategies can mitigate these effects. In this

study, we evaluate the impact of hospital characteristics on PEWS

implementation time in resource-limited pediatric oncology centers.
Methods

Setting

Proyecto Escala de Valoración de Alerta Temprana (EVAT) is a

multicenter quality improvement (QI) collaborative in Latin

America to implement PEWS (12). At participating centers, local

implementation teams work with regional PEWS experts to plan,

pilot, implement, and assess impact of PEWS (5, 27).
Data collection

This mixed-methods study included 23 Proyecto EVAT centers

across 11 Latin American countries completing PEWS

implementation prior to March 2020. Time required for PEWS

implementation was calculated from the start of the PEWS pilot to

implementation completion.

Qualitative data collection has been described previously (5). Briefly,

we selected 5 centers representing extremes of implementation time for

in-depth analysis, including 3 high-performing centers (3-4 months for

PEWS implementation) and 2 low-performing centers (10-11 months).

At each center, two researchers conducted semi-structured interviews

with 10 to 15 stakeholders involved in PEWS implementation, including

hospital directors, PEWS implementation leaders, or other staff (see

Supplementary Table 1 for participant demographics). Interviews were

conducted virtually using WebEx, recorded, transcribed, and translated

to English for analysis.

Quantitative data included measures of various center features.

Initially collected on enrollment in Proyecto EVAT, site leads

confirmed hospital data at the start of this study.
Definitions

Consistent with Proyecto EVAT criteria, “implementation

completion” was defined as having at least 2 months with high-

quality PEWS use (5, 27). Centers are considered to have high-

quality PEWS use when they have less than 15% in the three types of

PEWS use errors: errors in PEWS scoring, PEWS algorithm non-

adherence, and PEWS omissions (documented vital signs without

using PEWS) (27). Implementation time was defined as time from

the PEWS pilot start to implementation completion.

For analysis, research team members a priori identified hospital

attributes hypothesized to be related to PEWS implementation

time; these were supplemented with data from quantitative

findings during analysis. Their definitions can also be found in

Supplementary Table 2.
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Hospital material resources included pediatric intensive care

unit (PICU) capacity, physical pediatric hematology-oncology

(PHO) ward space, and available finances. PICU capacity

described available space in the ICU where pediatric patients were

treated or the total number of PICU beds. Physical space was

described by the number of beds per shared room on the PHO

ward. Available finances describe available hospital economic

resources for equipment and supplies needed for PEWS.

Human resources included the PHO ward nurse-to-patient ratio,

number of PICU physicians, and staff turnover (how often hospital

staff are replaced by new staff). In quantitative analysis, the nurse-to-

patient ratio was interpreted according to the International Society of

Paediatric Oncology (SIOP) nursing standards for LMICs, which

recommend a ratio of one nurse to five or fewer pediatric oncology

patients (28, 29). The number of PICU physicians included pediatric

intensivists, fellows, and other critical care providers with expertise

treating critically ill children with cancer.

Hospital characteristics encompassed funding structure (public or

private), type (academic or not, specialized or general), relative PHO

patient prioritization, and PHO service complexity. Specialized

hospitals consisted of oncology or pediatric multidisciplinary

centers while general hospitals included both general and women

children’s hospitals. PHO patient prioritization conveyed the relative

importance placed on PHO patient care and was quantitatively

described by number of PHO beds and PHO ward structure

(separate PHO ward or general pediatric ward). Service complexity

was measured by the number of wards requiring PEWS

implementation and number of staff requiring PEWS training.

Finally, we characterized hospitals by the participants’ self-

reported prior individual or institutional experience with

QI initiatives.
Data analysis

This study used a convergent mixed method design to investigate

hospital characteristics that impact PEWS implementation time. For

qualitative data, the study team developed a codebook a priori from

the CFIR (20, 21) and supplemented by novel codes from iterative

transcript review. Two researchers coded transcripts using the 2020

edition of MAXQDA software (VERBI Software GmbH), achieving a

kappa of 0.8 to 0.9.

We used thematic content analysis focusing on the impact of

hospital characteristics and QI experience on time required for

PEWS implementation (Supplementary Table 3 for code

definitions) Constant comparative analysis was used to explore

perceived characteristics related to PEWS implementation across

different hospitals and participant roles.

Quantitative analyses evaluated the relationship between

hospital characteristics and PEWS implementation time.

Association of PEWS implementation time with categorical and

continuous covariates were analyzed using Wilcoxon rank sum test

and univariate non-parametric regression analysis (Theil-Sen

median estimators), respectively. P-values < 0.05 were considered

statistically significant. Analyses were conducted using R 4.2.0

(https://www.r-project.org/).
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We iteratively compared quantitative and qualitative results to

synthesize common themes and statistical trends of how hospital

characteristics related to PEWS implementation time.
Results

Mixed methods analysis identified multiple factors associated with

time required to implement PEWS, including material and human

resources, hospital characteristics, and QI experience (Figure 1).
Material resources

In qualitative analysis, participants described various

material resource limitations that impacted time for PEWS

implementation, including PICU capacity, physical space, and

available finances (Table 1).

Participants at hospitals with limited PICU capacity had challenges

implementing PEWS due to limited ability to transfer a patient with

deterioration to a higher level-of-care: “There are few beds in the [P]

ICU, so when the patient needed to be transferred because he was getting

worse, there was no free space” (physician director, San Louis Potosi
Frontiers in Oncology 0486
[SLP]). In hospitals without a dedicated PICU, pediatric patients were

admitted to adult ICUs, further stretching limited resources: “it’s a

multi-use ICU… we had to manage bed limitation to admit both adult

patients and pediatric patients… we don’t have the necessary number of

beds to treat all patients” (physician director, Lima).

Similarly, hospitals’ physical space limitation obstructed

implementation of PEWS: “reduced space where we cannot monitor

the child 24/7…made it difficult to find the way to the patient and move

him to a space for higher supervision” (implementation leader, SLP).

Additionally, financial limitations increased time required for PEWS

implementation as hospitals struggled to obtain necessary medical

equipment: “I wanted to do things well, but I didn’t have the equipment,

and I ended up doing nothing” (implementation leader, Xalapa).

Quantitative data supported these findings (Table 2); hospitals

with more PICU beds required less time for PEWS implementation

(p = 0.045) and those with fewer beds per shared room

implemented faster (p = < 0.0001).
Human resources

In qualitative analysis, participants also identified human

resource limitations that impacted PEWS implementation time,
FIGURE 1

During implementation of Pediatric Early Warning Systems (PEWS), hospital characteristics such as funding structure and type impact resource
availability, which in turn influences time required to implement PEWS. A hospital’s experience with Quality Improvement (QI) can alter this
relationship between its resource availability and time to implementation, supporting faster PEWS implementation by enabling implementers to
proactively identify and address PEWS barriers.
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including nurse-to-patient ratios, availability of PICU physicians,

and staff turnover (Table 1).

A low ratio of clinical staff to patient volume increased workload

and threatened the quality of patient care, including ability to use PEWS.

Nurses especially voiced this concern: “we’ve tried to have one nurse per

child… taking care of one child implies a bigger effort and that couldn’t be

shared if there was an extra adult or child” (nurse director, Lima).

Nurses across all hospitals considered high nurse-to-patient ratios a

significant barrier to PEWS use: “we have a big workload, one nurse for 8

or 9 patients, sometimes 11…the human factor is a big barrier for us …

we cannot manage that” (implementation leader, El Salvador).

Similarly, hospitals lacking physicians specialized in PICU

management struggled with timely evaluation and transfer of

deteriorating patients, negatively affecting both patient outcomes
Frontiers in Oncology 0587
and PEWS implementation: “We only work with one on-call

intensivist … when they call saying this patient is having a cardiac

arrest, even though I’d do everything inmy power, I won’t be able to get

there in time” (implementation leader, Cuenca). Even in settings with

adequate physician staffing, a lack of specialists trained in

management of critically ill children with cancer was felt to

increase implementation time: “pediatrics is not our chosen specialty

… Even though we have all the knowledge and experience from the

courses, the health care staff don’t have the vocation or the affinity to

work with children” (physician director, Lima).

In some hospitals, staff turnover, through both absenteeism and

rotations, prolonged implementation as it was necessary to retrain

staff in PEWS, and new staff without prior training struggled to

consistently use PEWS correctly: “the new [resident] comes in …
TABLE 2 Association of continuous data with implementation time.

Characteristic Min Median Max p*

Number of PICU beds 0 8 27 0.045

Number of beds per shared room 1 4 15 <0.0001

Number of PICU physicians 0 3 28 0.18

Number of PHO beds 0 22 65 0.039

Number of staff (physicians + nurses) requiring PEWS training 16 49 901 0.0014
PICU, pediatric intensive care unit; PHO, pediatric hematology-oncology; PEWS, pediatric early warning systems.
p*: p-values using univariate nonparametric regression analyses (Theil-Sen single median estimator).
TABLE 1 Participant perspectives on material and human resources.

Theme Sub-
theme

Example Quote

Material
Resources

PICU
capacity

“because my hospital doesn’t have intensive care for children, we have limitations, so, finally we end up treating children who should be in
ICU on the service floor until we can get a bed in ICU” (nurse director, Lima)

“One of the biggest limitations has been the number of patients and beds, and the deficit in beds is more notable” (physician director, Lima)

Physical
space

“So our demand from oncology patients is very high. For example, we used to have 8 beds and we would reach up to 372 oncology admission,
just to our service” (nurse director, SLP)

“a little girl had just died of a common situation, a patient who was not assisted in the general room, died and she could have been saved”
(implementation leader, Xalapa)

Available
finances

“we didn’t have bracelets of every size to measure the blood pressure, we didn’t have oximeters, the stethoscopes we used were bad quality,
some old, damaged, they even hurt the ears” (implementation leader, Xalapa)

“We committed, in the training, to the acquisition of equipment so the staff could do it. Because if they had the training but not the
equipment or the supplies it wouldn’t work” (nurse director, El Salvador)

Human
Resources

Nurse-to-
patient
ratio

“our department has 22 beds, we are a very small team of nurses and I think that was the main obstacle and we thought that was not going
allow us to implement in our department” (implementation leader, Cuenca)

“Among the barriers we found, there was the human resources, we didn’t have … we used to be 1 nurse for 8 patients” (implementation
leader, Lima)

PICU
physicians

“The other limitation we already talked about is that we don’t have an intensivist for every shift … the ideal thing would be to have an
intensivist who can evaluate the patient because I think they have more experience and can better manage the deterioration” (physician
director, SLP)

“the limitations we have are staff … we had to be careful to select what patients receive the intervention because if we did the intervention to
all patients then probably our team would have been insufficient” (physician director, Lima)

Staff
turnover

“We have a high level of absenteeism in the hospital, the ones that stayed are ready to a leave, so every time we’re less people working
“(implementation leader, Xalapa)

“we have people taking leaves, human resource is very limited … the absenteeism, the load of work, is a huge barrier for us” (implementation
leader, El Salvador)
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without good training, so some things may happen regarding the

management that are incorrect” (physician director, SLP).

This perceived relationship between human resources and time

to PEWS implementation was not observed in the quantitative

analysis; neither the number of PICU physicians, nor the nurse-to-

patient ratio significantly impacted implementation time (p = 0.18,

Table 2 and p = 0.85, Table 3, respectively). The relationship

between nurse-to-patient ratio and implementation time can be

visualized with Supplementary Figure 1.
Hospital characteristics

Across all hospitals, hospital characteristics such as funding

structure, type, and PHO patient prioritization were seen by

participants to impact PEWS implementation time by

determining the relative availability of material and human

resources for PEWS (Table 4).

Public hospitals rely on government resources, and participants

from these settings described their centers as frequently

underfunded, reducing available material and human resources

necessary to quickly implement PEWS: “Our country is a poor

country, our hospital is a public hospital, we lack many resources and
Frontiers in Oncology 0688
it’s difficult to request them” (implementation leader, Lima).

Conversely, participants viewed private hospitals as having greater

access to human and material resources and fewer administrative

barriers when requesting resources for new projects: “our hospital is

a hospital that has its own resources. We were able to quickly approve

it and prove that this was a sustainable project which helped the

implementation go faster” (research director, Cuenca).

Similarly, academic teaching hospitals were perceived as having less

resources and thus required more time for PEWS adoption. Academic

hospitals faced more implementation barriers due to the prioritization

of training healthcare staff, thus reducing time for initiatives like PEWS:

“[Non-academic hospitals] can dedicate all the time to assisting patients.

In academic hospitals, you have the excuse of preparing human resources,

so it’s not feasible to develop certain types of initiatives” (quality director,

SLP). In some teaching facilities, trainees with limited experience

managing pediatric emergencies increased implementation time: “We

don’t prepare residents in pediatric emergencies … so the hospitals that

prepare residents in pediatric intensive care would have an earlier

adoption than us” (quality director, SLP). Additionally, academic

hospitals experienced more rotations among trainees, contributing to

issues with PEWS use: “[in an academic hospital] they complete their

training period, and they leave … So, it’s very variable to capture the

critical state of a patient” (physician director, SLP).
TABLE 3 Association of categorical data with implementation time.

Characteristic n % t (median months) p**

Nurse-to-patient ratio (1 nurse to how many patients) 0.85

Five or less 9 39 6.0

Greater than five 14 61 6.0

Funding structure 0.94

Public 18 78 6.0

Private + Mix (public/private) 5 22 5.5

Hospital type NA*

Academic 22 96 6.0

Non-academic 1 4 8.4

General (general + women children’s hospital) 9 39 7.0 0.025

Specialized (pediatric multidisciplinary + oncology) 14 61 5.2

PHO ward structure 0.071

Separate PHO ward 21 91 6.0

No PHO ward (general pediatric only) 2 9 9.7

Number of PHO wards requiring PEWS implementation 0.013

One ward 19 83 5.5

More than one ward 4 17 9.6

QI Experience 0.13

Yes 6 26 4.5

No 17 74 6.5
PHO, pediatric hematology-oncology; PEWS, pediatric early warning systems; QI, quality improvement.
p**: p-value using Wilcoxon rank sum test.
NA*: Analysis unavailable for academic hospital type due to low sample size (1 non-academic hospital).
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Finally, participants across all centers reported that specialized

hospitals, such as pediatric multidisciplinary or oncology hospitals,

encountered fewer implementation barriers due to staff experience

with and institutional prioritization of pediatric and/or oncology

patients: “Since we are an oncology hospital … we try to be updated

and have good reception for those programs that strengthen our

patient’s safety” (nurse director, Xalapa). General hospitals were felt

to have other competing priorities and less experience with

pediatric oncology, resulting in fewer resources for projects like

PEWS: “This generated some rejection because our [general] hospital

has limited resources and we would need oximeters for children”

(implementation leader, Lima).

Of the 23 participating hospitals, only 2 were private and 3 were

mixed private/public; in quantitative analysis, we did not find

an association between funding structure and implementation

time (p = 0.94, Table 3). Similarly, only 1 hospital was non-

academic, preventing analysis of the relationship between

academic status and implementation time. Aligned with

qualitative findings, however, quantitative analysis demonstrated

that specialized hospitals implemented faster than general hospitals

(p = 0.025, Table 3). Hospital prioritization of PHO patients was

also significantly related to PEWS implementation time; hospitals

with more PHO inpatient beds implemented faster (p = 0.039,

Table 2), and those with a dedicated PHO ward trended towards

shorter implementation times (p = 0.071, Table 3).

In quantitative analysis, service complexity emerged as an

additional barrier to PEWS implementation. Hospitals with more

than one PHO ward requiring PEWS implementation and those

with more nurses and physicians requiring PEWS training required

more time for PEWS implementation (p = 0.013, Table 3 and p =

0.0014, Table 2, respectively). Further conceptualization of various
Frontiers in Oncology 0789
hospital characteristics impact on implementation time are

available in Supplementary Figures 2A–D respectively.
QI experience

Prior QI experience, both at the hospital and among

implementation team members, was seen by participants to

facilitate PEWS implementation by allowing centers to more

easily overcome existing resource limitations (Table 4). Examples

of these experiences included involvement with initiatives related to

central venous catheters, decreasing hospitalization times, and

shortening time to antibiotic administration in febrile neutropenia.

Past experience with QI was seen to facilitate PEWS

implementation by allowing centers to anticipate and proactively

address potential implementation barriers: “I think the knowledge

exchange allows you to identify the difficulties you have in your

center and learn from the experience of other centers” (physician

director, Lima). Nurses also felt empowered by QI experience to

participate in PEWS implementation as members of the

multidisciplinary team: “since I’m a nurse I know how to take care

of a patient, that [and to learn about quality] facilitated my support

to conducting that project [PEWS] and to my colleagues” (nurse

director, El Salvador).

Conversely, hospitals without QI experience struggled with

implementation and were initially intimidated by the PEWS

project: “it was something big … maybe we wouldn’t be able to

accomplish it … maybe most of us felt the same way about not being

able to accomplish it” (implementation leader, Cuenca). Despite

most hospitals lacking prior QI experience, all eventually achieved

successful PEWS implementation, often applying QI methodology
TABLE 4 Participant perspectives on hospital characteristics and QI experience.

Theme Sub-theme Example Quote

Hospital
Characteristics

Funding
structure

“we’re a public hospital and we have limited economic resources” (implementation leader, Xalapa)

“one thing that I see as important is this hospital is not a public hospital that depends on state resources, because probably things
are slower” (research director, Cuenca)

Academic
centers

“the non-academic would be the fastest, the academic hospitals would the slowest because they prepare human resources” (quality
director, SLP)

We’re an academic hospital … they come to our hospital to become pediatricians, surgeon” (QI coordinator, El Salvador).

Hospital type “general hospitals don’t offer pediatric oncology services because they don’t have enough specialists and they don’t have enough
technology” (physician director, Lima)

“it’s a general hospital. In that service we treat from onco-hematology patients to surgery patients, so we don’t only treat oncology
patients, maybe 60%” (nurse director, SLP)

QI Experience Impact on
implementation

“like I was telling you we have 10 years working on continuous quality improvement programs, in the oncology service, the nurses
already had their equipment and they gave orientation seminars to all the staff and training” (QI coordinator, El Salvador)

“because we had traveled some part of the road already … we had to follow certain standards for attention, so, when PEWS came we
had all this background and it was easier to make it run” (data manager, Xalapa)

Plans for future
initiatives

“This was the example to have better or bigger projects in quality improvement in order to help us with the rest of the processes at
the hospital” (implementation leader, Lima).

“we proposed that PEWS could be implemented to other departments, general pediatrics, pulmonology, etc. not only oncology”
(physician director, El Salvador).
PICU, pediatric intensive care unit; QI, quality improvement.
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learned in Proyecto EVAT: “At the beginning, it was kind of a

barrier because we were afraid of the unknown, but then we were

very successful” (implementation leader, Cuenca). Successfully

implementing PEWS also empowered hospitals to apply their

experience to future improvement initiatives: “A lot of us have

started to get involved in other quality improvement projects that

maybe didn’t exist before PEWS, it has helped us and pushed us to

work” (implementation leader, Lima).

Most hospitals lacked QI experience prior to PEWS

implementation (n = 17, 74%, Table 3). Supporting qualitative

findings, quantitative analysis demonstrated hospitals without QI

experience trended towards longer PEWS implementation times

(6.5 months vs. 4.5 months, p = 0.13, Table 3). This relationship is

also displayed in Supplementary Figure 3.
Discussion

This study analyzed the relationship between hospital

characteristics and PEWS implementation time in resource-limited

settings. Fixed hospital characteristics, like funding structure and

type, determined the relative availability of resources for PEWS and

impacted time needed for implementation. Previous QI experience,

however, either at the center or among members of the

implementation team, mitigated these barriers by empowering

centers to proactively anticipate and overcome implementation

challenges. In centers without prior QI experience, implementation

leaders leveraged training obtained through Proyecto EVAT to

successfully implement PEWS.

Our findings are consistent with prior work in LMICs

demonstrating the impact of resource availability on QI and

intervention implementation (7, 8), including the barriers of staff

turnover (26, 30), large organization size (31), and poor

infrastructure (25). Similarly, the importance of hospital and staff

specialization have been identified as important to the quality and

capacity of pediatric onco-critical care (10, 32). Additionally, a

systematic review evaluating the use of the CFIR in LMICs

proposed a new domain, “Characteristics of Systems,” that affects

organizational policies to produce changes to the inner setting

(hospital) domain (22). This relationship reflects the impact of

hospital characteristics (e.g., funding structure) on resource-

availability we observed in this study.

Although data on the impact of QI collaboratives in LMICs is

conflicting (33), our work supports findings that including QI

training, as is done in Proyecto EVAT, can improve collaborative

effectiveness (33, 34). In this study, few centers or implementation

team members reported previous experience with QI, highlighting

the importance of incorporating QI training into programs to scale-

up interventions in resource-limited hospitals. Our findings suggest

that QI training also provides additional benefits, including team

empowerment and motivation to introduce other improvement

projects, potentially resulting in more broad impact on

patient outcomes.

Centers in our study more quickly completed implementation

when they adapted the PEWS implementation process to the

specific characteristics of their institution and resource-level.
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These findings provide actionable recommendations for

clinicians, hospital leadership, and researchers wishing to

implement PEWS or other QI interventions in resource-limited

clinical settings. For clinicians, we recommend an iterative

implementation strategy that includes aspects of successful

methodologies from other resource-constrained sites and tailoring

them to the needs of their center. This can include formal QI

methods such as plan-do-study-act (PDSA) cycles, stakeholder

analyses, and process mapping, among others. Hospital leadership

looking to foster a culture of QI in their hospital should support

local QI efforts and promote QI training options within the center

to grow institutional and clinician capacity for QI. For researchers

and public health experts leading collaborative efforts to scale-up

evidence-based interventions, we recommend including training in

QI methodology to better enable clinicians to leverage their

knowledge to support improvement initiatives.

This study has several limitations. The relatively small sample size

(23 centers) and low frequency of some variables (e.g., private

funding structure) limited the power of our quantitative analysis to

identify true relationships between some variables and PEWS

implementation time. Our mixed methods design, however,

supplemented this quantitative data with in-depth qualitative

analysis from a diverse group of stakeholders. The synthesis

between quantitative and qualitative findings strengthened our

study and enriched the analysis of the relationship between hospital

characteristics and PEWS implementation. At the time of this study,

all Proyecto EVAT centers had successfully implemented PEWS (27).

As a result, we used time needed for implementation, rather than

implementation success or failure, as the implementation outcome.

Implementation time is a relatively newly described implementation

outcome (24), and this study further contributes to this emerging

literature. Finally, this study focused on implementation of one

intervention in pediatric oncology centers, potentially limiting

generalizability of our findings to other interventions and settings.

Future work should more broadly evaluate the impact of hospital

characteristics on implementation of other interventions to improve

childhood cancer care and explore the impact of external factors (e.g.,

the COVID pandemic) on intervention implementation and

sustainability in resource-limited settings (35). This includes

evaluation of the impact of changes in resources to promote

intervention use over time and study of associated intervention

costs and cost-benefits and their impact on sustainability.
Conclusions

This study describes how hospital characteristics impact time

required for successful PEWS implementation in resource-limited

pediatric oncology centers, with past hospital or individual QI

experience mitigating implementation challenges by empowering

implementation teams to proactively overcome identified barriers.

Importantly, lack of prior QI experience can be addressed through

teaching QI methods as part of the implementation process. These

findings can be used by clinicians and researchers to conduct pre-

implementation assessments to anticipate implementation

challenges and guide future collaborative initiatives to scale up
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interventions that improve outcomes of children with cancer in

hospitals of all resource-levels.
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While acute kidney injury (AKI) after hematopoietic cell transplant (HCT) has been

well-described in pediatric patients, literature regarding the long term renal

consequences of HCT-related AKI, the development of chronic kidney disease

(CKD), and CKD care in pediatric patients post-HCT is limited. CKD affects almost

50% of patients after HCT with multifactorial etiology including infection,

nephrotoxic medications, transplant-associated thrombotic microangiopathy,

graft-versus-host disease, and sinusoidal obstruction syndrome. As renal

function declines in CKD, eventually progressing to end stage kidney disease

(ESKD), mortality increases and is more than 80% among patients requiring

dialysis. Using society guidelines and current literature, this review summarizes

definitions and etiologies of andmanagement strategies among patients with AKI

and CKD post-HCT with an emphasis on albuminuria, hypertension, nutrition,

metabolic acidosis, anemia, and mineral bone disease. The goal of this review is

to aid early identification and intervention in patients with renal dysfunction prior

to development of ESKD, and to discuss ESKD and renal transplant in these

patients post-HCT.

KEYWORDS

hematopoietic cell transplant, chronic kidney disease, kidney injury, kidney
transplant, nephrology
1 Introduction

Hematopoietic cell transplant (HCT) is an established treatment for various malignant

and non-malignant disorders among both adults and children. According to the Center for

International Blood and Marrow Transplant Research, between 2008 and 2014, there were

over 4400 pediatric allo-HCTs across 119 centers in the United States (1). Prevalence of

acute kidney injury (AKI) after HCT has been reported as high as 70% in adult literature

with variable incidence of 21% to 84% in pediatric literature (2, 3). In a previous review by

Hingorani et al. in 2016, AKI within the first 30 days of transplantation and increase in AKI
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severity are associated with an increased risk of mortality, and

mortality rates among those patients who require renal replacement

therapy (RRT) ranges from 55-100%. A recent pediatric

retrospective cohort study by Bauer et al. found that nephrology

was consulted in less than 50% of patients with severe AKI, and risk

of death was significantly higher in patients with severe AKI (RR

4.6, 95% CI 2.6-8.1) (4). Very little literature has been published

about pediatric patients with chronic kidney disease (CKD) or who

require RRT after HCT. The aim of this review is to describe the

etiologies of kidney injury, strategies for AKI detection, and

management of CKD in children following HCT. Given the broad

scope of this review, we selected to focus on high yield topics and

performed an unstructured search using PubMed to identify and

summarize relevant literature.
2 Etiologies of kidney injury

Patients who undergo HCT have unique risk factors for AKI in

addition to those of the general population. These can include

nephrotoxic medication exposures such as antimicrobials,

preconditioning chemotherapy, use of biologics or immunotherapies,

radiation therapy possibly leading to radiation nephropathy, and use of

calcineurin inhibitors (CNIs) as prophylaxis for graft-versus-host-

disease (GVHD) (5). Mechanism of nephrotoxicity varies but has

been categorized previously as vasoconstriction or altering

intraglomerular hemodynamics, tubular cell toxicity, acute interstitial

nephritis, tubular obstruction, hypersensitivity angiitis, and

thrombotic microangiopathy (5). While CNIs can cause

vasoconstriction of the renal artery, the exact mechanism between

CNIs and AKI is unclear, as multiple studies have shown that neither

the dose nor the drug level of CNIs in the blood, mostly cyclosporine,
Frontiers in Oncology 0294
are significantly associated with AKI (2, 6). A recent review on CNI

nephrotoxicity among renal transplant patients by Naesens et al. shows

that local renal factors play a larger role than systemic overexposure to

CNI, defined by CNI drug levels in the blood (7). These factors include

patient variability in P-glycoprotein and CYP3A4/5 activity, older

kidney transplant age, salt depletion and diuretic use, Non-Steroidal

Anti-Inflammatory Drug (NSAID) use, and genetic polymorphisms in

other genes such as ACE and TGF-b (7). Here, we discuss some

unique clinical conditions that increase a patient’s risk of AKI after

undergoing a HCT by focusing on the most prevalent etiologies and

summarize our recommendations in Figure 1.
2.1 Transplant-associated
thrombotic microangiopathy

Transplant-Associated Thrombotic Microangiopathy (TA-

TMA) is characterized by endothelial dysfunction leading to

microangiopathic hemolytic anemia (MAHA), thrombocytopenia,

and multiorgan dysfunction typically within the kidneys, lungs,

gastrointestinal (GI) tract, and central nervous system (8). Clinical

diagnosis is made by the presence of MAHA, elevated lactate

dehydrogenase level (LDH), renal dysfunction, and negative

direct and indirect Coombs’ test. While some TMA diagnostic

criteria, such as the Clinical Trials Network TMA criteria, include

concurrent renal and/or neurologic involvement without another

identified etiology, this criterion has been questioned for its validity

and applicability to those patients with TMA at the highest risk of

death (9, 10). Incidence is variable from 0.5-64% and likely

impacted by variations in diagnostic criteria used across centers

as well as differing pre-transplant conditioning regimens (11). In

children and adolescents, those with TA-TMA had significantly
FIGURE 1

Summary of recommendations to identify high risk patients, etiology-based workup, and specific management.
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greater non-relapse mortality at 1 year post-HCT compared to

those without TA-TMA (43.6% vs 7.8%, P <0.0001) (12).

TA-TMA can be renally limited, but this does not always

correlate with a rise in serum creatinine level. Kidney biopsy may

be required to confirm the underlying diagnosis, especially in cases

that exclusively involve the kidneys (13). A majority of TMA is

caused by secondary TMA (80%-90%), and one of the most

common forms is drug-induced TMA which makes up 10-13% of

all TMAs and 20-30% of secondary TMAs (14, 15). Mazzierli et al.

reviewed drug-induced TMA, which can present renally limited, and

found complement deposition in half of the renal biopsies (57%, 37/

66) of patients with complement deposition patterns associated with

drug type, but also rare associations with pathological genetic

mutations (1.6%, 2/122) (16). Similarly, abnormal complement

activation without genetically identified complement disorders has

been reported in a review of TMA caused by immune checkpoint

inhibitors (17) and in an broad review of TMA among patients with

C3 deposition on kidney biopsy (18).

Risk factors for TA-TMA include high dose conditioning

regimen, high dose chemotherapy, total body irradiation, donor

type (allogenic, unrelated), HLA mismatch, CNI use, acute GVHD

grade 2 to 4, and viral or other infections (especially BK viremia)

(2). High dose conditioning chemotherapy may cause direct

endothelial injury while CNIs cause direct endothelial injury,

increase thromboxane A2 and endothelin levels, and decrease

nitric oxide and prostacyclin levels (19). Infections can cause

endothelial injury directly or indirectly through inflammatory

mediators such as TNF-alpha and IL-1 (11). GVHD is a risk

factor for TA-TMA and is associated with a four-fold higher risk,

independent of CNI levels or dosing regimen, and, conversely, an

increased grade of GVHD leads to a higher risk of TA-TMA (13).

While GVHD and TA-TMA can occur independently from one

another, they can overlap clinically and both present with

endothelial injury (20).
2.2 Graft-versus-host disease

GVHD is classically known to affect major organs including the

skin, liver, and GI tract, but the kidney can also be involved. GVHD

can present in the kidney as AKI, nephrotic syndrome,

glomerulonephritis, or TA-TMA (8). Typical presentation is

glomerulonephritis between 6 to 12 months after HCT, often as

preventive immunosuppression in being weaned (21). While

current GVHD grading does not include the kidneys, the

presence of GVHD in other organs is a risk factor for kidney

GVHD and is believed to be due to not only systemic inflammation

but also local changes within the kidney, sharing similar GVHD-

associated pathways as the other more common target organs (22).

GVHD is independently associated with TA-TMA, likely due to

targeting by donor graft cells to recipient’s vascular endothelium

(13). The presence of GVHD is also an independent risk factor for

AKI and CKD (23).
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2.3 Sinusoidal obstruction syndrome

Sinusoidal Obstruction Syndrome (SOS), previously known as

hepatic veno-occlusive disease, occurs after endothelial injury

within hepatic sinusoids and hepatocytes in zone 3 of the hepatic

acinus causes hepatocellular necrosis, fibrosis, and vascular

occlusion. Left untreated, this can result in liver failure,

hepatorenal syndrome, multiorgan failure, and eventually death

(21). This recent meta-analysis by Raina et al. estimates a pediatric

incidence of 18.2% (95% CI: 9.6-28.8%) compared to an older meta-

analysis by Coppell et al. with almost 25,000 patients which found

an overall mean incidence of 13.7% (95% CI: 13.3%-14.1%) and

mortality rate from severe VOD of 84.3% (95% CI: 79.6-88.9%)

(24). Risk factors for SOS include high dose conditioning regimens

that lead to acute portal hypertension from direct injury to

endothelial cells in the hepatic sinusoids and activation of stellate

cells (2, 24). This leads to portal hypertension which can impact

renal perfusion and cause renal tubular injury (2). SOS is an

independent predictor of all stages of AKI, including severe AKI

requiring RRT, and the presence of both SOS and AKI are

associated with worse clinical outcomes (2, 3).

Diagnostic criteria for SOS in children by the European Society

of Blood and Marrow Transplantation (EBMT) was first proposed

in 2017 and includes 2 or more of the following: thrombocytopenia

(unexplained, consumptive, transfusion-refractory), unexplained

weight gain for 3 consecutive days despite diuretics or weight

gain >5% from baseline, hepatomegaly above baseline (best if

confirmed on imaging), ascites above baseline (best if confirmed

on imaging), and rising bilirubin above baseline on 3 consecutive

days or bilirubin ≥ 2mg/dL within 72h (25). EBMT pediatric

severity grading for SOS had previously defined renal function

scoring by glomerular filtration rate (GFR), but in 2019 the

internationally accepted criteria for acute kidney injury (AKI)

staging defined by Kidney Disease: Improving Global Outcomes

(KDIGO) was used instead (26).
2.4 Viral infections

Viral infections can cause a variety of renal conditions. BK virus

or adenovirus are common causes of hemorrhagic cystitis (HC). HC

presents with hematuria, dysuria, flank pain, and potentially AKI.

Risk factors for BK virus HC (BKV-HC) include treatment with

rabbit thymocyte globulin, high BK virus levels, cord-blood or

peripheral blood stem cell transplant, presence of GVHD (grade 2

to 4), age greater than 7 years old, and concurrent infection with

other viruses. BKV-HC among pediatric patients is reported

between 9.9% to 21.3% of patients after HCT (27, 28). Ruderfer

et al. found that BKV-HC is associated with increased all-cause

mortality (HR 2.22; 95% CI: 1.35-3.65), more severe AKI (stages 2

and 3) when occurring in the first 60 days post-HCT, and

development of acute renal failure requiring dialysis and CKD

stage 2-3 when occurring in the first year post-HCT.
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Plasma BK virus levels are more indicative of renal involvement

than urine BK virus levels. A prospective pediatric study by Cesaro

et al. found plasma BK is predictive with a viral load of 10,000

copies/mL significantly associated with BK-HC in multivariate

analysis (HR 6.1, P = 0.0006), and BKV-HC associated with

significantly higher risk of mortality (HR 2.6, p = 0.018) (29). A

retrospective study comparing outcomes between children based on

degree of viremia found that those with plasma BK virus levels of at

least 10,000 copies/mL during their first year post-transplantation

had lower rates of survival at 1 year, worse renal disease (with 7/10 =

70% requiring dialysis), and more severe BKV-HC (including

urologic complications requiring surgery) than children with

levels less than 10,000 copies/mL (27). Patients with BK viremia

and AKI should be considered for renal biopsy, if it can be safely

obtained, to confirm diagnosis of BK virus nephropathy before

treatment with antivirals such as cidofovir. Treatment includes

reduction of immunosuppression, if possible, prior to initiating

antivirals including leflunomide, cidofovir, and brincidofovir.

Cidofovir has had mixed success for treatment of HC. Similarly,

adenovirus has been identified as a cause of AKI post-HCT and is

sensitive to both cidofovir and brincidofovir treatment (30).

3 Identification and monitoring for
kidney injury in a patient with HCT

Kidney injury associated with HCT has a prevalence of 10-70%

in adult literature with median time to onset of AKI 33 to 38 days

after transplantation (2). In pediatric literature, AKI incidence

varies widely from 21 to 84%, likely due to variability in AKI

definitions and patient heterogeneity (3). Consensus statement by

the pediatric continuous renal replacement therapy (PCRRT)

working group meta-analysis showed statistically significant

higher AKI rate among allogenic (39.3%, 95% CI: 25.7–53%) than

autologous transplant recipients (5%, 95% CI: 0–11.9%) as well as

higher AKI incidence in patients with HCT due to malignancy

(33.6%) than those undergoing HCT without malignancy (6.1%)

(21). Those patients who have significant risk factors for AKI

benefit from close monitoring to allow for early detection of AKI

which can be challenging in pediatric patients.

3.1 Diagnosing AKI

There are several criteria published in the literature to diagnose

AKI. These include the risk, injury, failure, loss of kidney function,

and end stage kidney disease (RIFLE) system, the acute kidney

injury network (AKIN) criteria for kidney injury, and KDIGO
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criteria (2, 31). As it is currently the most widely used and

internationally accepted system for staging AKI, we recommend

the KDIGO system (shown below in Table 1) for pediatric patients.

While current KDIGO criteria relies on SCr and increasing

duration of oliguria to detect AKI, SCr can be a suboptimal AKI

biomarker. SCr indicates actual loss of kidney function from an

injury that occurred 48-72 hours prior and overestimates GFR due

to tubular secretion. SCr is also impacted by sex, age, height, protein

intake, and muscle mass (31–33). The most studied alternative AKI

biomarker for pediatric patients is Cystatin C (CysC), a 13 kDa

cysteine protease inhibitor that is freely filtered by the glomerulus

and without any known tubular secretion (32). As a functional

biomarker, serum CysC reflects a change in kidney function, rather

than a loss of function, and can detect AKI earlier than SCr.

However, some studies show that serum CysC can be influenced

by inflammation, steroids, and age (32, 34–39). A systematic review

and meta-analysis by Zhang et al. of primarily adult studies showed

serum CysC was able to predict AKI with a diagnostic odds ratio

(OR) of 23.5 (95% CI: 14.2-38.9), sensitivity of 0.84, specificity of

0.82, and area under the receiver operating characteristics curve of

0.96 (95% CI: 0.95-0.97). GFR estimating equations based solely on

CysC or incorporating CysC and SCr exist for children. The three

most common equations for estimating GFR include the bedside

Schwartz equation based on Creatinine (40), Cystatin-C based

equation (41), Creatinine-Cystatin C-based Chronic Kidney

Disease in Children (CKiD) equation (42), and U25 modification

for CKiD equation for patients under 25 years old (43).

Alternative biomarkers have been studied for more accurate

diagnosis, but many are not currently available for widespread use.

These include tubular injury biomarkers like urinary Neutrophil

gelatinase-associated lipocalin (NGAL), urinary N-acetyl-beta-D-

glycosaminidase (NAG), kidney injury molecule-1 (KIM-1), tissue

inhibitor of metalloproteinases-2 (TIMP-2) and insulin-like growth

factor binding protein 7 (IGFBP-7). Data also exists for urine CXCL10

and CXCL9 in identifying AKI after HCT (44). Biomarkers of

glomerular function and tubular injury can be combined with

traditional markers (serum creatinine) for early AKI identification,

especially within 28 days post-HCT. Benoit et al. monitored for AKI

with weekly creatinine, cystatin C, and urinary NGAL to help identify

highest risk patients for adverse outcomes (45).
3.2 Screening and evaluation for AKI

Prior to HCT, renal function should be evaluated with baseline

SCr and CysC as well as imaging to evaluate for structural renal
TABLE 1 KDIGO staging of AKI based on serum creatinine and urine output (31).

Stage Serum Creatinine (SCr) Urine output

1
1.5-1.9x baseline Scr
≥ 0.3mg/dL above baseline

< 0.5ml/kg/hr for 6-12h

2 2-2.9x < 0.5ml/kg/hr for ≥ 12h

3
3x baseline SCr
SCr ≥ 4mg/dL
Initiation of renal replacement therapy

< 0.3ml/kg/hr for ≥ 24h, or Anuria for ≥ 12h
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abnormalities with ultrasound. Having a pre-HCT baseline SCr and

CysC allow for more accurate staging and recognition of AKI post-

HCT. During initial HCT admission, we recommend routine

application of KDIGO AKI criteria to identify patients during

earlier stages of AKI when intervention may prevent requirement

prolonged AKI, severe AKI, or requiring renal replacement.

Those patients who are found to have an elevated creatinine

post-HCT compared to their pre-HCT baseline should undergo

further investigation to determine the cause, typically with a

combination of urine studies (complete urinalysis, spot urinary

albumin-to-creatinine ratio, urine sodium, urine urea, and urine

creatinine), serum studies (complete blood count, serum lactate

dehydrogenase (LDH), haptoglobin, and drug levels of calcineurin

inhibitors, if applicable), serum viral studies for BK virus and

adenovirus DNA, renal ultrasound (to assess for kidney size and

look for signs of obstructive uropathy), and, if diagnosis is still

unclear, possibly kidney biopsy (2, 19). If there is concern for TA-

TMA, recommended evaluation includes hematocrit, platelet, LDH,

haptoglobin, peripheral smear for schistocytes, urine studies for

proteinuria, and plasma sC5b-9 level. If glomerulonephritis from

GVHD is suspected, evaluation should include urinalysis with

microscopy, serum complement C3 and C4, lupus serology,

ANCA titers, and possible kidney biopsy (21).
4 Management of AKI in a patient
with HCT

KDIGO practice guidelines recommend management of AKI

based on stage of AKI. For those patients at risk of AKI, nephrotoxic

agents should be discontinued where clinically possible, effective

circulating volume should be optimized to ensure adequate

perfusion pressure, functional hemodynamic monitoring should

be considered, serum creatinine and urine output should be

monitored closely, hyperglycemia should be avoided due to risk

of osmotic diuresis, and radiocontrast should be avoided when

clinically possible. Diagnostic workup should be considered starting

at stage 1 AKI with possible changes in drug dosing by stage 2-3 and

consideration for ICU admission and/or renal replacement therapy

(RRT) (31).
4.1 Fluid balance

Among children with AKI after HCT, increased fluid overload

is independently associated with worse clinical outcomes and

increased mortality (46). Based on a review by Raina et al, fluid

overload more than 10-20% is also associated with increased

mortality, ICU length of stay, and mechanical ventilation (47).

Due to this, these patients should be monitored closely for fluid

overload including strict fluid intake and output, surveillance of

percent fluid overload as part of their daily assessment, and targeted

net fluid balance goals per day (21). To achieve these fluid balance

goals, a study by Raina et al. recommended an algorithm to monitor

daily fluid status after HCT and consider initiation of furosemide
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infusion for fluid overload of at least 5% (48). In the setting of

increasing weight and decreased urine output, consultation with

nephrology and restriction of fluid volume is recommended due to

the possible need for RRT.
4.2 Renal replacement therapy

Several adult, and combined adult and pediatric studies, have

shown that the degree of renal failure is associated with mortality, and

mortality can be as high as 84% (49, 50). A meta-analysis by Raina

et al. of pediatric patients post-HCT found that 31.1% (95% CI: 17.1-

47.2%, P<0.0001) of patients with AKI required RRT, most often due

obligatory fluid requirements significantly exceeding urine output

(21). These investigators also found that indicators of successful

termination of continuous RRT (CRRT) include improvement in

fluid overload state and urine output irrespective of the use of

diuretics at the time of discontinuation of CRRT (51). To help

identify high risk characteristics of those patients who required

RRT, a retrospective study by Lane et al. compared 30 pediatric

patients who required dialysis early after HCT to general pediatric

HCT patients. Compared to general HCT pediatric patients, those

requiring dialysis had a greater proportion of neuroblastoma as well

as fewer autologous and more unrelated HCT donors, potentially

related to differences in conditioning regimen, GVHD prophylaxis,

and infection prophylaxis or complications. While 77% (23/30) died

without renal recovery mostly from sepsis, 23% (7/30) had renal

recovery and survived. Clinical factors associated with persistent renal

failure included requiring at least 3 medications for blood pressure

support, hyperbilirubinemia, and fluid overload by weight >10% at

RRT start (52). Reduced renal reserve among these patients was

believed to be due to prior chemotherapy, tumor debulking surgery

sometimes requiring nephrectomy, or prior abdominal radiation (53).
4.3 Etiology-based management

Targeted interventions focused on suspected etiology of AKI

should also be performed. Nephrotoxic agents should be minimized

or avoided as clinically able. For clinically necessary but potentially

nephrotoxic medications, drug levels should be monitored closely

with dosing adjusted based on estimated renal function.

Glomerulonephritis due to GVHD can be treated with high dose

prednisone and/or calcineurin inhibitors. Rituximab use has been

described as well (54). For SOS, rapid and definitive diagnosis as

well as timely initiation of defibrotide is critical. Defibrotide is a

polydeoxyribonucleotide with aptameric activity on the

endothelium and anti-inflammatory, anti-thrombotic, and anti-

ischemic effects to counter the endothelial cell damage.

Defibrotide is the only drug approved for prevention and

treatment of SOS in the United States since it has been shown in

a randomized controlled trial to reduce incidence of SOS-associated

kidney failure (55).

For TA-TMA, especially secondary or drug-induced,

management should focus on withdrawal of the inciting agents
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such as calcineurin inhibitors, antimicrobial treatment for any

active infection, and maintenance of metabolic balance by

correcting fluid overload. There is limited evidence for the use of

plasma exchange which has unclear benefit (lacks randomized

controlled trial but anecdotal studies show <50% response and

mortality >80%) while Eculizumab has been shown to improve

outcomes in severe TA-TMA with 1 year survival and case reports

supporting its use (56). However, it should be noted that several

reviews report conflicting efficacy with therapeutic complement

inhibition such as Eculizumab and low rates of pathogenic variants

in complement genes in patients with TMA, especially drug-

induced TMA. These authors caution that improvement after

Eculizumab may be impacted by natural disease course after

withdrawal of the offending agent in drug-induced TMA (16, 18).
4.4 AKI leading to CKD

Early nephrology involvement is recommended given even mild

AKI can be associated with residual kidney damage. If etiology is

unknown, biopsy should be considered if there is significant or

persistent AKI after HCT. Biopsy could provide evidence of kidney

involvement by GVHD, TA-TMA, or viral infections, allowing for

more targeted treatment. Given most processes in the kidney

leading to AKI are inflammatory, early identification and targeted

treatment can help reduce duration of inflammation, reducing the

progression to fibrosis and eventual irreversible kidney damage with

loss of renal tubules and glomerular function (8). Recurrent renal

GVHD can lead to tubular atrophy, peritubular capillary loss, and

interstitial fibrosis. Recurrent episodes of AKI also increase the risk

of progression to CKD. AKI is indicated by elevated serum Cr up to

100 days after HCT, chronic injury at or after 100 days, and CKD if

AKI persists for 3 months or longer (2). After HCT, recommended

evaluation for persistent kidney injury should occur at the 6- and

12-month post-transplant evaluation followed by at least yearly

evaluations of serum blood urea nitrogen (BUN), serum creatinine,

urinalysis, and blood pressure (21).
5 Management of CKD in a patient
with HCT

It is important to identify those patients who have progressed

from AKI to CKD due to the long term health implications and

complications of CKD that require closer monitoring. Krist-van

Holthe et al. found that high SCr within 3 months of HCT

correlated with CKD at 1 year after HCT, so it is important to

follow high risk patients long-term who have had prior AKI (57).
5.1 Definition

The National Kidney Foundation Kidney Disease Outcome

Quality Initiative (KDOQI) consensus guidelines from 2012 define

CKD as at least 3 months of either decreased GFR (GFR < 60ml/min/
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1.73m2) or one or more markers of kidney damage (albuminuria of

at least 30mg/g, urine sediment abnormalities, electrolyte and other

abnormalities due to tubular disorders, abnormalities detected by

histology, structural abnormalities detected by imaging, or history of

kidney transplantation) (58). It should be noted that while these

guidelines do not include patients with stage 2 CKD (defined by GFR

60-89 ml/min/1.73m2), we recommend a similar monitoring and

management strategies for these patients as they are still at risk of

progressive renal dysfunction.
5.2 Etiology and risk factors

CKD is common among pediatric patients post-HCT with an

incidence of 48% between 6mo and 10yr following HCT and with

typical etiologies being idiopathic, TA-TMA, nephrotic syndrome,

AKI, and drug toxicity usually attributed to calcineurin inhibitors

(54). CKD caused by total body irradiation (TBI) or TA-TMA typically

present 6-12mo following HCT (59). Risk factors include baseline GFR

below 90ml/min/1.73m2, TBI exposure, nephrotoxic medications

especially calcineurin inhibitors, infections including sepsis, recurrent

AKI episodes, hypertension, and GVHD especially chronic GVHD due

to prolonged immune-mediated renal damage (19).
5.3 CKD staging

As shown in Table 2, KDOQI and KDIGO recommend staging

CKD by a combination of GFR as well as degree of albuminuria due

to adult evidence that both are independently related to increased

mortality, rates of end stage kidney disease (ESKD) progression,

and cardiovascular events (58). Based on rate of CKD progression,

acute medical events, or AKI episode, labs for CKD progression

should be monitored closely. During acute complications or AKI,

we recommend weekly CysC and at least weekly SCr. Outside of an

acute episode, minimum frequency of monitoring for proteinuria/

albuminuria, CysC, and SCr should occur with frequency based on

CKD stage and degree of albuminuria (frequency of lab monitoring

based on CKD stage is summarized in Table 3).
5.4 General management

Similar to AKI management, it is important to slow progression

of CKD by minimizing nephrotoxic exposures and AKI episodes,

dosing medications based on estimated GFR, measuring drug levels

when available, ensuring adequate hydration, optimizing blood

pressure, and minimizing proteinuria. If hypertension and

proteinuria are identified, initiation of an angiotensin converting

enzyme inhibitor (ACE-I) or angiotensin receptor blocker (ARB) is

recommended as this has been shown to be renoprotective long

term at slowing progression of CKD, especially among those

patients with significant proteinuria (19). All patients who meet

criteria for CKD should be referred for nephrology consultation.

Close follow-up with a nephrologist is critical to monitor regular
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labs for CKD complications including, but not limited to, abnormal

blood pressure, nutrition issues, acidosis, anemia, and mineral bone

disease. Multidisciplinary collaboration should include a dietitian

who ideally has expertise in pediatric and renal nutrition, especially

as patients without a gastrostomy tube may face challenges with oral

tolerance during episodes of mucositis or esophagitis. Children with

CKD benefit from multidisciplinary care given their risk of not only

post-HCT complications but also CKD complications.
5.5 Complications of CKD: albuminuria

Albuminuria is associated with progression of CKD as well as

decreased post-transplant survival (60). Development of any

albuminuria in the first 100 days after HCT has been associated

with increased risk of death at 1 year post-transplant (61). The

most accurate method for assessing urinary albumin is a 24 hour

urine collection. However, this can be difficult to accurately obtain

particularly in younger patients. In a review by Hingorani et al,

urinary albumin-to-creatinine ratios measured at days 80 to 100 days

after transplantation has been shown to be predictive of subsequent

kidney function and death, so any albuminuria during this time

frame is associated with an increased risk of progression to CKD (2).

Albuminuria after HCT can occur as early as 2mo post-

transplant, but typically occurs 6-12mo post-transplant which is

temporally associated with discontinuation of immunosuppressive

GVHD prophylaxis. Typical presentations include glomerulonephritis

or nephrotic syndrome (NS). NS presents as proteinuria,

hypoalbuminemia, edema, and hypercholesterolemia. NS in a
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patient who has undergone HCT should be evaluated with a renal

biopsy as 60-80% of cases are due to membranous nephropathy,

followed by 22% with minimal change disease (62). NS usually

resolves after high dose prednisone treatment, restarting calcineurin

inhibitors, or both. Rituximab has also been used successfully,

typically among patients with membranous nephropathy after HCT.

If macroalbuminuria (>300mg albumin/g Cr) is detected, then

the patient should be started on an ACE-I or ARB, and albuminuria

should be monitored every 3-6 months. Macroalbuminuria can be a

marker of renal GVHD, so it may be useful to continue

immunosuppression after 100 days after transplantation even if

there is no other evidence of GVHD in other organ systems (2).

Macroalbuminuria as well as hypertension may also be early

markers of TA-TMA in patients who have undergone HCT (12).

If microalbuminuria (30-299 mg albumin/g Cr) is detected, then

this should be repeated at least twice in the following 3-6 months to

ensure albuminuria is stable before spacing monitoring to every 3-6

months. If the patient has microalbuminuria and hypertension then

they should also be started on an ACE-I or ARB (63).
5.6 Complications of CKD: hypertension
and blood pressure

Presence of HTN after HCT has been associated with poor

long-term outcomes including increased risk of death, increased

risk of CKD (in adult patients OR 4.03; 95% CI: 1.04-13.06 (64)),

and increased risk of TA-TMA (19). HTN is defined as blood

pressure greater than the 95th percentile for sex, age, and height as
TABLE 2 Staging of CKD by GFR and degree of albuminuria from KDOQI US Commentary on the 2012 KDIGO Clinical Practice Guideline for the
Evaluation and Management of CKD (58).
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measured on at least 3 occasions. HTN incidence has been reported

as high as 80% in the first 2 years post-HCT in pediatric patients,

typically occurring 1 month after HCT (65). A long term

retrospective study by Hoffmeister et al. analyzing long term

survivors of pediatric HCT found a 30-year cumulative incidence

of 36% with median follow-up 16 years (range 5-36 years) and

prevalence of 15% overall, which is 2-3 times that of the general

population. Risk factors associated with HTN included AKI defined

as doubling of baseline creatinine by day 100 after HCT, total body

irradiation in preparative regimen, autologous donor type more so

than unrelated donor type, obesity, diabetes, and history of growth

hormone therapy. Longitudinal observation studies have shown

that younger age, higher body mass index, and higher proteinuria,

especially nephrotic range proteinuria, is more strongly associated

with increasing BP over time (66).

BP should be checked using validated pediatric equipment with

correct cuff size and position on upper extremity, as able. Ideally,

patients should be seated with their feet on the floor and with arms

and back supported. Patients should be relaxed and not talking or

moving for at least 5 minutes prior to BP being measured (67). For

young patients manual BP may be necessary due to intolerance.

Standardized in-office blood pressure should be taken at least every

3-6 months. Where available, 24 hour mean arterial pressure by

ambulatory blood pressure monitor (ABPM) should be performed

at 80 days after transplantation and then annually, as this can

provide a more accurate assessment of blood pressure variability

and can help evaluate for white coat and masked HTN.

Treatment of HTN can help decrease not only progression of

CKD but also cardiovascular disease risk. Lifestyle modifications

should be implemented followed by antihypertensive treatment

when BP is consistently >90th percentile for age, sex, and height.

First line chronic antihypertensives in CKD are typically renin-

angiotensin-aldosterone system antagonists (e.g. ACE-I and ARBs),

and calcium channel blockers are also commonly used. Patients

should be provided medical grade BP monitor for home and

instructed to track daily BP log with notification parameters for

high or low BP values. After BP monitor is obtained, it should be

brought to clinic to confirm correlation with in-office BP monitor. If

patient does not have electrolyte derangements requiring sodium

supplementation, sodium restriction to <2g/day or adjusted for

body size based on dietitian evaluation is also recommended

(67, 68).

Among patients with CKD, target BP goals should be less than

or equal to 50th percentile for age, sex, and height unless achieving

this is limited by symptoms or signs of hypotension (67). This

recommendation is based on the largest randomized control trial in

pediatric CKD patients studying BP targets: the Effect of Strict

Blood Pressure Control and ACE Inhibition on the Progression of

CKD in Pediatric Patients (ESCAPE) trial. The ESCAPE trial

included 385 children with baseline CKD with eGFR 20–80 ml/

min/1.73m2 and 24 hour average ambulatory MAP >95th

percentile. Children were randomized to intensified BP control

(24 hour MAP <50th percentile) or to standard BP control (24 hour

MAP 50th-99th percentile) using ramipril. The primary composite

endpoint of 50% GFR decline and ESKD favored the intensive BP

arm (HR: 0.65; 95% CI: 0.44–0.94) (69).
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Children with systemic HTN have a narrower range of

autoregulation in cerebral blood flow and an increased risk of

cerebrovascular dysfunction, making them more susceptible to

posterior reversible encephalopathy syndrome (PRES) (70). PRES

presents with an abrupt, acute rise in BP along with seizures, visual

changes, encephalopathy, headache, and radiologic findings on

brain magnetic resonance imaging (MRI) with focal reversible

vasogenic edema (71). PRES has been associated with a significant

increase in length of stay and, when severe or if there are delays in

treatment, can lead to secondary complications including ischemic

infarction, intracranial hemorrhage, and status epilepticus. PRES is

a neurological emergency requiring early identification and

management including gradual reduction in BP and removal of

any identifiable offending agents (72). Shah et al. studied the

difference between PRES in pediatric oncology and post-HCT

patients and found that oncology patients developed PRES at a

younger age and were more likely to present with encephalopathy

(70). Systemic HTN preceded PRES in 43.5% of patients, and this

was more likely in post-HCT patients. Post-HCT patients were

more likely to have rare neurological clinical presentations and

more likely to die due to PRES-related complications.
5.7 Complications of CKD: nutrition
and acidosis

Patients with CKD are at increased risk of protein energy

malnutrition which can significantly impact linear growth,

neurocognitive development, and sexual development (73). For

patients with CKD stage 2-5, we recommend patients are seen by

a dietitian who ideally has expertise in pediatric and renal nutrition.

This allows patients to receive targeted recommendations and

education based on their severity of CKD and any necessary

dietary modifications including fluid, sodium (especially if

hypertensive), phosphate, potassium, and protein goals. We do

not recommend restricting nutrition without specific guidance from

a renal dietitian given the patient’s increased risk of protein

energy malnutrition.

Growth parameters should be evaluated at least twice per year

with greater frequency among patients with acute medical issues,

polyuria, concern for growth delay, declining or low BMI, or

decreased nutritional intake (73). Infants with CKD stage 2-5

should have length measured at least every 3 months, and children

with CKD stage 2-5 should have linear growth measured at least

annually (74). According to the National Kidney Foundation’s

recommendations of 2009, anthropometric parameters should

include percentiles and standard deviation score (SDS) for length-

for-age or height-for-age, length or height velocity for age, weight-

for-age, BMI-for-height-age, head circumference-for-age (if less than

3 years of age). Patients with CKD after HCT are at higher risk for

long term growth issues given frequent mucositis or GI symptoms

limiting consistent nutrition delivery. A long term pediatric study by

Perkins et al. of patients who received HCT under 3 years of age for

acute lymphoblastic leukemia or acute myelogenous leukemia found

growth hormone deficiency in 59%, abnormal pubertal development

in 12%, and dyslipidemias in 59% (75).
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Persistent metabolic acidosis can contribute to short stature and

decreased linear growth potential, so patients with CKD stage 2-5

should have serum bicarbonate corrected to at least 22 mm/L (the

lower limit of normal), often times requiring bicarbonate

supplementation to achieve these goals. Typically in conjunction

with endocrinology, initiation of recombinant human growth

hormone (rhGH) therapy can be considered in patients with

short stature (height SDS < 1.88 or height for age <3%ile) or

linear growth failure (height velocity for age SDS < -1.88 or

height velocity for age <3%ile) persisting for at least 3 months

despite correction of metabolic derangements and nutritional

deficiency. Contraindications to rhGH include pre-existing

intracranial hypertension that could be worsened by rhGH, closed

epiphyses, severe secondary hyperparathyroidism (PTH > 500pg/

mL), proliferative or non-proliferative diabetic retinopathy, active

malignancy, acute critical illness, within 1 year after renal

transplantation, or known hypersensitivity to any component of

rhGH medication (76).
5.8 Complications of CKD: anemia

As renal function declines, the kidneys are unable to synthesize

adequate levels of erythropoietin which can lead to a progressively

more severe anemia. Anemia is associated with increased mortality

and hospitalization frequency in both adults and children. Left

untreated, anemia can lead to cardiovascular dysfunction,

decreased quality of life, impaired cognition, and reduced exercise

capacity (77). Hemoglobin (Hgb) decline is gradual over time among

patients with CKD but becomes a linear relationship with GFR below

43 ml/min/1.73m2, according to the CKiD Prospective Cohort Study

which analyzed 340 North American children with CKD (78).

The diagnosis of anemia in children with CKD varies depending

on age. Regardless of age or CKD stage, the evaluation for anemia

should include: complete blood count (including Hgb

concentration, red cell indices, white blood cell count, differential,

platelet count), absolute reticulocyte count, serum ferritin level,

serum transferrin saturation (TSAT), serum vitamin B12 and folate

levels (78). After initial evaluation, anemia evaluation frequency

with Hgb is based on CKD staging as shown in Table 3. All CKD

patients with anemia should be started on enteral iron if their TSAT

≤ 20% and ferritin ≤ 100ng/mL. For patients with CKD 5,

erythropoiesis stimulating agents (ESA) are considered but should

target lower Hgb range of 10.0 to 12.0 g/dL among patients with

cancer (79). During ESA therapy, iron status (TSAT and ferritin)

should be evaluated at least every 3 months. Patients should be

counseled about and receive routine monitoring for possible

adverse effects such as thromboembolic events, hypertension,

thrombocytopenia, seizure, or hemorrhage, skin issues such as

rash, irritation, or pruritus (80).

Limited pediatric randomized control trials (RCTs) show

improved hemoglobin level, decreased transfusion need, and a

positive correlation between hemoglobin changes and health

related quality of life changes among those who received ESAs,

but these RCTs had short treatment and follow-up periods (8 weeks

(81), 16 weeks (80), 12 weeks of treatment then follow-up for 7
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years (82)). A Cochrane review including one pediatric RCT (80)

found ESA use reduced the risk of red blood cell transfusion by an

average of one unit of blood (RR 0.65, 95% CI 0.62-0.68, 70 trials,

N=16,093) (83).

While patients with CKD after HCT are at a higher risk for

anemia given factors associated with underlying etiology requiring

HCT, frequent infections and blood draws, and medication side

effects, the use of ESAs in patients with cancer is controversial due

to concern that ESAs may directly stimulate tumor growth and lead

to worse outcomes. There is strong evidence between ESA use and

increased mortality during active study period (HR 1.17, 95% CI

1.06 to 1.29, 70 trials, N=15,935), increased risk of thromboembolic

complications (RR 1.52, 95% CI 1.34 to 1.74; 57 trials, N=15,498),

suggestive but not robust evidence of increased risk of hypertension

(RR 1.24, 95% CI 1.09 to 1.58), but insufficient evidence about ESA

effect on tumor response (fixed effect RR 1.02, 95% CI 0.98 to 1.06,

15 trials, N=5,012) (83). A large (n=13,933) meta-analysis of

primarily adult clinical trials (<1% in ESA group were < 18 years

of age) found similar results (84). Due to these potential risks,

clinical practice guidelines recommend against systematic

administration of ESAs in children with oncologic diseases and a

case-by-case decision by renal and oncology teams for those

patients with barriers to transfusions. Lower hemoglobin targets

of 10 g/dl have been proposed to minimize risk of thrombosis and

mortality (79, 85).
5.9 Mineral bone disease (CKD-MBD)

Based on the National Kidney Foundation KDIGO work group,

patients with CKD, especially stage G3a-G5D, have significantly

higher fracture rates than the general population, and infants and

children with CKD suffer growth retardation and severe short

stature (73, 74). Patients with CKD after HCT are at an increased

risk for MBD given prolonged exposure to medications that affect

bone metabolism such as systemic steroids. The pediatric study by

Perkins et al. found patients who received HCT under 3 years of age

had decreased bone mineral density in 24% and short stature in

47% (75).

Many studies have also shown an increased risk of all-cause

mortality in patients with increased levels of serum phosphate. Due

to this, regular and comprehensive evaluation for CKD-MBD

should include serum calcium (Ca), serum phosphate (Phos),

serum parathyroid hormone (PTH), serum alkaline phosphatase

activity (AlkPhos), and serum 25-hydroxyvitamin D levels (25(OH)

D). Patients with CKD stage 5 should also be evaluated for fracture

risk, sometimes including bone mineral density testing assessing for

osteoporosis. Routine evaluation for CKD-MBD should begin at

CKD stage 2. For patients with CKD stage 3-5, frequency of

evaluation should be based on rate of progression of CKD,

magnitude of abnormality, and baseline levels. More frequent

monitoring may be required to assess treatment efficacy and side

effects. Serum 25(OH)D < 30 ng/mL should be supplemented with

ergocalciferol (Vitamin D2) or cholecalciferol (Vitamin D3).
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6 End stage kidney disease and renal
transplant after HCT

The prevalence of ESKD in adult HCT patients is as high as 4%

of patients with CKD (64). Pediatric HCT recipients are unique

compared to other ESKD patients given their prior chemotherapy,

irradiation, and immunosuppression, as well as their degree of

medical complexity with possible pre-existing GVHD,

cardiovascular disease, bone disease, diabetes mellitus, short

stature, gonadal failure, and risk of opportunistic infections.

These patients are also at an increased risk of recurrence of their

primary malignancy as well as development of a secondary

malignancy, so they will require vigilant surveillance of multiple

organ systems. Prolonged immunosuppression not only increases

infectious risk in an already immunosuppressed HCT patient, but

also can increase the risk of leukemic relapse (53). Due to these

challenges, thoughtful multidisciplinary discussion about the risks

and benefits of renal transplantation should take place.

Prior to renal transplantation, evaluation for pre-existing

immune system impairment should take place when deciding on

immunosuppressive agents following renal transplantation. The

source of HCT (autologous compared to allogenic) and renal

transplant (same allogenic donor compared to a different allogenic

donor) can be thought of as biologically distinct groups, especially

considering the differences in conditioning regimen (53). Given the

presence of “passenger lymphocytes” in solid organ transplants,

these donor-derived white blood cells and antigen presenting cells

are believed to result in microchimerism which could be both

tolerogenic and immunogenic. This can potentially increase the

risk of GVHD but also theoretically offer immunologic tolerance

in the long term, thereby reducing required immunosuppression (53,

86). Kidney transplant from the same donor can be successful in a

patient after HCT without immunosuppression and has been

confirmed in multiple studies (53, 87).

Adult data suggests favorable outcomes after renal

transplantation in patients who have undergone HCT (53, 88, 89).

Hamawi et al. described 10 patients with HCT nephropathy who

underwent renal transplant including 6 patients with the same donor

who did not receive immunosuppression and 4 patients with different

donors (2 living, 2 deceased donors) who did receive

immunosuppression. The median estimated graft survival was 105

mo, and there were no episodes of renal transplant rejection. All graft

losses (n=4) were due to patient deaths with 3 deaths from an

infectious process (2 were not on immunosuppression) and 1 death

from myocardial infarction and post-transplant lymphoproliferative

disorder (88). Butcher et al. described 6 patients who underwent renal

transplant including 3 patients with the same donor who did not

receive immunosuppression. Patients were followed up to 31mo and

had only 1 mortality from a patient receiving immunosuppression

who died from metastatic squamous cell cancer of genital tract (90).

Pediatric literature is limited, but Thomas et al. discusses their

single center experience with 3 pediatric patients and Bunin et al.

describe 2 pediatric patients (Table 4) (53, 91).
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7 Conclusion

Patients undergoing hematopoietic stem cell transplant have

unique risk factors for AKI including frequent nephrotoxic

exposure, sinusoidal obstruction syndrome, graft-versus-host-

disease, and transplant-associated thrombotic microangiopathy, and

viral infections such as BK viremia. These patients are at risk for

progression to CKD and ESKD. Renal transplantation after HCT has

had favorable outcomes in adults with limited pediatric data.

8 Future perspectives

Pediatric patients post-HCT are a growing group of high-risk

patients who may progress to CKD, ESKD, and potentially renal

transplantation in their lifetime. Future studies should focus on better

characterizing renoprotective strategies and timely interventions

within this population that are distinct from patients with CKD

who have not undergone HCT.
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Background: Pediatric oncology patients who require admission to the pediatric

intensive care unit (PICU) have worse outcomes compared to their non-cancer

peers. Although multi-organ dysfunction (MOD) plays a pivotal role in PICU

mortality and morbidity, risk factors for MOD have not yet been identified. We

aimed to identify risk factors at PICU admission for new or progressive MOD

(NPMOD) during the first week of PICU stay.

Methods: This retrospective cohort study included all pediatric oncology

patients aged 0 to 18 years admitted to the PICU between June 2018 and

June 2021. We used the recently published PODIUM criteria for defining multi-

organ dysfunction and estimated the association between covariates at PICU

baseline and the outcome NPMOD using a multivariable logistic regression

model, with PICU admission as unit of study. To study the predictive

performance, the model was internally validated by using bootstrap.

Results: A total of 761 PICU admissions of 571 patients were included. NPMOD

was present in 154 PICU admissions (20%). Patients with NPMOD had a high

mortality compared to patients without NPMOD, 14% and 1.0% respectively.

Hemato-oncological diagnosis, number of failing organs and unplanned

admission were independent risk factors for NPMOD. The prognostic model

had an overall good discrimination and calibration.

Conclusion: The risk factors at PICU admission for NPMOD may help to identify

patients who may benefit from closer monitoring and early interventions. When

applying the PODIUM criteria, we found some opportunities for fine-tuning these

criteria for pediatric oncology patients, that need to be validated in future studies.
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Introduction

The simultaneous dysfunction of multiple organ systems plays a

pivotal role in the mortality of children admitted to the pediatric

intensive care unit (PICU) (1). Multiple organ dysfunction (MOD)

is defined as two or more concurrent organ dysfunctions (1–3).

While the term multiple organ dysfunction syndrome (MODS) has

traditionally been used, it was recently posited that this term should

be selectively applied to patients with a shared underlying

mechanism that affects multiple organ systems simultaneously

(4). MOD can be categorized in new MOD, defined as MOD in

patients who have single or no organ dysfunction on PICU

admission, and progressive MOD, defined as additional

dysfunctional organ systems in patients who already meet MOD

criteria at admission (5).

In children, the risk factors for developing MOD include sepsis,

major trauma, severe hypoxemia, and young age (e.g., infancy) (6,

7). The number of dysfunctional organ systems is associated with

mortality, with each additional failing organ system increasing the

risk of death (7–10). Pediatric oncology patients are particular at

high risk for MOD due to the aggressive cancer pathophysiology

and intensive treatment regimens, that may lead to organ

infiltration, systemic toxicity, and immunosuppression (11).

Similarly to general pediatric patients, MOD plays a significant

role in the high morbidity and mortality of these patients (12). Early

recognition and intervention in organ dysfunction may provide the

potential to modify its course and prevent further deterioration

(13–16). In adult oncology patients, it was shown that early

interventions in deteriorating patients improved both short- and

long-term outcomes (14, 15). Therefore, identifying risk factors for

MOD at start of the PICU admission could provide opportunities

for intensified monitoring and early interventions, which may

ultimately reduce morbidity and mortality in critically ill pediatric

oncology patients (12, 16, 17). Despite the important role of MOD

in PICU morbidity and mortality, risk factors for MOD in pediatric

oncology patients have not yet been identified.

In this study, we aimed to identify risk factors at PICU

admission for MOD during the first week of PICU stay in

pediatric oncology patients. Recently, the Pediatric Organ
Frontiers in Oncology 02107
Dysfunction Information Update Mandate (PODIUM) evidence-

based pediatric organ dysfunction criteria were published (12); this

is the first study in pediatric oncology patients using these criteria.

In addition, fine-tuning of these criteria for pediatric oncology

patients may be needed, as they frequently experience organ

dysfunction as a result of their oncological treatment. This

dysfunction may not necessarily indicate MOD. Therefore, the

second objective of this study was to assess whether adjusting the

PODIUM criteria for pediatric oncology patients would reveal

different risk factors for MOD.
Methods

We performed a retrospective cohort study between June 1,

2018 and June 1, 2021, at an 18-bed PICU of the Wilhelmina

Children’s Hospital, that is shared with the adjacent Princess

Máxima Center, an 80-bed national referral center for pediatric

oncology. All pediatric oncology patients with International

Classification of Diseases in Oncology (ICD-O) diagnosis of

pediatric malignancy (morphology code 1, 2 or 3) aged 0 to 18

years admitted to the PICU were eligible for inclusion. Patients

without consent for the use of clinical data were excluded. The study

was approved by the ethical review board of our hospital (IRB

protocol number 16-572/C).
Assessment of organ dysfunction

We classified organ dysfunction based on the PODIUM criteria

(18) (Table 1 and Supplementary Table 1). Clinical data were

extracted from the electronic health records and comprised

patient characteristics, organ dysfunction in the 24 hours

preceding PICU admission, and clinical time series with a

frequency of 1 measurement per minute (vital signs and

mechanical ventilator data), laboratory results, observations (e.g.

Glasgow Coma scores), vasoactive medication, and fluid balance

data. Additional data for organ dysfunction, e.g., cardiopulmonary

resuscitation, encephalopathy and gastro-intestinal perforation,
TABLE 1 Assessment of the PODIUM and PONC-PODIUM criteria.

Organ
system*

PODIUM criteria PONC-PODIUM criteria adjustments

Neurologic Glasgow Coma Scale (GCS) ≤ 8
Cornell Assessment of Pediatric Delirium (CAPD) score ≥ 9

Respiratory In patients on respiratory support but not invasively ventilated, i.e. on either high flow nasal
cannula (HFNC), non-rebreathing mask (NRM) or non-invasive ventilation):
o PaO2/FiO2 ratio ≤ 300
o SpO2/FiO2 ratio ≤ 264
o Non-invasive ventilation for ventilatory failure
In invasively ventilated patients:
o Oxygenation index (OI) ≥ 4 to ≤ 16
o OI >= 16
o Oxygen saturation index (OSI) ≥ 5 to < 12.3
o OSI ≥ 12.3

Only severe respiratory dysfunction;
- Invasive ventilation with OI ≥ 16 and/or OSI
≥ 12.3

(Continued)
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were acquired from free text fields in clinical or imaging reports

through text-mining. In applying the PODIUM criteria, we made

assumptions based on clinical expertise to get from a high frequency

dataset to the classification of (concurrent) organ dysfunction,

including handling measurement errors and missing data.

Detailed information on the assessment of the PODIUM criteria
Frontiers in Oncology 03108
is provided in the Supplementary Material. Single organ

dysfunction was classified based on the PODIUM criteria within

1-hour windows, and the number of concurrent organ dysfunctions

was classified within each 24-hour window.

We assessed presence of organ dysfunction at PICU admission

(baseline) by evaluating all relevant laboratory values and free text
TABLE 1 Continued

Organ
system*

PODIUM criteria PONC-PODIUM criteria adjustments

Cardiovascular Cardiac arrest
HR > 2 SD above normal for age
o 0–7 d: HR > 180 beats/min
o > 1 wk to 1 m: HR > 180 beats/min
o > 1 m to < 1 y: HR > 180 beats/min
o 6 y to < 13 y: HR > 150 beats/min
o 13 y to < 18 y: HR > 130 beats/min
SBP > 2 SD above normal for age
o 0–7 d: SBP <50 mm Hg
o > 1 wk to 1 m: SBP < 70 mm Hg
o > 1 m to < 1 y: SBP < 75 mm Hg
o 1 y to < 6 y: SBP < 75 mm Hg
o 6 y to < 13 y: SBP < 80 mm Hg
o 13 y to < 18 y: SBP < 80 mm Hg
Vasoactive-inotropic score ≥ 5
Serum lactate ≥ 3 mmol/L
Echo cardiographic estimation of left ventricular ejection fraction (LVEF) < 50%

Only severe cardiovascular dysfunction in case it
was graded;
- Resuscitation; or
- At least 2 out of 5 of the following criteria
present at the same time:
HR > 2 SD above normal for age; SBP > 2 SD
above normal for age, vasoactive-inotropic score
≥ 5, serum lactate ≥ 5 mmol/L, echo
cardiographic estimation of LVEF < 30%;

Renal criteria - Urine output < 0.5 mL/kg/h for ≥ 6 hours and < 12 hours with concomitant serum creatinine
increase 1.5 – 1.9 times baseline or ≥ 26.5 µmol/L increase.
- Urine output < 0.5 mL/kg/h for ≥ 12 hours
- Serum creatinine increase ≥ 2 times baseline
- eGFR < 35 mL/min/1.73 m2 (and not age < 30 days)
- Fluid overload ≥ 20% – starting 48 hours after start PICU admission
- Initiation of continuous renal replacement therapy (CRRT)

- Oliguria for < 0.5 mL/kg/h for ≥ 6 hours or
concomitant serum creatinine increase 1.5 – 1.9
times baseline or
≥ 26.5 µmol/L increase; or
- Serum creatinine increase ≥ 2 times baseline;
or
- Fluid overload of 10% from PICU admission
onwards; or
- eGFR < 35 mL/min/1.73; or
- Initiation of renal replacement therapy

Gastrointestinal Bowel perforation or pneumatosis intestinalis on plain abdominal film, CT or MRI

Hepatic o Biochemical evidence of acute liver injury (defined as aspartate aminotransferase > 100 IU/L,
alanine aminotransferase > 100 IU/L, gamma-glutamyl transferase > 100 IU/L, total bilirubin >
85.5 µmol/L, or direct bilirubin > 34.2 µmol/L) with prothrombin time (PT) ≥ 15 secs or
international normalize ratio (INR) ≥ 1.5 and hepatic encephalopathy
o Biochemical evidence of acute liver injury with PT ≥ 20 secs or INR ≥ 2.0

Hematology Platelet count < 30 10E9/L or 50% decrease from baseline
Hemoglobin < 4.3 mmol/L
Leucocytes < 3.0 10E9/L

Only new dysfunction throughout PICU stay
was included, defined as:
- Platelet count < 30 10E9/L (30 000 cells/µL)
or 50% decrease from baseline; or
- Hemoglobin < 4.3 mmol/L

Coagulation In the absence of liver dysfunction, a combination of ≥ 2 of the following criteria:
o Platelet count < 30 10E9/L
o INR > 1.5
o Fibrinogen 1.5 g/L
o D-dimer > 5 µg/mL (= upper limit of normal)

Platelet count < 30 10E9/L (<30 000 cells/µL),
and other coagulation criteria were classified
according to the original PODIUM criteria.

Endocrine Blood glucose ≥ 8.3 mmol/L or < 2.8 mmol/L

Immunology Peripheral absolute neutrophil count < 0.5 10E9/L Only new dysfunction throughout PICU stay
was included, defined as:
- Peripheral absolute neutrophil count < 0.5
10E9/L (< 500 cells/µL) or if missing:
leucocyte count < 1.0 10E9/L (< 1000 cells/µL)
The main adjustments compared to the original PODIUM criteria are depicted in bold.
*In case an organ system is not displayed, it is classified according to the original PODIUM criteria, see Supplementary Table S2.
PONC-PODIUM, pediatric oncology Pediatric Organ Dysfunction Information Update Mandate; NPMOD, new or progressive organ dysfunction; OI, oxygenation index; OSI, oxygenation
saturation index; HR, heart rate; SBP, systolic blood pressure; SD, standard deviation; LVEF, left ventricular ejection fraction; eGFR, estimated glomerular filtration rate.
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data in the 24 hours prior to and the first three hours of PICU

admission. Missing data were classified as no organ dysfunction at

PICU baseline. For further details on assessment of the organ

dysfunction criteria, see Supplementary Table 2.
Adjustments in PODIUM criteria for
pediatric oncology patients

Although some specific criteria for oncology patients are

included in the PODIUM criteria, we proposed additional

considerations for these patients since some laboratory variables

may reflect side-effects of the cancer treatment instead of organ

dysfunction in the context of MOD. We therefore adjusted some

criteria for this specific patient population: the pediatric oncology

(PONC) PODIUM criteria (Table 1).

Invasive ventilation and the use of vasoactive medication are

associated with increased PICU mortality in pediatric oncology

patients (19). Therefore, we used the thresholds of severe

respiratory dysfunction, i.e., invasive ventilation and an

oxygenation index of ≥ 16 or an oxygenation saturation index of

≥ 12.3. For cardiovascular dysfunction, we used the severe threshold

for lactate and left ventricular ejection fraction (LVEF).

Considering the renal criteria, it was shown that patients with a

fluid overload greater than 10% were 6 times more likely to die

during PICU admission than those with less than or equal to 10%

fluid overload (20). Moreover, oliguria is often not present in

pediatric oncology patients with acute kidney injury (AKI) (20).

We therefore adjusted the criteria for renal dysfunction: oliguria

was not required and a fluid overload > 10%, instead of 20%, was

used directly from the start of PICU admission onwards (as

opposed to starting 48 hours after admission).

Since hematological and immunological dysfunction at baseline

are less relevant due to the idiopathic nature of these in oncology

patients and likely does not represent dysfunction due to critical

illness, we excluded the leukocyte criterion from hematological

dysfunction and only included hematological or immunological

dysfunction that was newly developed during PICU stay for the

classification of NPMOD. In classifying coagulation dysfunction, we

used the platelet count threshold for pediatric oncology patients

(i.e., < 30 10E9/L or < 30 000 cells/µL).
Primary outcome: new or progressive
multi-organ dysfunction

The primary outcome was new or progressive MOD

(NPMOD). New MOD was defined as no MOD at baseline and

the concurrent dysfunction of at least 2 organs. Progressive MOD

was defined as MOD (i.e., concurrent dysfunction of at least 2 organ

systems) at baseline, and the development of one or more additional

concurrent organ dysfunction(s).
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Statistical analysis

A multivariable logistic regression model was used to estimate

the association between covariates and the outcome. Covariates at

baseline of PICU admission were selected based on literature and

expert opinion. The included covariates encompassed diagnosis

category (i.e., hemato-oncological, solid tumor or neuro-

oncological); hematopoietic stem cell transplantation; neutropenia

at baseline; a composite covariate of sepsis and/or infection

(bacterial or fungal (21)); high-flow oxygen therapy preceding

PICU admission; the number of organ dysfunctions at baseline

(categorized into 0, 1 or ≥ 2), unplanned PICU admission, and

previous relevant PICU admission (i.e., a previous PICU admission

that was either unplanned or had a protracted course). See

Supplementary Material for a detailed description of the covariates.

We analyzed the first week of PICU admission, or up to

discharge within seven days, whichever event first occurred. We

assessed the outcome NPMOD based on both the original and our

PONC-PODIUM criteria, to determine whether adjustments of the

organ dysfunction criteria for pediatric oncology population yielded

different significant risk factors. In addition, we performed a

subgroup analysis of only unplanned PICU admissions to identify

possible different significant risk factors for NPMOD. A

multivariable logistic regression model was used to estimate the

association between covariates and the outcome, including the same

covariates as before except for unplanned PICU admission. The

outcome NPMOD within one week based on both original

PODIUM criteria and PONC-PODIUM criteria was assessed.

To study the predictive performance of the model, internal

validation was performed by using Efron’s bootstrap (i.e.

resampling the dataset 500 times) (22). Statistical analyses were

performed using R-statistical software (23), version 4.2.1 (2022–06–

23)., see Supplementary Material for associated packages.
Results

A total of 761 PICU admissions of 571 patients were included.

Table 2 reports the clinical characteristics of the PICU admissions.

The median age [interquartile range] at PICU admission was 6.0

[2.7 – 12.8] years. The cohort included 25% hemato-oncological

patients, 35% solid tumor patients, 40% neuro-oncology patients,

and 2% had a hematopoietic stem cell transplantation (HSCT) in

the year preceding PICU admission. Among the 761 PICU

admissions, 288 (38%) were unplanned admissions. Neuro-

oncology and solid tumor patients most often had planned

postoperative PICU admissions (89% and 67% respectively),

whereas hemato-oncology patients largely required unplanned

PICU admissions (93%). Data of at least 2 organ systems were

available at baseline in 744 of 761 PICU admissions (98%) for the

classification of MOD at baseline.
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NPMOD classified according to original
PODIUM criteria

NPMOD was present in 154 PICU admissions (20%). The

PICU mortality was 4% in all PICU admissions, 1% in the group

without NPMOD, and 14% in the group with NPMOD. In the

PICU admissions where patients developed NPMOD, the three
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most frequently failing organ systems at PICU baseline included

hematological (41%), immunological (23%) and respiratory (20%)

dysfunction (see Figure 1A).

The results of the univariate and multivariable model are

displayed in Table 3. Hemato-oncological diagnosis, number of

failing organs at baseline and unplanned PICU admissions were

significantly associated with NPMOD in the multivariable model.
TABLE 2 Clinical and demographic characteristics of PICU admissions overall and by occurrence of NPMOD (defined according to PODIUM criteria).

Characteristic Total PICU admissions
(n = 761)

PICU admissions without NPMOD
(n = 607)

PICU admissions with NPMOD
(n = 154)

General characteristics per PICU admission

Age at admission (years), median [IQR] 6.0 [2.7 – 12.8] 6.5 [3.0 – 13.1] 4.0 [1.5 – 11.0]

Female sex, n (%) 351 (46) 265 (44) 86 (56)

PICU admission reason, n (%)

Planned post-operative care 473 (62.2) 444 (73.1) 29 (18.8)

Respiratory failure 106 (13.9) 49 (8.1) 57 (37.0)

Sepsis 40 (5.3) 25 (4.1) 15 (9.7)

Neurological deterioration 36 (4.7) 27 (4.4) 9 (5.8)

Cardiovascular failure 33 (4.3) 20 (3.3) 13 (8.4)

Renal failure 7 (0.9) 1 (0.2) 6 (3.9)

Liver failure 2 (0.3) 1 (0.2) 1 (0.6)

Unplanned post-operative care 24 (3.2) 16 (2.6) 8 (5.2)

Other 40 (5.3) 24 (4.0) 16 (10.4)

Covariates

Oncological diagnosis groups

Hemato-oncological 190 (25.0) 101 (16.6) 89 (57.8)

Solid tumor 268 (35.2) 225 (37.1) 43 (27.9)

Brain/CNS tumor 303 (39.8) 281 (46.3) 22 (14.3)

HSCT, n (%) 16 (2.1) 5 (0.8) 11 (7.1)

Infection or sepsis at baseline, n (%) 100 (13.1) 52 (8.6) 48 (31.2)

Neutropenia at baseline, n (%) 82 (10.8) 47 (7.7) 35 (22.7)

HFNC preceding admission, n (%) 86 (11.3) 46 (7.6) 40 (26.0)

Previous relevant PICU admission, n (%) 104 (13.7) 67 (11.0) 37 (24.0)

Unplanned PICU admission, n (%) 288 (37.8) 163 (26.9) 125 (81.2)

Number of failing organs at baseline, n (%)

0 471 (61.9) 416 (68.5) 49 (31.8)

1 159 (20.9) 117 (19.3) 45 (29.2)

>= 2 131 (17.2) 74 (12.2) 60 (39.0)

Outcome

Maximum number of concomitantly failing
organs during first week of PICU stay

(Continued)
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Internal validation of the model yielded a c-index of 0.81, indicating

a reasonable discriminative ability. The calibration plot showed an

overall good calibration, with an index-corrected slope of 0.93.
NPMOD classified according to PONC-
PODIUM criteria

Using the PONC-PODIUM criteria, NPMOD was present in

157 PICU admissions (21%), see Supplementary Table S3. Applying

these adjusted criteria revealed a different top three of frequently

failing organ systems at PICU baseline, namely endocrine (22%),

renal (21%), and severe cardiovascular dysfunction (10%)
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(Figure 1B). In the multivariable model, we found the same

significant risk factors for NPMOD including hemato-oncological

diagnosis, number of failing organs at baseline and unplanned PICU

admission (Supplementary Table S4).
Unplanned PICU admissions

We performed a subgroup analysis including only the

unplanned admissions (Table 4). NPMOD according to the

original PODIUM criteria was present in 125 unplanned PICU

admissions (43%). Respiratory failure, sepsis and neurological

deterioration were the three major PICU admission reasons for
TABLE 2 Continued

Characteristic Total PICU admissions
(n = 761)

PICU admissions without NPMOD
(n = 607)

PICU admissions with NPMOD
(n = 154)

0 346 (45.5) 346 (57.3) 0 (0)

1 209 (27.5) 209 (34.6) 0 (0)

2 78 (10.2) 28 (4.6) 50 (32.5)

3 56 (7.4) 16 (2.6) 40 (26.0)

4 34 (4.5) 5 (0.8) 29 (18.8)

>= 5 38 (4.9) 3 (0.5) 35 (22.3)

PICU length of stay (days), median [IQR] 0.9 [0.8 – 2.5] 0.9 [0.7 – 1.4] 5.0 [2.1 – 10.0]

PICU mortality, n (%) 28 (3.7) 6 (1.0) 22 (14.3)
IQR, interquartile range; CNS, central nervous system; HSCT, hematopoietic stem cell transplantation; HFNC, high flow nasal cannula oxygen therapy; NPMOD, new or progressive multi-organ
dysfunction; PICU, paediatric intensive care unit.
BA

FIGURE 1

Organ dysfunction at PICU baseline in all PICU admissions with new or progressive multi-organ dysfunction, per organ system with percentage of
failing organ system. The left panel (A) considers organ dysfunction based on the original PODIUM criteria, whereas the right panel (B) considers
organ dysfunction based on the PONC-PODIUM criteria, thus adjusted for pediatric oncology patients.
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TABLE 3 Results of the univariate and multivariable logistic regression model, with estimated odds ratio (OR) along with the 95% confidence interval
(CI), for outcome of new or progressive multi organ dysfunction (NPMOD) - defined according to the PODIUM criteria.

Covariate Univariate OR (95% CI) Multivariable OR (95% CI)

Oncological diagnosis groups

Hemato-oncological 11.19 [6.71 – 18.67] 2.23 [1.14 – 4.36]

Solid tumor 2.33 [1.36 – 3.98] 1.29 [0.70 – 2.37]

Brain/CNS tumor Reference reference

HSCT, n (%) 9.26 [3.17 – 27.07] 1.66 [0.52 – 5.22]

Infection or sepsis at baseline, n (%) 4.83 [3.10 – 7.53] 1.63 [0.93 – 2.88]

Neutropenia at baseline 3.50 [2.16 – 5.66] 0.46 [0.21 – 1.02]

HFNC preceding admission 4.27 [2.67 – 6.84] 1.17 [0.67 – 2.03]

Previous relevant PICU admission 2.54 [1.63 – 3.99] 1.07 [0.63 – 1.83]

Unplanned PICU admission 11.74 [7.55 – 18.27] 5.82 [3.37 – 10.07]

Number of failing organs at baseline

0 Reference reference

1 3.26 [2.07 – 5.14] 2.18 [1.30 – 3.67]

>= 2 6.88 [4.38 – 10.81] 2.39 [1.18 – 4.83]
F
rontiers in Oncology
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CNS, central nervous system; HSCT, hematopoietic stem cell transplantation; HFNC, high flow nasal cannula oxygen therapy.
Significant covariates in the model are in bold.
TABLE 4 Clinical and demographic characteristics of unplanned PICU admissions, by occurrence of new or progressive multi organ dysfunction
(defined according to PODIUM criteria).

Characteristic Unplanned PICU
admissions
(n = 288)

Unplanned PICU admissions
without NPMOD
(n = 163)

Unplanned PICU admissions
with NPMOD
(n = 125)

General characteristics per PICU admission

Age at admission (years), median [IQR] 5.8 [2.3 – 13.1] 7.2 [2.6– 13.5] 4.1 [1.9 – 11.4]

Female sex, n (%) 143 (49.7) 70 (42.9) 73 (58.4)

PICU admission reason, n (%)

Respiratory failure 106 (36.8) 49 (30.1) 57 (45.6)

Sepsis 40 (13.9) 25 (15.3) 15 (12.0)

Neurological deterioration 36 (12.5) 27 (16.6) 9 (7.2)

Cardiovascular failure 33 (11.5) 20 (12.2) 13 (10.4)

Renal failure 7 (2.4) 1 (0.6) 6 (4.8)

Liver failure 2 (0.7) 1 (0.6) 1 (0.8)

Unplanned post-operative care 24 (8.3) 16 (9.8) 8 (6.4)

Other 40 (13.9) 24 (14.7) 16 (12.8)

Covariates

Oncological diagnosis groups

Hemato-oncological 168 (58.3) 84 (51.5) 84 (67.2)

(Continued)
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unplanned PICU admission. PICU mortality rate was slightly

higher compared to the total cohort, 4% in the patients without

NPMOD and 17% in patients with NPMOD. The most frequently

failing organ systems at admissions were similar to what was found

in the total cohort, including hematological dysfunction (47%),

immunological dysfunction (27%), and respiratory dysfunction

(23%) (Figure 2A). In the multivariable logistic regression model,

the number of failing organs at PICU baseline was significantly

associated with NPMOD (Table 5).

Using our PONC-PODIUM criteria in the cohort of unplanned

admissions, NPMOD was present in 123 unplanned PICU

admissions (43%) (Supplementary Table S5). In the unplanned

admissions with NPMOD, the most frequent failing organ systems

at admission included renal dysfunction (22%), endocrine

dysfunction (20%), and severe cardiovascular dysfunction (12%)
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(Figure 2B). Consistent with the application of the original

PODIUM criteria, the multivariable model showed that the

number of failing organs was a significant risk factor associated

with the occurrence of NPMOD (Supplementary Table S6).
Discussion

This is the first study using the recently published PODIUM

criteria for organ dysfunction (18) in pediatric oncology patients to

identify risk factors for new or progressive multi-organ failure

during the first week of PICU admission. Considering all PICU

admissions, we found that hemato-oncological diagnosis,

unplanned PICU admission and number of failing organs at

PICU baseline were independent risk factors. In the subgroup of
TABLE 4 Continued

Characteristic Unplanned PICU
admissions
(n = 288)

Unplanned PICU admissions
without NPMOD
(n = 163)

Unplanned PICU admissions
with NPMOD
(n = 125)

Solid tumor 88 (30.6) 56 (34.4) 32 (25.6)

Brain/CNS tumor 32 (11.1) 23 (14.1) 9 (7.2)

HSCT, n (%) 16 (5.6) 5 (3.1) 11 (8.8)

Infection or sepsis at baseline, n (%) 86 (29.9) 40 (24.5) 46 (36.8)

Neutropenia at baseline, n (%) 75 (26.0) 41 (25.2) 34 (27.2)

HFNC preceding admission, n (%) 79 (27.4) 40 (24.5) 39 (31.2)

Previous relevant PICU admission, n (%) 71 (24.7) 38 (23.3) 33 (26.4)

Number of failing organs at baseline, n (%)

0 107 (37.2) 75 (46.0) 32 (25.6)

1 65 (22.6) 30 (18.4) 35 (28.0)

>= 2 116 (40.3) 58 (35.6) 58 (46.4)

Outcome

Maximum number of concomitantly failing
organs during first week of PICU stay

0 59 (45.5) 59 (36.2) 0 (0)

1 58 (27.5) 58 (35.6) 0 (0)

2 53 (10.2) 23 (14.1) 30 (24.0)

3 48 (7.4) 15 (9.2) 33 (26.4)

4 33 (4.5) 5 (3.1) 28 (22.4)

>= 5 37 (12.8) 3 (1.8) 34 (27.2)

PICU length of stay (days), median [IQR] 2.2 [1.0 – 6.0] 1.4 [0.7 – 2.8] 5.6 [2.2 – 10.9]

PICU mortality, n (%) 27 (9.4) 6 (3.7) 21 (16.8)
IQR, interquartile range; CNS, central nervous system; HSCT, hematopoietic stem cell transplantation; HFNC, high flow nasal cannula oxygen therapy; NPMOD, new or progressive multi-organ
dysfunction; PICU, paediatric intensive care unit.
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the unplanned PICU admissions, we found that the number of

failing organs at PICU baseline was independently associated

with NPMOD.

Our finding that hemato-oncological diagnosis is a significant

risk factor for developing NPMOD is in line with other studies

showing that hemato-oncological patients have greater illness

severity at PICU admission, experience multi-organ failure more
Frontiers in Oncology 09114
often, require more PICU resources and have a higher PICU

mortality compared to solid tumor patients (11, 12, 24, 25). The

high risk for organ dysfunction may be attributed to the

combination of generally more dose-intense chemotherapy and

glucocorticoids, that may result in increased toxic side-effects and

profound and prolonged myelosuppression (11, 12, 26). Yet, upon

analysis in only unplanned PICU admissions, we found that
BA

FIGURE 2

Organ dysfunction at PICU baseline in unplanned PICU admissions with new or progressive multi-organ dysfunction. The left panel (A) considers organ
dysfunction based on the original PODIUM criteria, whereas the right panel (B) considers organ dysfunction based on the PONC-PODIUM criteria.
TABLE 5 Results of the univariate and multivariable logistic regression model, with estimated odds ratio (OR) along with the 95% confidence interval
(CI), for outcome of new or progressive multi organ dysfunction in unplanned PICU admissions (defined according to the PODIUM criteria).

Covariate Univariate OR (95% CI) Multivariable OR (95% CI)

Oncological diagnosis groups

Hemato-oncological 2.56 [1.12 – 5.85] 1.89 [0.78 – 4.58]

Solid tumor 1.46 [0.60 – 3.54] 1.24 [0.49 – 3.12]

Brain/CNS tumor Reference reference

HSCT, n (%) 3.05 [1.03 – 9.01] 1.76 [0.55 – 5.57]

Infection or sepsis at baseline, n (%) 1.79 [1.08 – 2.98] 1.66 [0.90 – 3.03]

Neutropenia at baseline 1.11 [0.65 – 1.89] 0.45 [0.20 – 1.02]

HFNC preceding admission 1.39 [0.83 – 2.34] 1.21 [0.69 – 2.14]

Previous relevant PICU admission 1.18 [0.69 – 2.02] 0.97 [0.54 – 1.74]

Number of failing organs at baseline

0 Reference reference

1 2.73 [1.44 – 5.18] 2.19 [1.13 – 4.28]

>= 2 2.34 [1.35 – 4.07] 2.55 [1.17 – 5.66]
CNS, central nervous system; HSCT, hematopoietic stem cell transplantation; HFNC, high flow nasal cannula oxygen therapy.
Significant covariates in the model are in bold.
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although a hemato-oncological diagnosis was associated with

NPMOD in the univariate analysis, it was not a significant risk

factor for NPMOD in the multivariable analysis.

Surprisingly, neutropenia was not a significant risk factor both

in the total cohort and cohort of unplanned admissions. Some other

studies in adult and pediatric oncology patients also failed to

demonstrate an association of neutropenia with worse outcomes,

in a multivariable analysis (27–29). Advances in the diagnosis and

treatment of infections, the prescription of prophylactic antibiotics

and antifungals, and antibiotic stewardship may have limited the

role of neutropenia in worse outcome in critically ill oncology

patients. A recent study including only pediatric hemato-oncology

patients with unplanned PICU admissions showed that neutropenia

was an independent risk factor for PICU mortality (30). Our study

differs in that we also included patients with a solid or a brain or

central nervous system tumor. The degree of multi-organ

dysfunction during PICU admission is a significant prognostic

factor for PICU mortality in pediatric oncology patients (12). We

found that the presence of MOD already at PICU admission is an

independent risk factor for progressive MOD, in both the total

cohort as in the subgroup including only unplanned PICU

admissions. These findings are in line with a study in general

pediatric patients, showing that the presence of MOD on day 1 of

PICU admission was associated with death or poor neurologic

outcome (8). Our finding that PICU mortality in patients with

NPMOD in the unplanned admissions was only slightly higher

compared to the total cohort including also planned post-operative

patients, emphasizes the pivotal role of MOD in the outcome of

these patients. Early recognition of deteriorating organ functions

before PICU admission followed by early initiation of appropriate

treatment may be important to reduce morbidity and mortality in

critically ill pediatric oncology patients (12, 16, 31, 32).

In the present study, we tailored the PODIUM criteria to

pediatric oncology patients. The adjustments in renal criteria can

be valuable to prevent missing AKI, as it was shown that AKI, even

stage 1, is significantly associated with short- and long-term

complications in critically ill children (33). Second, according to

PODIUM, neutropenia is a classifier for dysfunction of two different

organ systems (hematologic and immunologic), where we included

dysfunction that is more likely to be part of a shared underlying

pathway for MOD (e.g. in sepsis) instead of chemotherapeutic

treatment. Furthermore, we found a high percentage of endocrine

dysfunction. The threshold for glucose ≥ 8.3 mmol/L (150 mg/dL)

might be a threshold at which particularly hemato-oncology

patients are easily flagged, due to steroid-induced adrenal

insufficiency or hyperglycemia (34). This threshold could be

considered to be fine-tuned and validated in future studies.

Using our PONC-PODIUM criteria, we found different organ

systems that frequently failed at PICU admissions. Endocrine, renal

and severe cardiovascular dysfunction emerged as the most

frequently failing organ systems in patients who develop

NPMOD. This finding may merely have implications for early

surveillance at the inpatient ward, prior to PICU admission.

Particularly renal and cardiovascular dysfunction can be

recognized in an early phase, and timely, appropriate

interventions may potentially halt progression to irreversible
Frontiers in Oncology 10115
organ damage. For example, the development of acute kidney

injury (AKI) can be monitored at the ward, and substitution or

adjustments of nephrotoxic medication and prevention of fluid

overload can be easily implemented (35). This may lead to

decreased AKI rates and better outcomes (33, 35). In addition,

closely monitoring the fluid balance and prevention of fluid

overload in patients with cardiovascular failure could provide an

opportunity to prevent further deterioration.

Our study revealed several challenges in applying predefined

criteria for organ dysfunction to a dataset with continuous data at a

frequency of 1 minute and interval data. We accounted for

measurement errors and missing data. We thereupon defined age-

based limits for artefacts in vital signs, carried last observations

forward for a limited time defined per variable and classified organ

dysfunction within 1-hour timeframes, to minimize that a single

value could immediately flag organ dysfunction. Last observation

carried forward to deal with missing data was similarly used in a

retrospective study on the early prediction of organ dysfunction in

children (36). We used the 24 hours preceding PICU admission to

classify organ dysfunction at PICU admission. As PODIUM criteria

did not incorporate a specific time period required to fulfil the

criteria for organ dysfunction, we classified the concurrent number

of failing organ systems within 24-hour windows. Yet, for future

studies, a validated time period required to fulfil the criteria

especially for respiratory and cardiovascular dysfunction may

further optimize defining (concurrent) organ dysfunction.

This is the first study including all organ systems of the PODIUM

criteria, as we extracted free text field data using an automatized

process of text mining with standardized search terms to, for

example, identify gastro-intestinal dysfunction. In addition, our

study evaluated a PICU cohort that encompasses all subgroups of

pediatric oncology patients, including HSCT patients, from a national

referral center where oncology care has been nationally centralized.

Our study has several limitations. First, the data retrieved from

patients’ medical records were primarily captured for clinical care.

Consequently, selective measurements, such as laboratory values

only assessed upon clinical suspicion of organ dysfunction, may bias

the timing of onset of (multiple) organ dysfunction. Therefore, we

summarized to NPMOD within 24-hour-time frames. Second, our

study is a single-center study. Consequently, our findings may not

be generalizable due to international differences in PICU policies

regarding admission and care. Third, we did not have data on

morbidity following prior PICU admissions. We therefore defined a

relevant prior PICU admission as any prior unplanned admission,

or a prior planned admission with a protracted course. For future

studies, to assess the effect of a prior PICU admission on the risk of

developing NPMOD in a current PICU admission, it would be

beneficial to include data on relevant comorbidity following a prior

admission. Last, in this retrospective study, we could not

differentiate between underlying mechanisms of organ

dysfunction and could thus not define MOD syndrome (MODS).

The identification of a common underlying pathobiology, such as in

MODS, may be helpful to evolve from isolated organ specific to

more holistic strategies that target a common pathobiology (4).

This study shows that hemato-oncological diagnosis, number of

failing organs and an unplanned admission are significant risk
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factors at PICU admission for the development of NPMOD in

pediatric oncology patients. For future perspectives, we see

opportunities to further refine the PODIUM criteria for pediatric

oncology patients. Currently, the PODIUM criteria have been

validated in general pediatric patients (5), and are yet to be

validated in pediatric oncology patients. We provided a first step

towards further refinement of these criteria for pediatric oncology

patients. Yet, the criteria introduced in this study need to be

validated, preferably in a large multi-center cohort incorporating

all subgroups of pediatric oncology patients. The results of the

present study may help to guide both intensivists and oncologists in

risk stratification for critically ill pediatric oncology patients and to

identify patients who may benefit from closer monitoring and early

interventions at the ward prior to PICU admission.
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to treatments and risk factors
for mortality
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Diffuse alveolar hemorrhage (DAH) is a life-threatening complication of

hematopoietic cellular therapy (HCT). This study aimed to evaluate the effect

of DAH treatments on outcomes using data from consecutive HCT patients

clinically diagnosed with DAH from 3 institutions between January 2018-August

2022. Endpoints included sustained complete response (sCR) defined as

bleeding cessation without recurrent bleeding, and non-relapse mortality

(NRM). Forty children developed DAH at a median of 56.5 days post-HCT

(range 1-760). Thirty-five (88%) had at least one concurrent endothelial

disorder, including transplant-associated thrombotic microangiopathy (n=30),

sinusoidal obstructive syndrome (n=19), or acute graft versus host disease

(n=10). Fifty percent had a concurrent pulmonary infection at the time of DAH.

Common treatments included steroids (n=17, 25% sCR), inhaled tranexamic acid

(INH TXA,n=26, 48% sCR), and inhaled recombinant activated factor VII (INH

fVIIa, n=10, 73% sCR). NRMwas 56% 100 days after first pulmonary bleed and 70%

at 1 year. Steroid treatment was associated with increased risk of NRM (HR 2.25

95% CI 1.07-4.71, p=0.03), while treatment with INH TXA (HR 0.43, 95% CI 0.19-

0.96, p=0.04) and INH fVIIa (HR 0.22, 95% CI 0.07-0.62, p=0.005) were

associated with decreased risk of NRM. Prospective studies are warranted to

validate these findings.

KEYWORDS

diffuse alveolar hemorrhage (DAH), steroids, inhaled tranexamic acid (INH TXA), inhaled
recombinant activated factor VIIa (INH fVIIa), transplant-associated thrombotic
microangiopathy (TA-TMA), sinusoidal obstructive syndrome (SOS), non-relapse
related mortality
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Highlights
Fron
1. In 40 children with DAH after HCT, steroid treatment was

associated with an increased risk of NRM (HR 2.25 95% CI

1.07-4.71, p=0.03).

2. Treatment with INH TXA (HR 0.43, 95% CI 0.19- 0.96)

and INH fVIIa (HR 0.22, 95% CI 0.07-0.62) was associated

with a lower risk of NRM.
Background

Diffuse alveolar hemorrhage (DAH) is a rare complication of

hematopoietic cell transplantation (HCT) associated with with high

mortality (1–3). The pathophysiology of DAH is poorly understood

but hypothesized to involve injury to the pulmonary endothelium

from preparative agents, inflammation, and cytokine release (4, 5).

There are no standard therapies for DAH (6). Historically,

treatment included high-dose corticosteroids (3, 7, 8), though

recent reports suggest this approach is associated with poorer

survival after HCT (9–11).

Red blood cells are prone to hemolyze in patients with lung

injury, and free heme released from these cells is highly reactive,

contributing to additional lung damage (12–14). Thus, in addition

to targeting drivers of DAH, cessation of bleeding may be an

important component of treatment. Emerging evidence supports

inhaled approaches to treat DAH, which minimize the risk of

systemic thrombosis. Inhaled (INH) tranexamic acid (TXA)

prohibits the conversion of plasminogen to plasmin, inhibiting

fibrinolysis, and stabilizing clots and has shown excellent

cessation of DAH (15), including in small cohorts of pediatric

HCT recipients (2, 16). Recombinant activated factor VIIa (fVIIa)

promotes hemostasis via tissue factor-dependent and independent

pathways. Intrapulmonary administration of fVIIa has also halted

pulmonary bleeding (17–20). While these studies demonstrate

bleeding cessation, they have not shown an impact on survival in

the HCT setting. This study aimed to evaluate the effect of DAH

treatments on outcomes in a contemporary pediatric HCT cohort.
Methods

In this IRB-approved retrospective study data were extracted

from consecutive HCT patients clinically diagnosed with DAH

between January 2018-August 2022 from 3 institutions,

Children’s Healthcare of Atlanta, Cincinnati Children’s Medical

Center, and the University of California, San Francisco. A sustained

complete response (sCR) to treatment was defined as bleeding

cessation without recurrent bleeding, a CR as bleeding cessation

for ≥24 hours but with a subsequent recurrent bleed, and no

response (NR) was continued bleeding or death with active

bleeding. Acute graft versus host disease (aGVHD) was staged
tiers in Oncology 02119
and graded using Glucksberg criteria. Systemic and pulmonary

infections were identified by culture, PCR, or next-generation

sequencing. Descriptive statistics were used to compare groups.

Sub-distribution hazard models were used to generate hazard ratios

(HR) for non-relapse mortality (NRM), treating relapse as a

competing risk. SAS 9.4 (Cary, NC) was used, and statistical

significance was set at 0.05.
Results/discussion

Forty children developed DAH a median of 56.6 days post HCT

(range 1-760). Each patient experienced 1-4 separate pulmonary

bleeds with 27 (68%) incurring only one bleed. The first pulmonary

bleed was diagnosed by bronchoscopy (n=24), blood in the

endotracheal tube (n=14), hemoptysis (n=1), and lung tissue

(n=1). The majority 35/40 of patients underwent allogeneic HCT;

all 5 autologous recipients developed DAH post-second tandem

HCT for neuroblastoma. Eighty- eight percent of patients (35/40)

had at least one concurrent endothelial disorder, including

transplant-associated thrombotic microangiopathy (n=30, 75%),

sinusoidal obstructive syndrome (n=19, 48%) and acute graft

versus host disease (n=10, 29%). Sixty percent (21/35) of patients

had more than one endothelial disorder (Supplemental Figure 1).

Twenty-three (58%) had a systemic infection within four weeks of

DAH, and 20 (50%) had documented pulmonary infection at the

time of bleed (Table 1).

There were 60 separate pulmonary bleeds. Most patients

received multiple treatments for each bleed (Figure 1A). Patients

were most commonly treated with steroids (n=17), INH TXA

(n=26), and INH fVIIa (n=10). While response rates varied,

steroids had an overall sCR/CR of 55%, INH TXA 89%, and INH

fVIIa 92% (p= 0.002, Figure 1B). NRM was 56 ± 8% and 70 ± 7% at

100 days and 1-year post first pulmonary bleed, respectively

(Figure 1C). TA-TMA and grade III-IV GVHD were not

associated with NRM. However, SOS (HR 2.44 95% CI 1.11-5.39,

p=0.03) and steroid treatment (HR 2.25 95% CI 1.07-4.71, p=0.03)

were associated with an increased risk of NRM. Treatment with

INH TXA (HR 0.43, 95% CI 0.19- 0.96, p=0.04) and INH fVIIa (HR

0.22, 95% CI 0.07-0.62, p=0.005) were associated with decreased

NRM (Figure 2). After adjusting for SOS, the only other variable

significantly associated with NRM, the HR of NRM in those treated

with steroids remained significantly higher (HR 2.35, 95% CI 1.14-

4.88). To determine if infection impacted NRM risk in those treated

with steroids, we adjusted for an identified systemic or pulmonary

infection; the HR of NRM in children remained significantly higher

in those treated with steroids (HR 2.2, 95% CI 1.0-4.81, p=0.05).

In this multi-institutional study, INH TXA and INH fVIIa led

to bleeding cessation and were associated with a decreased mortality

risk. These inhaled agents can be administered via nebulization in

most ventilators although alveolar delivery is poor with the high-

frequency oscillatory ventilator (HFOV). Alternatively, these can be

directly instilled in bronchi via bronchoscopy (Figure 3).

Institutional preference to use HFOV could result in bias as

HFOV use would preclude these therapies. While the use of
frontiersin.org
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HFOV was rare and similar between therapies (1/17 with steroids,

1/26 with INH TXA, 0/11 INH fVIIa), it’s possible that the severity

of illness differed in other ways not captured in our data.

Children treated with steroids for any pulmonary bleed had a

lower response rate and an increased risk of NRM, even after

controlling for SOS, the other NRM risk factor. Our study extends

the work of others that linked high-dose steroids with increased

mortality in DAH post HCT (9–11).
Frontiers in Oncology 03120
The current paradigm of DAH pathophysiology is derived

from the non-HCT setting, where alveolar damage is thought to be

driven by immune-mediated mechanisms. However, 50% of

children in this cohort had an identified pulmonary infection at

the time of bleed, consistent with other literature in HCT (11).

Further, prior studies have demonstrated that currently available

diagnostic approaches to detect infections in immune

compromised patients may be missing a significant number of
TABLE 1 Characteristics of children with DAH post HCT by NRM versus Alive or Relapsed.

Variable Alive/Relapsed
(n=13, 34%), N (%)

NRM
(n=27, 68%), N (%)

p-value

Age years (median, range)+ 3 (0-24) 11 (0.28- 20.5) 0.02

Sex^

Female
Male

10 (40)
3 (20)

15 (60)
12 (80)

0.29

Race^

White
Black/African
American Asian
Other/Declined

4 (17)
4 (40)
2 (67)
3 (75)

19 (83)
6 (60)
1 (33)
1 (25)

0.02

Ethnicity^

Hispanic
Non-Hispanic

2 (33)
11 (32)

4 (67)
23 (68)

1.0

HCT Indication^

Heme Malignancy Immune
Def/Dys
Non-malignant Heme
Solid Tumor
Neuro/Metabolic

6 (32)
1 (13)
1 (20)
4 (80)
1 (33)

13 (68)
7 (88)
4 (80)
1 (20)
2 (67)

0.16

HCT Type^

Allogeneic
Autologous

9 (28)
4 (80)

26 (74)
1 (20)

0.03

Cell Source*^

Bone Marrow
Peripheral Blood
Umbilical Cord

3 (14)
3 (30)
3 (75)

18 (86)
7 (70)
1 (25)

0.02

Donor*^

Related
Unrelated

3 (21)
6 (29)

11 (79)
15 (71)

0.71

HLAMismatch*@^

8/8
7/8
≤6/8

3 (15)
1 (17)
2 (40)

17 (85)
5 (83)
3 (60)

0.51

Preparative Intensity^

Myeloablative
RIC
Non-myeloablative

12 (44)
1 (8)
0 (0)

15 (56)
11 (92)
1 (100)

0.04

Acute GVHD Prophylaxis*^
CNI
Methotrexate
MMF
Abatacept
T-cell depletion

6 (21)
3 (20)
3 (21)
1 (33)
2 (40)

23 (79)
12 (80)
11 (79)
2 (67)
3 (60)

0.88

TA-TMA^ 9 (30) 21 (70) 0.70

Eculizumab^ 9 (35) 17 (65) 1.0

(Continued)
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clinically important pathogens (22). Infections can invade the

endothelium directly inducing damage, and infections can worsen

after corticosteroid administration. We hypothesize that

infections (diagnosed and/or undiagnosed) are a key driver of

the association of increased NRM and steroid treatment for DAH

in the HCT setting.
Frontiers in Oncology 04121
Neither SOS nor defibrotide, which 18/19 (95%) of patients with

SOS received, are associated with DAH. While defibrotide has a

bleeding warning, in clinical trials, hemorrhagic events in patients

with SOS treated with defibrotide were not significantly different

than untreated patients (23). However, TA-TMA, present in 75% of

our cohort, is associated with both clinical DAH and DAH on
TABLE 1 Continued

Variable Alive/Relapsed
(n=13, 34%), N (%)

NRM
(n=27, 68%), N (%)

p-value

SOS^ 4 (21) 15 (79) 0.19

Defibrotide^ 4 (22) 14 (78) 0.31

Maximum aGVHD*^

Grade 0-2
Grade 3-4

7 (28)
2 (20)

18 (72)
8 (80)

0.69

Concurrent Systemic Infection#%^ 8 (35) 15 (65) 1.0

Concurrent Pulmonary Infection#%^ 7 (35) 13 (65) 1.0

Day first pulmonary bleed (median, range) 59 (52) 36 (163) 0.74

Number of pulmonary bleeds (median, range)+ 1 (1-4) 1 (1-4) 0.53
fron
*Allogeneic HCT recipients only (n=35), #within 4 weeks of first pulmonary bleed, %diagnosed via bacterial, viral, or fungal culture or next generation sequencing of BAL fluid. @excluding cord
blood, ^Fishers Exact Test, +Wilcoxon-Rank Sum Test, Abbreviations: human leukocyte antigen (HLA), reduced intensity conditioning (RIC), graft versus host disease (GVHD), calcineurin
inhibitor (CNI), mycophenolate mofetil (MMF), transplant associated thrombotic microangiopathy (TA-TMA), sinusoidal obstructive syndrome (SOS), graft versus host disease (GVHD),
hematologic malignancy (heme malignancy), immune deficiency/dysregulation (immune def/dys), non-malignant blood disorder (non-malignant heme). Bold indicates significant differences.
B C

A

FIGURE 1

Treatment approaches (A), response of pulmonary bleeds (B) and non-relapse related mortality (C). (A) In this sankey diagram, combinations of
treatments for DAH and the response of treatments are indicated for each pulmonary bleed. Not all bleeds were treated; 37 patients received
treatment for first pulmonary bleed. Sustained complete response (sCR) was defined as cessation of bleeding without a rebleed. CR as cessation of
bleeding for ≥24 hours, but with a recurrent bleed, and no response (NR) as continued bleeding or death with bleeding. (B) Response rates of each
pulmonary bleed to each agent; notably, many patients received multiple agents. (C) Overall response to each agent. As above, multiple drugs were
given concurrently; assessment of response was the same for all concurrently administered drugs.
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autopsy, and is increasingly being recognized as a pulmonary

manifestation of TA-TMA (24–26). We noted that all autologous

HCT recipients had an underlying diagnosis of neuroblastoma, and

attribute this to the known association of TA-TMA and children

with this disease and treatment approach (27–29). There is
Frontiers in Oncology 05122
emerging evidence that patients with both SOS and TA-TMA are

at higher risk for multi-organ failure, including DAH (25).

Given the shared endothelial injury and thrombotic changes of

these three diseases, it is possible that DAH in the HCT setting may

be part of a continuum of endothelial injury as most of the cohort
FIGURE 2

The sub-distribution HR of NRM (relapse competing risk) of transplant complications and treatment approaches for DAH. HR greater than 1 are
associated with an increased risk of NRM, and less than 1 associated with a decreased risk of NRM. *only allogeneic patients were at risk and used in
the analysis (n=35).
FIGURE 3

Proposed diagnosis and treatment schema with doses supported by our findings and previous literature. The ideal diagnostic approach includes
bronchoscopy and evidence of persistent bleeding after 3 washes. Once DAH is confirmed, consider screening for TA-TMA, pulmonary and systemic
infections and treating all identified drivers of DAH. Our data and others support treatment with INH TXA and INH or instilled recombinant active
factor VIIa at the doses on the right side of the panel. While there are limited data of appropriate doses for INH TXA and intrapulmonary fVIIa for
DAH, these doses were used in published in a small single center clinical trial (19) and are reported in the pediatric HCT population (17, 18, 21). In this
study, only INH fVIIa was given (19), but instilled factor VIIa via a bronchoscope is also described (17, 18). While the data are limited, there are not
severe side effects of these drugs reported in the literature. However, intrapulmonary administration of INH TXA or IP fVIIa can result in clot
formation, so if patients are intubated, vigilance and intervention to ensure the tube remains patent are important.
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had another concurrent endothelial syndrome, TA-TMA, SOS, or

aGVHD. Endothelial damage is thought to be a major driver of

other lung injuries, including COVID19 induced acute respiratory

distress syndrome (30). Our data suggest that this primary

endothelial injury could be a major driver in DAH post HCT

which could inform treatment.

Small numbers, a retrospective approach, the lack of tissue in

most patients, and the potential center effect (2 centers used INH

TXA, and 1 center used INH fVIIa) are all limitations of this study.

However, finding statistically significant associations with NRM in

a multi- institutional study is compelling to drive future studies of

treatment with INH TXA and/or INH fVIIa for DAH after HCT.

While a multi-institutional large clinical trial may not be feasible, a

pragmatic approach could be taken, similar to other HCT

complications (31). Despite the cessation of pulmonary bleeding,

outcomes remain poor in children with DAH. However, our study

compares favorably to the published registry data, with 44%

surviving 100 days after first bleed versus 21% (32). Our data

promote local approaches to treat DAH in addition to the

management of severe coincident complications, including TA-

TMA, SOS, GVHD, and infections.
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Multiple Complications of Endothelial Dysfunction 35/40 (88%) of children

with DAH had another disease of endothelial dysfunction including
transplant-associated thrombotic microangiopathy (TA-TMA), sinusoidal

obstructive syndrome (SOS) or grade ¾ acute graft versus host disease
(aGVHD). Twenty-one (60%) had multiple early endothelial diseases.
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Introduction: Tumor lysis syndrome (TLS) is often diagnosed in children with

hematological malignancies and can be life threatening due to metabolic

disturbances. Continuous renal replacement therapy (CKRT) can reverse these

disturbances relatively quickly when conventional medical management fails.

Our objective was to investigate the benefit of CKRT in themanagement of TLS in

children admitted to the intensive care unit with hematologic malignancies. In

addition, we sought to assess risk factors for acute kidney injury (AKI) in the

setting of TLS.

Methods: Retrospective review of all children admitted to the intensive care unit

with TLS who received CKRT from January 2012 to August 2022.

Results: Among 222 children hospitalized with TLS from January 2012 to August

2022, 20 (9%) underwent CKRT to manage TLS in the intensive care unit. The

patients’median age was 13 years (range 3-17 y), andmost weremales (18/20). T-

cell acute lymphoblastic leukemia was the most common diagnosis (n=10),

followed by acute myeloid leukemia (n=4), Burkitt lymphoma (n=4), and B-cell

acute lymphoblastic leukemia (n=2). Five patients required mechanical

ventilation, and 2 required vasopressors. The most common indication for

CKRT was hyperphosphatemia, followed by, hyperuricemia, and hyperkalemia.

All metabolic abnormalities corrected within 12 h of initiation of CKRT. CKRT

courses were brief, with a median duration of 2 days (range 1-7 days). Having

higher serum phosphorus levels 12 h preceding CKRT was significantly

associated with severe acute kidney injury (AKI). The median phosphorus level

was 6.4 mg/dL in children with no/mild AKI and 10.5 mg/dL in children with

severe AKI (p=0.0375). Serum uric acid levels before CKRT were not associated

with AKI. All children survived to hospital discharge, and the one-year survival

rate was 90%.
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Conclusion: CKRT is safe in children with hematologic malignancies with severe

TLS and reverses metabolic derangements within 6-12 h. Most patients had AKI at

the initiation of CKRT but did not require long-term kidney replacement therapy.

Hyperphosphatemia before initiation of CKRT is associated with higher risk of AKI.
KEYWORDS

TLS, tumor lysis, CKRT, AKI, dialysis, pediatrics, hematologic malignancy
1 Introduction

Tumor lysis syndrome (TLS) is a serious and life-threatening

condition that is associated with hematologic malignancies. TLS

occurs due to rapid breakdown of malignant cells either

spontaneously or after the initiation of chemotherapy. This rapid

breakdown leads to the release of intracellular potassium,

phosphate, nucleic acids at a high rate that overwhelm the

normal homeostatic mechanism for removing these byproducts.

As a result, children will manifest laboratory TLS characterized

by hyperuricemia, hyperkalemia, hyperphosphatemia, and

hypocalcemia. The ensuing metabolic derangements can result in

serious complications (Clinical TLS) such as acute kidney injury

(AKI), arrhythmias, and seizures (1). AKI is typically induced by the

deposition of uric acid or xanthine crystals in the renal tubules or by

calcium-phosphate crystals deposition due to hyperphosphatemia.

Therefore, prevention and prompt management of TLS is

warranted, especially in patients at high risk of TLS. Medical

management includes aggressive hydration at 1.5-2 times normal

maintenance rate, with close monitoring of serum levels of

potassium, phosphorus, calcium, and uric acid. In addition,

rasburicase, a recombinant urate oxidase that converts uric acid

to allantoin which is 10 times more soluble in water than uric acid,

is prescribed to children with hyperuricemia. Management and

outcome data about TLS in children is scarce (2, 3). Continuous

kidney replacement therapy (CKRT) is utilized in severe cases of

TLS to remove these solutes. CKRT provides slow and continuous

removal of solutes which is more physiologic than intermittent

hemodialysis and has less risk of rebound hyperphosphatemia

and hyperkalemia.

Our objective was to investigate the benefit of CKRT in the

management of TLS in children admitted to the intensive care unit

(ICU) with hematologic malignancies. In addition, we sought to

assess risk factors for AKI in the setting of TLS.
2 Methods

All children with hematologic malignancies admitted to St. Jude

Children’s Research Hospital, a specialized pediatric hematologic-

oncology hospital, from January 2012 to August 2022 were screened

for TLS. Patients were included in the study if CKRT was initiated to

manage TLS. This study was approved by our institutional review
02126
board. Laboratory TLS and clinical TLS were defined based on daily

recorded laboratory and clinical values by using Cairo-Bishop

criteria, (Supplemental Figure 1) (4). Clinical TLS was diagnosed in

patients who had Laboratory TLS and one of these clinical findings:

AKI, cardiac arrhythmias, or symptomatic hypocalcemia. AKI was

defined and staged according to Kidney Disease Improving Global

Outcomes (KDIGO) guidelines (Supplemental Table 1) (5). Severe

AKI was defined as serum creatinine ≥ 2 times baseline (grade 2 and 3

per KDIGO guidelines).

The PrismaFlex CRRT system (Gambro/Baxter) was used with

the continuous veno-venous hemodiafiltration (CVVHDF) treatment

modality for all patients. All patients received continuous regional

citrate infusion for anticoagulation and continuous systemic calcium

infusion. Post-filter ionized calcium (Ica) levels were monitored every

2-4 hours.
2.1 Data collection

Daily collected laboratory test data included white blood cell

count (WBC) and lactic dehydrogenase (LDH). In addition, the

following laboratory values were measured at 6-hour intervals from

24 hours prior to 48 hours after CKRT initiation: uric acid,

potassium, phosphorus, calcium, bicarbonate, blood urea

nitrogen, and creatinine. Baseline serum creatinine level, when

unknown, was imputed by the bedside Schwartz formula with an

estimated glomerular filtration rate of 120 mL/min/1.73 m2 and the

patient’s height (2).
2.2 Statistical analysis

Descriptive statistics are expressed in percentage for categorical

variables and median (range) for continuous variables. The exact

Wilcoxon rank-sum test was used to compare distributions of lab

values by AKI status. The Wilcoxon signed-rank test was used to

compare the differences between matched lab values before and post-

CKRT. Spearman’s correlation was used to test the relationship

between WBC and LDH at 1 and 2 days pre-CKRT and laboratory

values pre-CKRT. Median (range) are reported for all statistical tests,

and distribution-free 95% confidence intervals of the median

difference between laboratory values are presented for comparisons

of matched observations at different time points, as described by

Hahn and Meeker (1991).
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3 Results

Between January 2012 and August 2022, 222 children with

hematologic malignancies were hospitalized with TLS. Of those, 20

(9%) required CKRT for management of their TLS in the ICU.

Table 1 summarizes the clinical characteristics of our cohort. The

median age was 13 years (range, 3-17 y), and interestingly, most

were male (18/20). The hematologic malignancy was T-cell acute

lymphoblastic leukemia (ALL) in 10 children, acute myeloid

leukemia (AML) or Burkitt lymphoma in 4 children each, and B-

cell ALL in 2 children. A mediastinal mass was present in 8 children.

Of the 20 patients who underwent CKRT for TLS, 20 had

laboratory TLS, and 18 had clinical TLS. At the time of initiation of

CKRT, the most common chemical derangement was

hyperphosphatemia in 95%, hypocalcemia in 90%, hyperuricemia

in 35%, and hyperkalemia in 10%. Median serum phosphorus level

was 9.7 mg/dL (range, 3.8-14.9 mg/dL) before start of CKRT

(Table 1). LDH levels were elevated, with a median level of 2790

U/L (range, 439-10065 U/L).

TLS management included hydration with a median fluid

volume of 2597 mL per m2 daily. In addition, rasburicase was

administered to 19 of the 20 patients (95%), allopurinol to 9 (45%),

and phosphate binders to 17 (85%).
3.1 CKRT course

In our cohort, 2 children had intermittent hemodialysis (IHD)

before CKRT. Following the course of CKRT, 2 patients had one

session of IHD, and one patient received IHD for 15 days. The

median duration of CKRT course in our cohort was 2 d (range 1-

7 d). Potassium, phosphorus, and uric acid levels dropped

significantly within 6 h after starting CKRT (Table 2). Compared

to the level 6 h before initiation, the median phosphorus level

declined 2.7 mg/dL (p-value <0.0001) in 6 h and 5.05 mg/dL (p-

value <0.0001) in 18 h post CKRT. All serum levels of potassium,

phosphorus, uric acid levels normalized within 12 hours of CKRT

initiation (Figure 1). None of the patients had CKRT-

related complications.
3.2 Risk factors for TLS

We investigated whether WBC or LDH levels one day before

the start of CKRT were associated with hyperkalemia,

hyperphosphatemia, duration of CKRT, or duration of ICU stay

(Supplemental Tables 2, 3). Higher LDH levels correlated

with higher uric acid levels 12 h prior to CKRT (p-value 0.0803 |

Rho = 0.45).
3.3 Risk factors for AKI

Severe AKI (grade 2 and 3) was present in 17 patients (85%).

Risk factors for development of AKI were examined. Uric acid,
Frontiers in Oncology 03127
TABLE 1 Characteristics of patients with TLS and CKRT.

Clinical/Laboratory features N (%) or Median (Min-Max)

Age (y) 13 (3–17)

Weight (Kg) 53.7 (17.3-130)

Sex

Female 2 (10)

Male 18 (90)

Race

African American 4 (21)

Caucasian 15 (79)

Primary diagnosis

T-ALL 10 (50)

AML 4 (20)

Burkitt lymphoma 4 (20)

B-ALL 2 (10)

Chemical derangement

Hyperphosphatemia 19 (95)

Hypocalcemia 18 (90)

Hyperuricemia 7 (35)

Hyperkalemia 2 (10)

Lab values 6 hours before CKRT

BUN (mg/dL) 35.00 (17.0-81.0)

Cr (mg/dL) 1.28 (0.6-5.9)

Potassium (mmole/L) 4.60 (3.6-7.0)

Calcium (mg/dL) 6.70 (4.9-9.7)

Phosphorus (mg/dL) 9.70 (3.8-14.9)

Uric acid (mg/dL) 3.80 (0.2-29.7)

Peak Lab values

Potassium (mmole/L) 5.5 (4-7.2)

Phosphorus (mg/dL) 10.7 (6.2-14.9)

Uric acid (mg/dL) 6 (2-29.7)

WBC† (103/mm3) 41.60 (1.2-470.4)

LDH† (U/L) 2790 (439-10065)

Treatment prior to CKRT

Fluid rate/BSA (mL/m2) 2597 (1193-3703)

Rasburicase 19 (95)

Allopurinol 9 (45)

Phosphate binders 17 (85)

Mechanical ventilation 5 (25)

Vasopressor support 2 (10)

Duration of ICU stay (days) 6.5 (3-36)

(Continued)
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phosphorus, and LDH serum levels in patients with no/mild AKI

were compared to those of patients with severe AKI (Table 3).

Serum uric acid levels 12 h and 6 h preceding CKRT were not

associated with AKI. However, higher serum phosphorus levels 12 h

preceding CKRT were significantly associated with severe AKI. The

median phosphorus level was 6.4 mg/dL in children with no/mild

AKI but 10.5 mg/dL in children with severe AKI (p-value 0.0375).

Furthermore, ROC analysis revealed that phosphorus level at 18 h

prior to CKRT was the best predictor of severe AKI (ROC = 0.9 SE =

0.075 95% CI = 0.77 – 1.07) (Figure 2). Children in whom severe

AKI developed had similar durations of ICU or hospital stay as

those in whom severe AKI did not develop.
3.4 ICU course

Five children (25%) received invasive mechanical ventilation for

acute respiratory failure, with a median duration of 4 days. Two

patients (10%) were on vasopressor support. The median duration

of ICU stay was 6.5 d, whereas the median duration of hospital stay

was 12 d. All children survived to ICU and hospital discharge. The

overall survival rate at one year was 90%. Renal function improved

in all patients, and none required long-term dialysis.
4 Discussion

This study analyzed CKRT courses and outcome in a cohort of

20 children admitted to the ICU with hematologic malignancies

and severe TLS. Of all 222 children hospitalized with hematologic

malignancies and TLS, only 9% required CKRT. CKRT was

successful in abating the metabolic derangements within 6 hours

of initiation, and serum levels of potassium, phosphorus, and uric

acid declined to normal levels within 12 h of the CKRT course.

There is limited data on the use of CKRT for TLS especially for

pediatric patients. In an adult cohort of 153 patients with newly

diagnosed hematologic malignancies who were at high risk for

TLS, 30.7% developed TLS. Of those in whom TLS developed, 27

required kidney replacement therapy (KRT) (17.6%), and 17

required CKRT (11%) (6). In another cohort of adults with TLS

admitted to ICU, KRT was utilized in 54.2% of patients, and the

incidence of AKI was 80.4% (7). In our cohort, the most common

indication for CKRT was hyperphosphatemia, and only one-third

had hyperuricemia at the initiation of CKRT. This is not
Frontiers in Oncology 04128
surprising in the rasburicase era, as most patients receive

rasburicase early during a TLS course to prevent renal damage

induced by uric acid crystal deposition in the renal tubules.

Indeed, 95% of our cohort received rasburicase before CKRT. A

prospective pediatric study of 76 patients with B-cell non-

Hodgkin lymphoma found rasburicase to be effective at

normalizing 86% and 100% of the uric acid levels in patients at

24 and 72 h respectively (8). In addition, Darmon et al. reported

serum phosphorus level to be the main risk factor for clinical TLS,
TABLE 1 Continued

Clinical/Laboratory features N (%) or Median (Min-Max)

Duration of hospital stay (days) 12 (7-42)

Time from ICU admission to CKRT
(days)

1.5 (0-7)

Duration of CKRT (days) 2 (1-7)
TLS, tumor lysis syndrome; CKRT, continuous kidney replacement therapy; ALL, acute
lymphoblastic leukemia; AML, acute myeloblastic leukemia; BUN, blood urea nitrogen; Cr,
creatinine; WBC, white blood cell count; LDH, lactate dehydrogenase; BSA, base surface area;
ICU, intensive care unit.
† level one day prior to CKRT.
TABLE 2 Median difference in serum levels 6 h before and up to 24 h
post CKRT.

Serum level Median Difference
(95% CI)

p-value

K (mmole/L)

6 h pre vs. 6 h post CKRT 0.70 (0.5, 0.9) 0.0040

6 h pre vs. 12 h post CKRT 0.80 (0.5, 1.3) 0.0010

6 h pre vs. 18 h post CKRT 0.65 (0.3, 1.1) 0.0143

6 h pre vs. 24 h post CKRT 0.80 (-0.3, 1.2) 0.1533

Phosphorus (mg/dL)

6 h pre vs. 6 h post CKRT 2.70 (1.9, 3.7) <.0001

6 h pre vs. 12 h post CKRT 4.80 (2.8, 5.7) 0.0001

6 h pre vs. 18 h post CKRT 5.05 (3.1, 6.2) <.0001

6 h pre vs. 24 h post CKRT 4.80 (1.5, 7.6) 0.0015

Uric acid (mg/dL)

6 h pre vs. 6 h post CKRT 1.80 (0.1, 7.7) 0.0090

6 h pre vs. 12 h post CKRT 3.10 (-0.2, 8.8) 0.0023

6 h pre vs. 18 h post CKRT 3.40 (0.6, 8.8) 0.0010

6 h pre vs. 24 h post CKRT 3.00 (-0.2, 10.2) 0.0210

Calcium (mg/dL)

6 h pre vs. 6 h post CKRT 0.0057

6 h pre vs. 12 h post CKRT -2.60 (-3.6,-1.1) <.0001

6 h pre vs. 18 h post CKRT -3.35 (-3.8, -1.9) <.0001

6 h pre vs. 24 h post CKRT -3.00 (-3.8, -1.4) 0.0012

BUN (mg/dL)

6 h pre vs. 6 h post CKRT 4.00 (-4.0, 13.0) 0.0927

6 h pre vs. 12 h post CKRT 16.00 (7.0, 23.0) 0.0010

6 h pre vs. 18 h post CKRT 17.00 (6.0, 27.0) 0.0004

6 h pre vs. 24 h post CKRT 12.00 (1.0, 30.0) 0.0039

Cr (mg/dL)

6 h pre vs. 6 h post CKRT 0.25 (0.1, 0.4) 0.0002

6 h pre vs. 12 h post CKRT 0.48 (0.2, 0.8) 0.0017

6 h pre vs. 18 h post CKRT 0.68 (0.4,0.9) 0.0005

6 h pre vs. 24 h post CKRT 0.89 (0.4, 2.3) 0.0043
fron
CKRT, continuous kidney replacement therapy; K, potassium; BUN, blood urea nitrogen; Cr,
creatinine.
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with a 5-fold increase in risk of clinical TLS with each1 mmole

increase in phosphorus level (6).

In our cohort of severe TLS requiring CKRT, most patients were

males (90%). This observation was reported in previous TLS

cohorts: in a cohort of 8 children who required renal replacement

therapy due to TLS, 87.5% were male (9). In addition, in a cohort of

153 adults with cancer and TLS admitted to the ICU, 69% were

male, and AKI occurred at a rate of 86% in male patients. Being

male is associated with higher risk of AKI (OR=6.79, IC 95% 2.59-

19.44) (7, 9). Prospective large cohorts are needed to examine and

confirm the association of male sex with severe TLS and AKI. If

confirmed, then being male should be considered a risk factor for

severe clinical TLS. Of note, male sex has been reported in previous

studies to confer a higher risk of AKI requiring dialysis (10, 11). In a

large cohort of hospitalized patients with AKI, AKI-D was 2.19

times more likely to develop in men than in women (11).

The reported prevalence of AKI in the setting of TLS is high

and ranges from 64-80% (6, 7). Severe AKI was observed in 85% of

our cohort. Our findings indicate that hyperphosphatemia

contributes to AKI in this pediatric cohort. Children with AKI

had significantly higher phosphorus levels before initiation of

CKRT (6.4 mg/dL in children with no/mild AKI vs.10.5 mg/in

those with severe AKI, p-value 0.0375). These findings are similar

to those previously described in adult cohorts. In a large cohort of

120 adults with hematologic malignancies and TLS, AKI

developed in 56, and phosphate was strongly associated with

AKI (Hazard ratio of 1.76 per 0.5 mmole/L increase in

phosphate) (12). As in our cohort, uric acid levels did not
FIGURE 1

Changes in serum levels of calcium (Ca), potassium (K), creatinine (Cr), phosphorus (phosph), and uric acid.
TABLE 3 Comparison of patients with no/mild AKI and those with
severe AKI.

Laboratory
measure

Median (min, max)

P
value

No/Mild AKI
(Stage 0,1)

n=3

Severe AKI
(Stage 2,3)

n=17

Uric acid (mg/dL)

6 h pre CKRT 3.70 (2.3, 9.0) 3.90 (0.2, 29.7) 0.723

12 h pre CKRT 2.40 (1.1, 7.7) 5.00 (0.9, 17.7) 0.3643

Phosphorus (mg/dL)

6 h pre CKRT 8.20 (7.3, 8.9) 10.65 (3.8, 14.9) 0.1785

12 h pre CKRT 6.40 (5.1,7.1) 10.50 (5.8, 12.4) 0.0375

Calcium (mg/dL)

6 h pre CKRT 7.30 (6.6, 7.5) 6.65 (4.9, 9.7) 0.3199

12 h pre CKRT 7.40 (7.3, 7.5) 7.10 (5.6, 9.0) 0.2964

LDH 1 d pre CKRT
(U/L)

2303.00 (2147.0,
2790.0)

2340.50 (351.0,
10065.0) 0.9577

Duration of
hospital stay (d)

16.00 (9.0, 21.0) 12.00 (7.0, 42.0) 0.4825

Duration of ICU
stay (d)

7.00 (4.0, 8.0) 6.00 (3.0, 36.0) 0.8491
AKI, acute kidney injury; CKRT, continuous kidney replacement therapy; LDH, lactate
dehydrogenase; ICU, intensive care unit.
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contribute to AKI. On the basis of these findings, we suggest that

rapid rise in phosphorus levels should alert clinicians to consider

the initiation of CKRT in these situations to prevent developing

AKI or progression of an existing AKI. Abdel-Nabey et al.

reported the practice of KRT initiation in patients with TLS

admitted to the ICU with a phosphorus level of > 7.7 mg/dL or

when the phosphorus level increase is >3 mg/dL every 6 h (7). This

practice is reasonable considering the strong association of

hyperphosphatemia with AKI in this pediatric cohort and in

adult cohorts (6, 12).

The reported overall mortality rate of patients with TLS ranges

from 15 to 35% (6, 13, 14). In our cohort, all patients survived to ICU

and hospital discharge even though 85% had severe AKI and 25% had

acute respiratory failure. This outcome suggests that early intervention

and CKRT provide benefit and improve outcome in this population. In

addition, in our cohort, the overall mortality at 1 year was low (10%).

The limitations of our study include its retrospective design,

small population, and absence of a control group. However, our
Frontiers in Oncology 06130
study describes the largest cohort of children with TLS and

hematologic malignancies who were treated by CKRT.

Prospective randomized, controlled studies are needed to outline

the benefit of early KRT initiation to prevent AKI in this high-

risk population.
5 Conclusion

CKRT is safe in children with hematologic malignancies with

severe TLS and reverses metabolic derangements within 6-12 h.

Most patients had AKI at the time of initiation of CKRT but did not

require long-term KRT. Hyperphosphatemia before initiation of

CKRT was associated with AKI; thus, rapidly rising phosphorus

level can indicate the need for CKRT. Male sex seems to be

associated with a higher risk of TLS requiring dialysis. The results

of prospective multicenter studies may identify a cut-off

phosphorus value at which to start CKRT.
BA

C D

FIGURE 2

ROC analysis of phosphorous levels at 4 time periods prior to CKRT initiation as a predictor of severe AKI. (A) at 24 hours, (B) at 18 hours, (C) at 12
hours, (D) at 6 hours.
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Prognostic factors and predictive
scores for 6-months mortality
of hematopoietic stem cell
transplantation recipients
admitted to the pediatric
intensive care unit

Sarah Schober1*, Silke Huber2, Norbert Braun2,
Michaela Döring1, Peter Lang1, Michael Hofbeck2,
Felix Neunhoeffer2 and Hanna Renk1,2

1University Children’s Hospital Tuebingen, Department I – General Pediatrics, Hematology/Oncology,
Tuebingen, Germany, 2University Children’s Hospital Tuebingen, Department II – Pediatric
Cardiology, Pulmonology and Intensive Care Medicine, Tuebingen, Germany
Objective: Despite advances in hematopoietic stem cell transplantation (HSCT),

a considerable number of pediatric HSCT patients develops post-transplant

complications requiring admission to the pediatric intensive care unit (PICU).

The objective of this study was to evaluate clinical findings, PICU supportive

therapy and outcome as well as predictive factors for 6-months survival after

discharge of HSCT patients from PICU.

Study design: This retrospective single-center analysis investigated patient

characteristics, microbiological findings, reasons for admission and death of 54

cases accounting for 94 admissions to the PICU of the University Children’s

Hospital Tuebingen from 2002 to 2017. We compared clinical characteristics

between children with and without 6-months survival after discharge from PICU

following HSCT. Finally, we assessed the potential prognostic value of the

oncological Pediatric Risk of Mortality Score (O-PRISM), the Pediatric

Sequential Organ Failure Assessment Score (pSOFA) and the pRIFLE Criteria for

Acute Kidney Injury for 6-months survival using Generalized Estimating

Equations (GEE) and Receiver Operating Characteristic curves.

Results: Respiratory insufficiency, gastroenterological problems and sepsis were

the most common reasons for PICU admission. Out of 54 patients, 38 (70%) died

during or after their last PICU admission, 30% survived for at least six months.

When considering only first PICU admissions, we could not determine

prognostic factors for 6-months mortality. In contrast, under consideration of

all PICU admissions in the GEE model, ventilation (p=0.03) and dialysis (p=0.007)

were prognostic factors for 6-months mortality. Furthermore, pSOFA (p=0.04)

and O-PRISM (p=0.02) were independent risk factors for 6-months mortality

considering all PICU admissions.
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Conclusion: Admission of HSCT patients to PICU is still associated with poor

outcome and 69% of patients died within 6 months. Need for respiratory support

and dialysis are associated with poor outcome. Prediction of 6-months survival is

difficult, especially during a first PICU admission. However, on subsequent PICU

admissions pSOFA and O-PRISM scores might be useful to predict mortality.

These scores should be prospectively evaluated in further studies to verify

whether they can identify pediatric HSCT recipients profiting most from

transferal to the PICU.
KEYWORDS

pediatric, HSCT, PICU, survival, outcome, pSOFA, O-PRISM
1 Introduction

Treatment and outcome of children with cancer have

substantially improved during the last two decades. Mortality

among hematopoietic stem cell transplantation (HSCT) recipients

admitted to pediatric intensive care units (PICUs) has dropped

significantly from 91% to about 25% within the last 30 years.

However, this is still one of the highest mortality rates among

PICU patients (1–4). Survival is determined by different factors

such as age, type of HSCT, immune reconstitution, graft versus host

disease (GvHD), infections, organ failure and need for organ

replacement therapies (1–14).

In stark contrast, the six months survival rate of pediatric

patients after HSCT on PICUs has remained relatively unchanged

at only 21% to 25% (1, 10).

Advances in PICU patient care including protective ventilation

strategies, early and aggressive therapy in sepsis and different

options in renal replacement therapy have contributed to the

drop in PICU mortality in HSCT patients (1, 5). Other

approaches to reduce mortality and morbidity focus on increased

pre-PICU symptom surveillance like the Pediatric Early Warning

Score (PEWS) (3). Furthermore, changes in oncological treatment

such as reduced intensity conditioning, targeted treatment

protocols, graft manipulation, patient and donor selection, and

advanced supportive therapies contribute to mortality reduction (1,

4, 7).

Around 10% to 40% of all pediatric HSCT recipients are

admitted to the PICU at least once (2–5, 9, 15). Besides

treatment- or condition-related risk factors, respiratory failure,

multiple organ failure and septic shock are major causes for

PICU admission (5, 14, 15).

Admission of oncological pediatric patients often raises

sensitive questions and ethical issues in parents and healthcare

practitioners. Clinical decision-making, e.g. whether a patient

should be admitted to PICU at all or intubated or inotropic

support should be escalated, is difficult because the outcome after

PICU interventions is hard to predict. Furthermore, aggressive

interventions need to be balanced against the provision of best

end-of-life care through palliative care in the ward or parental
02133
support at home. Therefore, data that helps to determine which

children may benefit from PICU supportive therapy is crucial to

decide the best treatment approach for pediatric HSCT recipients.

Suitable scoring systems for post-HSCT pediatric patients

provide a possibility to estimate outcome and the individual

mortality risk and may be used to guide clinical decision making.

Pediatric Critical Illness Score (PCIS), Pediatric Logistic Organ

Dysfunction (PELOD) and the updated version of Pediatric Risk

of Mortality (PRISM-3) were of prognostic value for HSCT

recipients on PICUs (6, 12, 13, 16), whereas others such as the

Pediatric Multiorgan Dysfunction score (PMOD) or the Pediatric

Index of Mortality score (PIM-2) showed conflicting data (2, 6, 10,

16). The Oncological Pediatric Risk of Mortality (O-PRISM) score

was found to be superior to the Pediatric Risk of Mortality score

(PRISM) in a number of studies (1). In PICU patients with acute

kidney injury (AKI), the pRIFLE classification (pediatric Risk of

renal dysfunction, Injury to the kidney, Failure of kidney function,

Loss of kidney function, End-stage kidney diseases) (17, 18) is an

important tool to predict hospital mortality and PICU length of stay

(19). In 2017, Matics et al. adapted and validated the Sequential

Organ Failure Assessment (SOFA) score, which was originally

developed for Sepsis outcome, specifically for critically ill children

(20). This pediatric SOFA score (pSOFA) had excellent

discrimination for in-hospital mortality, with an area under the

curve of 0.94 (95% CI, 0.92-0.95). However, to the best of our

knowledge, only three studies have applied pSOFA for pediatric

HSCT patients to predict PICU mortality and none of them looked

at long-term (6-months) survival (21–23). Here, we describe patient

characteristics, clinical features, critical care interventions and

outcome in a cohort of pediatric HSCT patients, admitted to the

PICU of the University Children’s Hospital Tuebingen. This is the

first study which explicitly discriminates between first and

subsequent PICU admissions to evaluate risk factors for 6-

months mortality. The objective is to evaluate the predictive

ability of different critical care interventions and scoring systems

(O-PRISM, pSOFA and pRIFLE) for the individual mortality risk

considering all PICU admissions of a patient by applying a

Generalized Estimating Equations (GEE) model. We focus not

only on PICU mortality but on long-term (6-months) mortality.
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This new approach reveals unique insight into long-term prognosis

of pediatric HSCT recipients and can support pediatric intensivists

and oncologists in clinical decision making.
2 Methods

2.1 Patient population and study setting

We performed a retrospective, single-center analysis in HSCT

patients admitted to the PICU of the University Children’s Hospital

Tuebingen during the period from January 2002 to December 2017.

This 14-bed PICU cares for critically ill infants and children with up

to 920 admissions per year. The main reason for admission is the

need for cardiac surgery in about half of all patients, followed by

general pediatric surgery and pediatric medical conditions that

require intensive care treatment, including patients after HSCT.

HSCT is performed by the department of pediatric hematology and

oncology at the University Children’s hospital Tuebingen, where

about 50 pediatric HSCTs per year are undertaken with a special

focus on re-transplantation and haploidentical HSCT. We selected

all pediatric HSCT-patients with at least one non-scheduled PICU

admission during the observation period and followed them up for

any PICU readmission up to two years after HSCT. All PICU

admissions due to scheduled post-operative care or interventions

such as bronchoscopy, other endoscopies or catheter implantations

were excluded from the analysis. The study was approved by the

local ethical review board at the University Hospital Tuebingen

(project No. 562/2010A) with a waiver of informed consent.
2.2 Data acquisition

Demographic, clinical and microbiological data was

retrospectively retrieved from patient medical records of the

hospital information system (i.s.h. med, SAP). Pediatric patients

were included, if they were admitted to the PICU during

conditioning or after up to two years after HSCT. Data obtained

included age, sex, weight, underlying condition, disease status prior

to HSCT, conditioning intensity, type of transplantation and

conditioning, transplant-related complications, timing of PICU

admission in HSCT, time after HSCT until PICU admission,

PICU supportive therapy, number of PICU admissions, duration

of PICU stays, reason for PICU admission, 6-months survival, date

and cause of death. Microbiological and virological findings were

extracted from the hospital laboratory order communication system

(LAURIS, nexus/Swisslab). O-PRISM, pSOFA and pRIFLE Scores

were determined for the day of PICU admission. Presence of graft-

versus host disease (GvHD), thrombotic microangiopathy (TMA)

and veno-occlusive disease (VOD) was assessed for every PICU stay

and the highest grade of severity was documented. All HSCT

patients are routinely monitored for frequent viral pathogens via

blood PCR at least once a week. ADV, bacteria and fungi in stool,

candida and aspergillus antigen in serum, a swab from the central

vascular catheter entrance and a throat swab for bacteria and
Frontiers in Oncology 03134
funguses is performed once a week. BKV in urine is screened

once before HSCT. In case of symptoms (e.g. diarrhea, cough),

further bacterial and viral diagnostics are performed. All these

screening results were evaluated in the analysis presented. The

main reason for PICU admission was independently identified by

two pediatric oncologists and intensivists after screening of the

patient’s history. In case of dissent the two specialists discussed the

case and agreed upon one main reason for admission. Cause of

death was grouped in accordance with the CLASS system

(Classification of death causes after transplantation) (24).
2.3 Statistical methods

Patient data was analyzed using Microsoft® Excel, Version

16.12 and IBM® SPSS Statistics Version 22 for Windows. Results

are presented as numbers for categorical variables. Normally and

not normally distributed quantitative variables are presented as

mean ± standard deviation and median (minimum and maximum

or interquartile range), respectively. The Kaplan Meier survival

analysis was performed using Microsoft® Excel. To determine

potential clinically relevant scores and risk factors for 6-months

survival, we first applied univariate logistic regression using data

from every first PICU admission. Influence of univariate factors

with p<0.05 and clinically impactful factors of PICU treatment,

known from a previous study (25) were then assessed by generalized

estimating equation (GEE) models in order to generally determine

the odds ratio of 6-months survival for each risk factor. By adjusting

for PICU admission number, the GEE models allow for analysis of

repeated measurements or correlated observations, which is the case

in multiple PICU admissions of a single patient in our cohort. Every

model additionally adjusted for clinically meaningful covariates

known from the literature [age group (26), type of transplant,

GVHD (27)]. Receiver operating characteristics were constructed

and the most appropriate cut-off values for each marker or

combination of markers were chosen from the ROC curve by

using the point of the curve where the product of the two indices

(sensitivity x specificity) is maximum. Cut-off points were used for

the calculation of the positive and the negative predictive values.
3 Results

A total of 710 patients underwent HSCT during the study

period. Of these patients, 54 accounted for a total of 94 admissions

to PICU during the study period. 31 boys (57%) and 23 (43%) girls

with a median age of 10 years (IQR 5.0-14.8) were admitted to

PICU (Additional Table 1). 19 patients (35%) died during or after

the first PICU admission. Eleven patients (20%) were discharged

from PICU and survived and 24 (44%) were readmitted at least once

more. Eleven (20%) died during or after the second PICU

admission, three (6%) were discharged from PICU after the

second admission and survived and ten (19%) were admitted

three or more times to PICU. Out of these ten patients only two

(4%) survived. In total 31 patients (57%) died during one of their
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stays on the PICU and 7 died after discharge. The overall 6-months

survival rate was 30% (16/54) (Figure 1, Additional Table 1). The

Kaplan-Meier curve demonstrates that almost all non-survivors

died during the first six months after HSCT (Figure 2).
3.1 Reasons for admission to PICU

The most frequent reason for admission to PICU after HSCT

was respiratory problems (29.2%) followed by gastroenterological
Frontiers in Oncology 04135
problems including GvHD of the gut or liver, VOD and intestinal

bleedings (14.6%) and sepsis (13.5%). The most common reason for

PICU admission in 6-months survivors was sepsis, whereas

respiratory failure, gastroenterological and neurological problems

were most common in 6-months non-survivors. Of note, 6-months

non-survivors represented the highest proportion (75-85%) among

patients with respiratory failure, gastroenterological and

neurological problems, cardiocirculatory failure, renal dysfunction

and cardiorespiratory failure as reason for PICU admission. In

contrast, sepsis was the main reason for PICU admission in 6-

months survivors (28%, Figure 3A).
3.2 Microbiological and virological findings

Rates of bacterial, viral and fungal organisms per admission

group were detected by routine screening on each PICU admission

(or up to one week before) (Additional Figures 1A–C, Additional

Table 2). Cumulative rates and rates of each detected organism are

displayed for each PICU admission without readmission, with

readmission or non-survival during or after the respective PICU

stay. Overall, bacterial isolates were detected most frequently when

no further PICU admission was required. Enterococci and

coagulase-negative Staphylococci accounted for about 50% of

detected organisms when readmission was required or only one

admission was necessary. On the contrary, in non-survivors

Clostridioides difficile and Pseudomonas/Stenotrophomonas spp

were isolated in about 50% of admissions (Additional Figure 1A).

In non-survivors during or after PICU admission Adenovirus

(ADV) was found most frequently, followed by BK-Virus (BKV)

and Human Herpesvirus 6 (HHV 6). In the case of readmission to

PICU a similar distribution of viruses was found. However, ADV

was less frequent. In patients without readmission, BK-Virus was

most commonly isolated (Additional Figure 1B). In contrast to the

decreasing rate of bacterial isolates with readmission and non-

survival, fungal isolates were almost twice as common in non-

survivors as in patients who required no further readmission to

PICU. Distribution of fungal isolates was clearly dominated by

Candida and Aspergil lus spp in all admission groups

(Additional Figure 1C).
3.3 Cause of death

35 out of 51 patients, for whom data on 6-months survival is

available, died. Multi-organ failure was the most common cause of

death (34%) followed by cardiac or vascular organ dysfunction

(20%) and infections (17%). This distribution is rather similar in

patients dying during or after the first or second PICU admission.

In total, just 4 (11%) patients died due to the underlying

malignancy/relapse (relapse-related mortality). The relapse-related

mortality was more relevant after or during the second PICU

admission. However, with 89% the transplant-related (non-

relapse-related) mortality was by far more relevant in the

presented cohort (Figure 3B).
FIGURE 2

Kaplan-Meier analysis of mortality after pediatric HSCT. Probability
of survival (in months) after HSCT and at least one PICU admission.
Missing information on 6-months survival in n=3 patients.
FIGURE 1

Overview of the study cohort of post-HSCT patients (n=54), their
admissions, readmissions and survival. One patient who was lost to
follow-up was excluded from the analysis; missing information on
6-months survival in n=3 patients. Analysis requiring 6-months
survival data was performed with an n=51.
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3.4 Comparison of 6-months survivors and
6-months non-survivors

All transplant-related details for 51 patients in which data on 6-

months mortality was available are listed in Table 1. ALL (n=15),

primary immunodeficiency (n=7) and solid tumors (n=7) were the

most frequent underlying diseases. Six (12%) patients had undergone

autologous transplantation. 45 (88%) had received allogeneic HSCT,

including 20 (39%) haploidentical HSCT. The median period until

first PICU admission after HSCT was 50 days with a wide range from

-15 to 378 days. Median length of PICU stay was 6 days. In regards to
Frontiers in Oncology 05136
HSCT related side effects GvHD was present in 26 (51%) patients,

thrombotic microangiopathy in 10 patients and VOD in 9 patients.

All patients with JMML (juvenile myelomonocytic leukemia),

MDS (myelodysplastic syndrome) and WAS (Wiskott-Aldrich-

syndrome) as well as the vast majority of patients with primary

immunodeficiency (5/7) and AML (4/5) died during or within 6

months after PICU admission. 83% of all patients being

transplanted with an active malignancy died (details see Table 1).

Three patients underwent Extracorporeal Membrane

Oxygenation (ECMO) on their first PICU admission, but all died.

It is worth to mention one additional patient, who was readmitted
B

A

FIGURE 3

(A) Reasons for PICU admission according to 6-months mortality. (B) Reasons of death by PICU admission. (A) Frequency of main reasons for PICU
admission (n=89) after HSCT by 6-months survival. (B) Frequency of causes of death (n=35) within 6 months after last PICU admission. Dark blue
bars indicate death after or during 1st PICU admission (missing cause of death in n=2), orange bars indicate death after or during 2nd PICU admission.
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TABLE 1 Patient, disease, HSCT and PICU treatment characteristics of 6-months survivors and 6-months non-survivors (n=51*).

6-months survivor
(n=16)

6-months non-survivor
(n=35)

Total
(n=51*)

Patient characteristics

Sex m/f 10/6 21/14 31/20

Median age in years; [IQR] 10 [5-16] 9 [4-15] 10 [5-15]

Weight (kg) before HSCT; mean ± SD 39 ± 23 35 ± 23 36 ± 23

Weight (kg) on PICU admission; mean ± SD 37 ± 22 34 ± 21 34 ± 21

Underlying disease

ALL 5 10 15

AML 1 4 5

CML 2 0 2

JMML 0 2 2

MDS 0 3 3

Lymphoma 1 1 2

Solid tumor 3 4 7

PID 2 5 7

AA 1 0 1

WAS 0 1 1

Others 1 5 6

Disease status prior to HSCT

Complete remission
Active malignancy
Non-malignant disease

8
2
4

11
10
11

19
12
15

Received therapy before HSCT and conditioning

No conditioning
Myeloablative
Reduced intensity

1
11
3

0
28
5

1
39
8

Donor type

Autologous 3 3 6

Allogeneic1, total 13 32 45

- haploidentical 6 14 20

- matched related donor 0 6 6

- matched unrelated donor 6 10 16

- cord blood 0 2 2

Complications

TMA 3 7 10

VOD 2 7 9

GvHD (any) 7 19 26

GvHD gut 3 13 26

GvHD liver 2 5 7

GvHD skin 5 14 19

Occurrence of aGVHD2 7 18 25

(Continued)
F
rontiers in Oncology
 06137
 fr
ontiersin.org

https://doi.org/10.3389/fonc.2023.1161573
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Schober et al. 10.3389/fonc.2023.1161573
twice to the PICU beyond the pre-defined observation period of this

study (>3 years after HSCT), who underwent ECMO and survived.
3.5 Prediction of 6-months mortality

pSOFA and O-PRISM scores increased with number of PICU

admission, although less data could be evaluated due to a decreasing

number of patients for every additional readmission (Figures 4A,

B). Differences in median scores between 6-months survivors and

non-survivors could not be detected when only considering all first

PICU admissions of our cohort, but in all patients’ last admissions
Frontiers in Oncology 07138
(Table 1, Figures 4C, D, Additional Table 3). Furthermore,

univariate logistic regression analysis did not reveal any of the

disease scores or critical care interventions as predictive for 6-

months mortality in this patient subset (Table 2). In contrast,

consideration of all admissions to the PICU of a single patient

confirmed pSOFA and O-PRISM as well as respiratory support and

dialysis as predictive factors for 6-months mortality (Table 2). Due

to the longitudinal data structure with different numbers of

admissions for every patient, generalized estimating equations

were applied and models corrected for admission number, age-

group, type of transplant and GVHD. Overall, pSOFA and O-

PRISM were associated with 6-months mortality with an adjusted
TABLE 1 Continued

6-months survivor
(n=16)

6-months non-survivor
(n=35)

Total
(n=51*)

I-II aGVHD 3 7 11

III-IV aGVHD 3 9 12

Occurrence of cGVHD2 2 2 4

Mild cGVHD 1 0 1

Moderate cGVHD 0 1 1

Severe cGVHD 1 1 2

First PICU admission and treatment

PICU admission after 1st HSCT 11 29 40

PICU admission after 2nd HSCT 5 6 11

Timepoint of first PICU admission

Conditioning
Pre-engraftment
Post-engraftment

1
4
11

4
6
24

5
10
35

Days after HSCT until first PICU admission; median, [range] 29 [-15; 246] 51 [-10; 378] 50 [-15;378]

Length of first PICU admission;
median days, [range]

4 [1; 34] 6 [1; 39] 6 [1;39]

MOF 13 32 45

Ventilation 6 16 22

Circulatory support 8 16 24

Dialysis 1 11 12

ECMO 0 3 3

pSOFA; median [range] 9 [3; 13] 10 [5; 17] 10 [3;17]

O-PRISM; median [range] 22 [7; 39] 26 [10; 48] 26 [7;48]

pRIFLE; median [range] 2 [0; 3] 2 [0; 4] 2 [0;4]

Cause of death

Relapse-related mortality
Non-relapse-related mortality

0
4
31

35
fr
IQR, interquartile range; SD, standard deviation; TMA, thrombotic microangiopathy; GvHD, graft versus host disease; VOD, veno-occlusive disease; MOF, multi-organ failure; ECMO,
extracorporeal membrane oxygenation; pSOFA, pediatric Sequential Organ Failure Assessment Score; O-PRISM, Oncological Pediatric Risk of Mortality Score; pRIFLE, pediatric Risk of renal
dysfunction, Injury to the kidney, Failure of kidney function, Loss of kidney function, End-stage kidney diseases. Patient characteristics, underlying disease, disease status, received therapy and
donor type are displayed for every first PICU admission. Scores were determined for the day of PICU admission and medians are shown for every patient’s first PICU admission. GvHD, TMA
and VOD were counted if present during any PICU stay and the highest grade of severity was documented. There is missing information on 6-months survival in 3 patients (*), therefore total
n=51. 1in one patient, only allogeneic but not special type is known. Missing data on disease status prior to HSCT in 5 patients, in received therapy in 3 patients and timepoint of first PICU
admission is unknown in one patient. 2includes patients with the combination of acute and chronic GVHD.
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OR of 1.04 (95% CI 1.00-1.07, p=0.04, QIC 113.48) and 1.01 (95%

CI 1.00-1.02, p=0.02, QIC 114.44). When examining the different

PICU interventions, respiratory support and dialysis increased the

risk for 6-months mortality with an adjusted OR of 1.21 (95% CI

1.02-1.44, p=0.03, QIC 113.60) and 1.67 (95% CI 1.15-2.44,

p=0.007, QIC 106.67), respectively. This was not true for

cardiocirculatory support (Table 2).

Receiver operating characteristic curves (ROC) analysis of both

scores was performed separately for every PICU admission in order

to identify an optimal cut-off for prediction of 6-months mortality

(Additional Figures 2A, B). During the second PICU admission

sensitivity and PPV of pSOFA, was highest (94.44%, 95% CI 72.7-

99.9, PPV 89.5%, 95% CI 74.3-96.2) with an area under the ROC

curve (AUC) of 0.78 and cut-off of 6.0, O-PRISM showed a

maximum sensitivity of 75.0% (95% CI 34.9-96.8) and PPV

85.7% (95% CI 58.6-96.2) with an AUC of 0.59 and a cut-off of

24.5 during the third admission (Table 3). No single optimal cut-off

could be identified for both scores.
4 Discussion

During the last decades there has been remarkable progress in

pediatric oncology with increasing life expectancy and improving
Frontiers in Oncology 08139
prognosis in many areas. However, the prognosis of children that

are admitted to PICU after HSCT is still quite poor. Here, we

describe a pediatric HSCT cohort of 54 children admitted to the

PICU in more detail and analyze potential prognostic factors for

6-months mortality.

In line with other contemporary studies (5, 28), PICU mortality

of our cohort was 57% (31/54) and 6-months mortality was 65%

(35/54). This means an additional 6% of patients died within 180

days after their last PICU discharge. Compared to a study that was

performed at our hospital 18 years ago (25), 6-months survival rate

has increased from 23% to 30%. With five times the observation

period in the current study (3 vs. 15 years), the number of PICU

patients only doubled (23 vs. 54 patients) compared to the previous

study. However, the average number of PICU admissions decreased

from 9 PICU admissions per year in the former study (26

admissions in 23 patients) compared to 6 PICU admissions per

year (94 admissions in 54 patients). This result could be related to a

different PICU admission strategy at earlier timepoints, a shorter

time per admission to the PICU in line with the availability of

moving patients between PICU and HSCT intermediate care wards.

Consistent with the patient structure in previous studies, the most

common underlying disease for HSCT was ALL (6, 25). Solid

tumors and primary immunodeficiency disorders (PID)

represented the second largest group, which might be due to
B

C

D

A

FIGURE 4

Comparison of pSOFA and O-PRISM score between 6-months survivors and 6-months non-survivors. Median pSOFA (A) and O-PRISM (B) score
distributed by number of PICU admission and median pSOFA (C) and O-PRISM (D) score of patients' last PICU admission for 6-months survivors
(orange) and non-survivors (blue). For numbers (median, range) see Additional Table 3.
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improved diagnostics and the expertise in our center. Of note,

haploidentical transplantation represented the most frequent

transplant mode followed by matched unrelated donor in the

current study. 18 years ago haploidentical HSCT was the most

common type of transplantation as well (25).
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The most important cause for PICU admission in our cohort was

respiratory failure, followed by gastrointestinal problems and sepsis.

Importantly, respiratory failure or the combination of respiratory and

cardiocirculatory failure as well as renal dysfunction or failure and

neurological problems were present in the vast majority (75-85%) of
TABLE 2 Relationship between main variables and 6 months mortality after PICU discharge using logistic regression analysis and Generalized
estimating equations (GEE) models.

Univariate logistic regression Generalized estimating equations

Variable n Every
1st PICU admission

OR (95% CI)

p-value Adjusted OR
(95% CI)

p-value QIC

pSOFA 50 1.12
(0.94-1.35)

0.21 1.04
(1.00 – 1.07)

0.04 113.48

O-PRISM 50 1.05
(0.98-1.13)

0.15 1.01
(1.00 – 1.02)

0.02 114.44

Respiratory support 50 1.77
(0.53-5.92)

0.36 1.21
(1.02 – 1.44)

0.03 113.60

Cardiocirculatory support 50 0.89
(0.27-2.92)

0.85 1.07
(0.95 – 1.20)

0.29 116.32

Dialysis* 48 7.17
(0.84-61.46)

0.07 1.67
(1.15 – 2.44)

0.007 106.67
front
Univariate logistic regression on every first PICU admission of each patient and Generalized estimating equations model of n=85 PICU admissions (n=83 for analysis of dialysis). Each model was
adjusted for the following covariates: number of admissions and patient-specific confounders (age group, type of transplant and GVHD). *Dialysis was not adjusted for type of transplant due to
multicollinearity. Respiratory support includes invasive ventilation or non-invasive ventilation. P-value for adjusted OR. OR: odds ratio; CI: confidence interval; QIC: Quasi-likelihood under the
independence model criterion (QIC) for choosing the best correlation structure.
TABLE 3 Predictability of pSOFA and O-PRISM during 1st - 4th PICU admission.

Variable n AUC Cut-off
Sensitivity %
(95% CI)

Specificity %
(95% CI)

PPV %
(95% CI)

NPV %
(95% CI)

Accuracy %
(95% CI)

pSOFA
1st PICU admission

49 0.62 9.5
53.12

(34.7-70.9)
58.8

(32.9-81.6)
70.8

(55.8-82.4)
40.0

(27.9-53.4)
55.1

(40.2 – 69.3)

pSOFA
2nd PICU
admission

23 0.78 6.0
94.44

(72.7-99.9)
60.0

(14.7-94.7)
89.5

(74.3-96.2)
75.0

(28.2-95.8)
87.0

(66.4-97.2)

pSOFA
3rd PICU admission

10 0.69 8.5
62.5

(24.5-91.5)
50.0

(1.26-98.7)
83.3

(53.1-95.7)
25.0

(6.0-63.4)
60.0

(26.2-87.8)

pSOFA
4th PICU admission

4 0.83 9.5
66.7

(9.4-99.2)
100.0

(2.5-100.0)
100.0

50.0
(16.8-83.2)

75.0
(19.4-99.4)

pSOFA every last PICU admission
50 0.76 9.5

71.4
(53.7-85.4)

60.0
(32.3-83.7)

80.7
(68.4-88.9)

47.4
(31.6-63.7)

68.0
(53.3-80.5)

O-PRISM
1st PICU admission

49 0.63 22.5
71.9

(53.3-86.3)
58.8

(32.9-81.6)
76.7

(64.1-85.8)
52.6

(36.0-68.7)
67.4

(52.5-80.1)

O-PRISM
2nd PICU
Admission

23 0.64 25.0
61.1

(35.8-82.7)
60.0

(14.7-94.7)
84.6

(63.9-94.5)
30.0

(14.6-51.8)
60.9

(38.5-80.3)

O-PRISM
3rd PICU admission

10 0.59 24.5
75.0

(34.9-96.8)
50.0

(1.3-98.7)
85.7

(58.6-96.2)
33.3

(7.4-75.8)
70.0

(34.8-93.3)

O-PRISM
4th PICU admission

4 0.67 23.0
66.7

(9.43-99.2)
0.0

(0.0-97.5)
66.7

(47.3-81.7)
0

50.0
(6.8-93.2)

O-PRISM every last PICU admission
50 0.71 23.5

68.6
(50.7-83.2)

60.0
(32.3-83.7)

80.0
(67.4-88.6)

45.0
(30.1-60.8)

66.0
(51.2-78.8)
AUC and Cut-off for pSOFA and O-PRISM on 1st – 4th admission N for every number of PICU admission is given, missing data on scores in n=1 patient. Sensitivity, specificity, positive and
negative predictive values are expressed as percentages. Confidence intervals for sensitivity and specificity are “exact” Clopper-Pearson confidence intervals. Confidence intervals for the
predictive values are standard logit confidence intervals. AUC, area under the curve; NPV, negative predictive value; PPV, positive predictive value.
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patients that died within 6-months after PICU admission. On the

contrary, 6-months survivors accounted for the majority of patients

admitted with sepsis. The striking role of respiratory failure as the

main reason for admission to PICU in our study is well known from

HSCT and non-HSCT hemato-oncologic patients (5, 8). However,

compared to the past, when almost all PICU admissions resulted in

mechanical ventilation, less than half of the HSCT recipients (22/51)

needed mechanical ventilation and half of all patients needed

circulatory support in our current cohort. In this context the role

of non-invasive ventilation (NIV) strategies in HSCT patients is still

under investigation with several conflicting study results. On the one

hand, invasive mechanical ventilation considerably increases the risk

of mortality (3, 4, 13, 14). Early use of NIV to prevent intubation

might be a promising option and is associated with lower mortality

rate in some studies (3, 14). In other analysis non-invasive ventilation

use pre-intubation was associated with increased mortality in

pediatric HSCT patients (28, 29). Further studies are required to

evaluate NIV in HSCT patients. Although not systematically assessed,

the distribution and cumulative rate of bacterial, viral and fungal

isolates among patients without and with PICU readmission

compared to non-survivors revealed some interesting insights.

Gram-negative rods, Pseudomonas spp and Clostridioides difficile

were overrepresented in 6-months non-survivors. Furthermore,

among viral isolates ADV clearly dominated in 6-months non-

survivors. This is consistent with the current literature stating the

highest infection-associated mortality rate of 42% if ADV is present at

admission (compared to a total mortality rate of 16.2% of all PICU

admissions in the same cohort) (3). The frequency of fungal isolates

was highest in six months non-survivors and dominated by Candida

spp and Aspergillus spp.

In order to gain a better understanding of why patients died early

during or after the first PICU admission compared to later during or

after a second or further PICU admissions, we analyzed the frequency

of causes of death. In general the relapse-related mortality (RRM) was

rather low (4/51), however the non-relapse but transplant-related

mortality was considerable high with 31/51. Multi-organ failure and

cardiac or vascular organ dysfunction were given reasons in more

than half of all deaths, followed by infections. These findings are

consistent with other reports from the literature (11).
4.1 Prediction of outcome and value
of pSOFA

Overall, when considering every first PICU admission, no

difference of demographic features, type of treatment, frequency

of GvHD, presence of MOF and need for supportive therapy was

found between 6-months survivors and 6-months non-survivors.

Only the frequency of dialysis, reflecting renal failure seemed to be

more frequent in six months non-survivors. Sustained renal failure

and failed negative fluid management have already been identified

as significant mortality risk factors in the previous study in our

center (25). Of note, 3 patients received PICU supportive therapy

via ECMO on their first admission, all of whom died. This is

supported by a high PICU mortality rate of 77.8% for HSCT

patients on ECMO given in the literature (4). On the other hand,
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there are a few case reports of successful ECMO treatment in non-

malignant HSCT patients (1). Thus, it is debatable whether ECMO-

therapy should be offered to HSCT patients due to unfavorable

prognosis. To that end, an international and multidisciplinary

consensus statement on the use of ECMO in children receiving

HSCT has been published only recently as a clinical decision

support tool in these difficult situations (30). In order to find a

suitable prognostic tool to predict 6-months survival, we assessed

the predictive ability of O-PRISM and pSOFA as well as the need for

PICU supportive therapy for 6-months survival within our cohort.

To account for multiple PICU admissions of each patient, we used

GEE models. The adjusted odds ratio confirmed pSOFA and O-

PRISM as prognostic factors for 6-months survival, although cut-

offs determined by ROC curves did not perform well. A recent study

including 110 pediatric oncology patients found a cut-off value of

pSOFA of ≥ 8 for discriminating mortality (22). Furthermore, serial

evaluation of SOFA score during the first few days after PICU

admission was a good predictor of prognosis and correlated with

mortality in pediatric oncology patients requiring mechanical

ventilation (31). This supports our finding, that pSOFA is useful

in pediatric HSCT patients requiring repetitive PICU admissions.

However, here we could not determine a clear cut-off of pSOFA or

O-PRISM to decide which children may benefit from repetitive

PICU admissions or escalation of therapy as opposed to supportive

or palliative care outside the PICU.

Interestingly, when we specifically assessed all PICU admissions

of each patient using GEE models, we also found a significantly

higher risk of 6-months mortality in patients undergoing dialysis or

with the need for ventilatory support. Therefore, we hypothesize

that long-term need for PICU supportive therapy, in particular

mechanical ventilation and dialysis are predictors of poor outcome.

The present study has some limitations. First, this study is limited

by its retrospective, single-center design with a rather small cohort size.

Transfer and admission criteria of HSCT recipients to a PICU may

differ between hospitals and countries and thus our results may not be

applicable in different settings. Second, changes in clinical patient care

or criteria for PICU admission during the study period might have an

impact on the presented results. Third, the retrospective evaluation of

predictive scoring system is always dependent on the quality of clinical

data. It should be kept in mind that regardless of which score is applied,

they anticipate population mortality risk and not individual prognosis.

Additionally, pSOFA focuses on organ malfunction in sepsis including

thrombocyte count and hyperbilirubinemia. These two factors are

often pathological in post HSCT patients as thrombocytopenia might

be present due to delayed hematopoietic reconstitution and

hyperbilirubinemia based on transient VOD or drug toxicity.

Considering these causes not being associated with high mortality,

thrombocytopenia and hyperbilirubinemia seem not to be adequate

parameters to predict outcome in HSCT patients. Furthermore, O-

PRISM was established for the presented target group of children

requiring ICU treatment following HSCT. The score and its parameters

are based on a retrospective analysis in a single center setting and a

prospective evaluation in the same center (32, 33) and includes the

standard PRISM score and three additional variables (CRP, GVHD

and hemorrhage). As with pSOFA, PRISM also includes liver function

presented by PTT and bilirubin which might not be suitable
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parameters in HSCT patients. Finally, we did not take into

consideration quality of life and disease burden in this study.

Nevertheless, our analysis provides an important approach for a

further prospective assessment of the predictive ability of the pSOFA

and O-PRISM score, including a larger number of pediatric oncology

patients from multiple centers with more than one PICU admission.

In conclusion, admission of HSCT patients to PICU is still

associated with poor outcome since 65% of patients died within six

months. In particular, mechanical ventilation and dialysis seem to be

associated with poor outcome. In contrast to the first PICU

admission of HSCT patients, pSOFA and O-PRISM might be of

particular predictive value in repetitive PICU admissions. However,

further research is certainly required to disentangle whether pSOFA

and O-PRISM can predict which patients benefit most from

continued PICU supportive therapy and whether these scores can

inform end of life decisions.
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quality of interdisciplinary
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deterioration in pediatric
oncologic patients

Jocelyn Rivera1*, Sara Malone2, Maria Puerto-Torres3,
Kim Prewitt2, Lara Counts2, Parima Wiphatphumiprates3,
Firas Sakaan3, Zebin Al Zebin4, Anita V. Arias3,
Parthasarathi Bhattacharyya5, Sanjeeva Gunasekera6,
Sherry Johnson3, Joyce Kambugu7, Erica C. Kaye3,
Belinda Mandrell3, Jennifer Mack8, Jennifer McArthur3,
Alejandra Mendez9, Lisa Morrissey8, Rana Sharara-Chami10,
Jennifer Snaman8, Elizabeth Sniderman11, Douglas A. Luke2,
Dylan E. Graetz3 and Asya Agulnik3

1Pediatric Emergency Department, Hospital Infantil Teletón de Oncologı́a (HITO), Querétaro, Mexico,
2Washington University in St. Louis, Brown School, St. Louis, MO, United States, 3Division of Critical
Care Medicine, Department of Global Pediatric Medicine, St. Jude Children’s Research Hospital,
Memphis, TN, United States, 4Pediatric Hematology and Oncology, King Hussein Cancer Center,
Amman, Jordan, 5Department of Pediatric Oncology Critical Care, Tata Medical Center, Kolkata, India,
6Department of Pediatric Oncology National Cancer Institute, Maharagama, Sri Lanka, 7Pediatric
Oncology, Uganda Cancer Institute, Kampala, Uganda, 8Department of Hematology and Oncology,
Dana-Farber Cancer Institute and Boston Children’s Hospital, Boston, MA, United States, 9Pediatric
Intensive Care Unit, Unidad Nacional de Oncologı́a pediátrica (UNOP), Guatemala City, Guatemala,
10Pediatric Critical Care Medicine, American University of Beirut, Beirut, Lebanon, 11Northern Alberta
Children’s Cancer Program, Stollery Children’s Hospital, Edmonton, AB, Canada
Background: High-quality clinical care requires excellent interdisciplinary

communication, especially during emergencies, and no tools exist to evaluate

communication in critical care. We describe the development of a pragmatic tool

focusing on interdisciplinary communication during patient deterioration (CritCom).

Methods: The preliminary CritCom tool was developed after a literature review

and consultation with a multidisciplinary panel of global experts in

communication, pediatric oncology, and critical care to review the domains

and establish content validity iteratively. Face and linguistic validity were

established through cognitive interviews, translation, and linguistic synthesis.

We conducted a pilot study among an international group of clinicians to

establish reliability and usability.

Results: After reviewing 105 potential survey items, we identified 52 items across

seven domains. These were refined through cognitive interviews with 36

clinicians from 15 countries. CritCom was piloted with 433 clinicians (58%

nurses, 36% physicians, and 6% other) from 42 hospitals in 22 countries.

Psychometric testing guided the refinement of the items for the final tool.
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CritCom comprised six domains with five items each (30 total). The final tool has

excellent reliability (Cronbach’s alpha 0.81-0.86), usability (93% agree or strongly

agree that the tool is easy to use), and similar performance between English and

Spanish tools. Confirmatory factor analysis was used to establish the final 6-

domain structure.

Conclusions: CritCom is a reliable and pragmatic bilingual tool to assess the

quality of interdisciplinary communication around patient deterioration for

children in diverse resource levels globally. Critcom results can be used to

design and evaluate interventions to improve team communication.
KEYWORDS

communication, interdisciplinary, critical care, quality care, assessment
Introduction

Effective team communication is critical for improving the

quality of care in medical settings (1). Effective communication is

when information has been exchanged and is understood in the

manner intended by all members of the clinical team. The quality,

relevance, and clarity of interdisciplinary communication are

essential for collaborative work in the hospital environment.

Interdisciplinary communication in hospitalized children

involves the development of integrated communication across

disciplinary boundaries, such as intensive care, oncology, nurses,

general medicine, etc. (2) Interdisciplinary communication is

essential for providing quality care, especially in critical situations

where the potential for error is higher (3–6). The Joint Commission

(a United States-based nonprofit organization that accredits more

than 22,000 US healthcare organizations and programs) has

identified communication as one of three major causes of sentinel

events (unforeseen events leading to severe injuries or death). Poor

communication is the leading cause of treatment delays,

preventable harm, and death (4, 6–12). Accordingly, the Joint

Commission identified improving communication as a high

priority among the National Patient Safety Goals (7).

Communication failures can be caused by a lack of

psychological safety, ineffective methods, time pressures, language

barriers, and a lack of standardized procedures (11). Contributing

factors include poor leadership and relationships in the healthcare

team, fear of reprisal, and concerns about appearing incompetent in

complex or ambiguous clinical situations (4). Additionally,

differences in the organizational context and professional roles

contribute to communication failures, although this relationship

to communication has yet to be fully understood (13). These

communication failures have significant consequences for patient

care, especially in patient deterioration, defined as the “evolving,

predictable and symptomatic process of worsening physiology

towards critical illness” (14) when communication needs directly

translate to necessary patient decision-making (15, 16).

Developing strategies to improve interdisciplinary communication

is critical for improving the quality of care; however, measuring
02145
communication quality in the healthcare setting remains challenging.

While multiple healthcare communication measures exist (1, 3, 5, 6,

17–24), they focus on aspects such as safety climate, teamwork,

collaborative environment, and perception of quality care. There has

been no focus on the characteristics of interdisciplinary

communication quality, and few have been studied in multiple

languages and across internationally diverse healthcare settings (17,

22, 23, 25–27). The lack of valid, reliable, and multilingual

measurement tools presents a barrier to understanding how

organizational climate impacts communication quality. Even when

tools have been developed, they have often been developed within the

setting of high-resource English-speaking contexts and do not apply in

a global setting with varying resource levels and languages, and they

may not accurately measure the intended construct.

This study aimed to develop and pilot a bilingual (English and

Spanish) measure to assess the quality of interdisciplinary

communication around patient deterioration in any resource

setting. The goals of this study are to (1) describe the process for

development, content validity, face validity, and pilot testing of this

measure in English and Spanish and (2) describe the reliability

testing of the survey instrument.

The analysis this tool provides is needed in any healthcare

setting because there is a direct impact on patient care and safety

that can be improved by enhancing interdisciplinary

communication. The benefit will be reflected in improved patient

safety, a higher level of staff satisfaction due to better interpersonal

relationships, and better patient outcomes.
Methods

This was a measurement development study to assess

interdisciplinary communication quality in the setting of pediatric

patient deterioration. This study included (1) the use of an expert

group and literature review to draft an initial measure, (2) cognitive

interviewing for tool refinement, and (3) a pilot quantitative study

of the draft measure to assess reliability, refine domain structure,

and produce a final measure. This tool was designed for easy use by
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interdisciplinary clinicians, evaluators, and researchers in

clinical care.
Human subjects

The St. Jude Children’s Hospital (St. Jude) Institutional Review

Board approved this study as an exempt, minimal-risk study.

Additional local approvals were obtained from centers participating

in the CritCom pilot when required.
CritCom initial development

The preliminary version of CritCom was developed using a 7-

step method (1. Literature Review, 2. Measure Development, 3.

Cognitive Interviews (English), 4. Translation, 5. Cognitive

Interviews (Spanish); 6. Language Synthesis, and 7. Final Review),

which has been previously described (28) and is briefly summarized

below. This methodology, specifically the rigorous translation

process, was used to ensure that the measure was usable in

multiple contexts and languages. Throughout the process, we

aimed to design a pragmatic measure, which has been defined as

a measure that is “important to stakeholders in addition to

researchers, low burden, broadly applicable, sensitive to change,

and actionable” (29).

First, a literature review was conducted to identify existing tools

developed or utilized in healthcare settings to evaluate inter-

professional communication. Literature on teamwork was also

included at this stage, as these tools often contain domains of

communication. Studies with measures addressing communication

elements in healthcare were reviewed for common themes, and all

relevant survey items were collated. A database comprising 421

questions and 45 domains of communication was obtained from

this literature review. The initial domain selection included the

constructs with the most significant evidence, frequency of

occurrence, and relevance to clinical care. This database of items

was then iteratively reviewed by a 21-member panel of global

experts in pediatric oncology, interdisciplinary communication,

and measure development from 21countries (Supplemental

Table 1) to establish content validity and improve cultural

sensitivity, producing a draft measure with 52 items across seven

domains. This measure focused on childhood cancer care due to the

high risk of clinical deterioration in hospitalized children. During

these events, interdisciplinary care is necessary for efficient care and

improved clinical outcomes.

We conducted cognitive interviews with 36 clinicians from 15

countries. Interviews in English were conducted with nurses and

physicians working in the intensive care unit (ICU) or medical

wards to identify problematic survey items and to establish face

validity. Interviews were conducted by JR, KP, and SM using a

standardized interview guide (28) in phases of 3-5 interviews, with

changes to the survey based on feedback. Interviews were stopped

after eight rounds of weekly meetings when no further changes were

needed for the English survey version. To address regionalism,
Frontiers in Oncology 03146
CritCom was translated into Spanish using a forward-back

translation process with iterative review by a group of five native

Spanish speakers from different countries. Cognitive interviews

were then conducted in Spanish using the same techniques as in

English (JR and MPT). During this round of cognitive interviews,

changes were made to the Spanish and English instruments based

on feedback. As edits and clarifications were made, the bilingual

research team worked to ensure that the intent of the original items

was preserved. (See Supplemental Table 2 for participant

demographics of cognitive interviews).

The bilingual expert panel completed a final review to confirm

that the measures reflected all relevant communication components

identified in the initial review. Additionally, bilingual members of

the expert panel reviewed the two versions to ensure that the

meaning was maintained between the two languages. This process

resulted in a preliminary CritCom tool with 52 items across seven

domains (see Supplemental Figure 1 for a summary of the initial

CritCom development process).
CritCom pilot

We piloted a preliminary 52-item CritCom measure globally

among hospital staff (ICU and ward nurses and physicians)

providing childhood cancer care. Participants were recruited from

the St. Jude Global Critical Care Program (30) network of

collaborators and pediatric critical care research networks such as

Proyecto EVAT (31), POKER (PICU Oncology Kids Europe

Research Group) (32), and PALISI (Pediatric Acute Lung Injury

and Sepsis Investigators) (33). Recruitment asked clinicians to fill

out an application indicating interest in participating individually

or as a hospital; those selecting hospital participation were

instructed to provide a list of emails for eligible participants at

their center. Eligible participants included any clinical staff involved

in the clinical care of hospitalized children with cancer who may

have experienced deterioration. Those who do not take care of

children with cancer or do not care for these children during

deterioration were excluded from this study.

After identifying the eligible participants, CritCom was

administered electronically via an anonymous Qualtrics survey in

English or Spanish (based on the participant’s country). The

participants were given six weeks to respond and receive weekly

reminders. Participants provided demographic information about

themselves and their organizations. Finally, they were asked to

complete a set of questions regarding CritCom usability (see

Supplemental Figure 2 for the demographic and usability

questions of the pilot measure).
Pilot analyses

The data for the Spanish and English versions of the tool were

managed and analyzed using R, a programming language for

statistical computing (34). Data were explored and described

before performing psychometric analyses, which focused on the
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measure’s reliability. Within R, the packages used for psychometric

analysis were Classical Test Theory (CTT) and lavaan, which were

used for latent variable analysis. Our team has expertise in

quantitative measurement development, and these analytical

methods were informed by our prior work (35).

After initial data cleaning and descriptive analyses, psychometric

data analysis was performed, and these results provided further

measurement refinement. Confirmatory factor analysis (CFA) was

initially used to confirm the hypothesized domain structure that

emerged from earlier development stages (36). Confirmatory factor

analysis consists of developing a statistical model to test the pre-

identified factor (domain) structure compared to a structure where all

items exist within one domain. These analyses helped identify poorly

performing domains and items and understand if our proposed

subscale structure was correct. We anticipated that some CritCom

domains would have intercorrelations because of their conceptual

overlap. Additionally, we used a robust full-information maximum

likelihood to handle non-normality in the data appropriately. These

psychometric analyses were then used to exclude the items and

restructure the domains. Items were dropped if they had poor

loadings on the construct or required more variability. One domain

was dropped from the instrument due to poor performance in the

CFA, and the other was re-conceptualized after dropping poorly

performing items.

After the final tool was developed, we re-conducted CFA (37).

These analyses were used to assess the final conceptual structure of

the domains. We assessed three measures of fit: comparative fit

index (CFI), root mean square error of approximation (RMSEA),

and standardized root mean square residual (SRMR) (38). The CFI

ranges from 0-1, where larger values indicate a better model fit.

RMSEA assesses the covariance between the models, and the ideal

output is less than 0.05. Finally, the SRMR is an analysis of the

residuals in the model, with a desired output less than 0.05.

The usability of the Critcom tool was assessed through

descriptive statistics of the usability questions. Additionally, we

used the pragmatic scale of the Psychometric and Pragmatic

Evidence Rating Scale (PAPERS) to assess the quality of the

developed measure (39). This scale consists of five categories and

provides a Likert scale assessment ranging from -1 (poor) to

4 (excellent).
Results

Participants

A total of 433 participants from 42 Spanish- and English-

speaking hospitals in 22 countries completed the pilot CritCom

(Table 1), representing a response rate of 62.8%. Participants

included nurses (57.9%), physicians at all levels of training

(36.1%), and other clinical staff, including respiratory therapists.

The participants performed clinical work across a range of hospital

units/ward types, including the ICU (34.9%), oncology ward

(26.3%), and general medical ward (18.7%). The participants were

primarily from upper-income countries (50%; Table 1;

Supplemental Figure 3).
Frontiers in Oncology 04147
Instrument refinement

After the initial development, the 52-item preliminary CritCom

measure was assessed for its structure using CFA and individual

item analyses. The results of the CFA during this process are shown

in Table 2. The initial baseline model included 52 original items in

one domain, and the original pilot included all original items in the

seven-domain structure. After assessing these models, 14 items were

dropped because of poor performance, such as items with low item-
TABLE 1 CritCom pilot participant demographics (n=433).

Characteristic Frequency Percent

Profession

Nurse 250 57.9%

General nurses 48

Oncology nurses 65

PICU nurses 74

Other/admin 63

Physician 156 36.1%

General physicians 29

Oncology physicians 44

PICU physicians 67

Other/admin 16

Other 26 6.0%

Unit

General Medicine Ward 81 18.7%

Oncology Unit 114 26.3%

Intensive Care Unit 151 34.9%

Other/Non-clinical 87 20.1%

Gender

Male 86 19.9%

Female 340 78.5%

Other 7 1.6%

Years at current hospital

5 years or less 146 33.7%

6-10 years 163 37.6%

11-15 years 62 14.3%

16-20 years 21 4.9%

More than 20 years 41 9.5%

Country Income classification

Low income 8 1.8%

Low middle income 28 6.5%

Upper middle income 342 79.0%

High income 55 12.7%
fro
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total correlations or those loaded poorly onto the domain structure

(Table 2). One of the domains (systems) was split into two as the

items did not fit within a single construct, resulting in eight

domains. Two domains (mechanisms, modes, and systems) were

dropped due to conceptual ambiguity and poor psychometric

performance, resulting in a final instrument that included 30

items within six domains.

The final CritCom tool measured the quality of clinical

communication using the following domains: (1) actionable, (2)

clarity, (3) tone, (4) empowerment, (5) collaboration and teamwork,

and (6) leadership (Table 3; Supplemental Figure 4). CFA results

demonstrated an improvement in the overall structure throughout

the refinement of the measure. This culminated in the results for the

final structure, which had a good fit with the model. This is

illustrated through the CFI = 0.94 (desired statistic greater

than.90), RMSEA = 0.045 (desired statistic less than 0.05), and

SRMR = 0.049 (desired statistic less than 0.05). These indices

indicate a good fit of the measurement model (i.e., the six

domains of CritCom) to the observed data (28) (Table 2). The

CFA approach we used here follows established analytical and

reporting best practice guidelines (40).
Domain reliability

Table 4 presents the number of items and Cronbach’s alpha,

which measures the internal consistency (reliability) for each

domain in the original measure and after-measure refinement.
Frontiers in Oncology 05148
These scores highlighted the internal consistency of each domain.

The final measure had excellent internal consistency, with

Cronbach’s alpha ranging from 0.81 – 0.86, suggesting good

subscale reliability. This indicates that the items fit well within

one domain and target the same underlying component (i.e., the

construct) of communication quality.
CritCom scale results

CritCom results were calculated by computing the average of

each item within a domain and then calculating the overall average

for the total score. Table 4 presents the pilot’s final measure scores,

with overall scores ranging from one (representing poor-quality

communication) to five (high-quality communication) in each

domain. Overall, tone had the lowest and actionable the highest

domain scores, respectively. Figure 1 illustrates the distribution of

the overall CritCom scores, showing good variability in the sample,

although most total scores ranged from 3 to 5.

Additionally, we assessed domain scores by language (English or

Spanish) to understand how CritCom performed in each language

(Figure 2). The profile plot shows that the pattern of domain scores

did not vary appreciably between assessment languages, indicating

similar measure performances in English and Spanish.
CritCom usability

After completing the CritCom measure, the participants were

asked to assess the instrument’s usability (Figure 3). The vast

majority of the participants agreed or strongly agreed that the

survey was easy to use (94.0%), described the questions as clear

(94.7%), felt it correctly described communication in their setting

(89.8%), and agreed to cover concepts that are important within

their clinical setting (96.1%). Overall, these findings demonstrate

that participants found the tool usable and that it resonated with the

concept they believed to be important.

In the PAPERS categories, CritCom scored good (3) on brevity

(30 items), readability (between 8th and 12th-grade reading levels),

and burden (manual calculation, although it provides

recommendations for handling missing data). It scored excellent

(4) for cost (free) and training (no training required). Overall, this

resulted in a PAPERS score of 17 out of 20, indicating that this tool

is usable and practical for clinicians and researchers (41).

(Supplemental Figure 5).
TABLE 3 Final critCom domain definition.

Actionable Using language that is timely, relevant, and contains the
necessary information to act.

Clarity A language that is clear, complete, structured, and
communicates a shared mental model.

Tone Understanding communication styles and wording, including
non-verbal communication, and being ignored.

Empowerment Assesses a team member’s ability and comfort to evaluate
patients proactively, make decisions, speak up, and escalate
concerns without fear of consequences.

Collaboration
and teamwork

The ways that team members work together and have mutual
respect and role clarity.

Leadership A domain that assesses the influences of organizational
leadership and reporting structures that impede or facilitate
communication.
TABLE 2 Confirmatory Factor Analysis (CFA).

Model Domains Items df CFI RMSEA SRMR

Baseline single model 1 52 0.71 0.71 0.06

Original pilot, all items 7 52 0.83 0.05 0.06

Original domain structure, reduced items 7 38 0.89 0.052 0.051

Revised domain structure, reduced items 8 38 0.92 0.046 0.047

Final Structure, reduced items 6 30 0.94 0.045 0.049
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Discussion

In this study, we developed CritCom, a valid, reliable, pragmatic

bilingual tool to evaluate the quality of interdisciplinary

communication regarding patient deterioration, using 30 items

across six distinct domains. This measure consists of a Likert scale

from 1-5, where individuals rate the extent to which their setting has

or does each aspect of high-quality communication. This tool

performed well across diverse cultures, languages, and various

resource settings and has broad applicability in diverse clinical

contexts. This global sample of clinicians felt that the CritCom tool

was important and usable, and the tool performed well using an

established assessment of measurement quality. We could not find in

the literature a tool that could be compared in content, development,

or pilot testing that could help us compare final results.

CritCom addresses the global need for a measurement tool to

assess the quality of team communication in clinical settings. While

previously available measures (6, 18–24, 27) include components of

communication quality, none focus exclusively on distinct
Frontiers in Oncology 06149
conceptual elements of communication, nor were they developed

for use in multilingual, variably resourced settings.

Despite multiple studies demonstrating the relationship

between communication quality and clinical outcomes (3–5), the

lack of valid measures limits the evaluation and assessment of

interventions to improve communication on a global scale.

Similarly, while team dynamics and communication networks are

accepted components of the clinical setting that influence the

implementation of other evidence-based interventions to improve

patient care (42, 43), the lack of dedicated measurement tools has

prevented an empirical investigation of this relationship. These

concepts are especially fundamental in resource-limited settings,

where human and material resources to provide acute and critical

care are not always available (20, 44) and high-quality

communication faces additional challenges (25).

The CritCom tool can be used by clinicians, hospital leadership,

evaluators, and researchers to assess communication quality,

identify areas of strengths and opportunities for improvement,
FIGURE 1

Overall CritCom scores pilot results. Density plot.
TABLE 4 Subscale reliabilities and descriptive statistics.

Domain Draft Item
Number

Draft
Alpha

Final Item
Number

Final
Alpha

Domain
Mean

Domain
SD*

Actionable 6 0.81 5 0.81 4.25 0.57

Clarity 6 0.81 5 0.82 4.11 0.60

Tone 7 0.79 5 0.84 3.75 0.69

Mechanisms and Modes 7 0.67 – – – –

Empowerment 7 0.84 5 0.81 4.08 0.69

Collaboration and teamwork 9 0.88 5 0.83 4.13 0.63

Systems (renamed
Leadership)

10 0.87 5 0.86 4.09 0.76

Overall Tool 52 30 4.07 0.53
* The range of all domains was 1–5.
FIGURE 2

Responses comparing English and Spanish language tool.
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and track changes in communication over time. Similarly, clinicians

and researchers can use CritCom as an outcome measure for quality

improvement projects to improve communication, provide a

baseline assessment, and post-intervention reassessment to

supplement clinical data on errors and sentinel events. Finally,

CritCom provides an opportunity to understand the modifiable

determinants of high-quality team communications.

To promote the future global use of CritCom, our team is

currently working on supplementing the English and Spanish

versions of the tool with other languages, including Portuguese

and Arabic, using the same rigorous linguistic validation

methodology described in this study. We want to use the global

CritCom results to further explore the landscape of interdisciplinary

communication quality in hospitals from diverse cultures and

resource levels to identify common characteristics and challenges.

These findings can guide the development of tailored interventions

to improve communication applicable to various resourced settings.

Additionally, the methods used to develop this measure can be

applied to other tools. The consideration of language, resources, and

cultural differences is necessary as we outline the tools that will

ultimately be used to measure outcomes.

This study had several limitations. For the pilot study to refine the

CritCom tool, we selected an individual-based rather than a center-based

recruitment strategy. This means that some, but not all, individuals

completing the pilot participated as part of a hospital group. While

appropriate for the objectives of the current study to refine CritCom

through psychometric testing, future work should focus on the center-

based evaluation of communication quality to more broadly understand

common challenges and explore individual-level variations (i.e., nurse

versus physician perspectives on team communication).

As a bilingual tool, our sample size included a more robust

sample of Spanish clinicians than English-speaking clinicians,

preventing us from evaluating each language tool individually.

The methodology for developing the two language versions, with

a focus on linguistic validity, however, and the near-identical

performance of the two tools across CritCom domains suggests
Frontiers in Oncology 07150
that the constructs described are conceptually similar in both

languages. Expanding the use of CritCom in future studies will

allow us to address some of the limitations related to the small

sample size in the current study.

High-quality communication between providers and families of

patients is also an integral part of pediatric care, particularly during

clinical deterioration. However, the barriers identified in previous work

(45) have shown that they cover different domains than those addressed

in the present work, for which the development and analysis of this tool

are entirely focused on communication between clinical staff.

Finally, this tool was developed to focus on interdisciplinary

communication around childhood cancer care, potentially limiting

its generalizability to other patient populations. However, this tool

provides a structure that can be applied in different settings. Future

studies should examine the validity of this measure across other care

settings and the impact of the demographic variables on the

perceived quality of communication.
Conclusion

CritCom is a valid, reliable, and pragmatic measurement tool

developed in English and Spanish to evaluate the quality of

interdisciplinary communication regarding deterioration in

hospitalized children. The CritCom results provide a quantitative,

center-specific assessment of communication quality that can identify

areas for improvement, facilitate tailored interventions related to the

findings, assess the efficacy of targeted interventions, and serve as a

routine evaluation in hospitals to improve communication continuously

and enhance the quality of care in hospitals at all resource levels.
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Introduction: Hematopoietic stem cell transplantation (HSCT) is an increasingly
utilized therapy for malignant and non-malignant pediatric diseases. HSCT
complications, including infection, organ dysfunction, and graft-versus-host-
disease (GVHD) often require intensive care unit (ICU) therapies and are
associated with mortality. Our aims were to identify the HSCT characteristics,
complications and ICU therapies associated with (1) survival, and (2) survival
changes over a ten-year period in a national dataset.
Methods: A national sample from the Health Facts (Cerner Corporation, Kansas
City, MO) database from 2009 to 2018 was utilized. Inclusion criteria were age
30 days to <22 years and HSCT procedure code. For patients with >1 HSCT, the
first was analyzed. Data included demographics, hospital length of stay (LOS),
hospital outcome, transplant type and indication. HSCT complications included
GVHD and infections. ICU therapies were positive pressure ventilation (PPV),
vasoactive infusion, and dialysis. Primary outcome was survival to discharge.
Statistical methods included bivariate analyses and multivariate logistic regression.
Results: 473 patients underwent HSCT with 93% survival. 62% were allogeneic
(89% survival) and 38% were autologous (98% survival). GVHD occurred in 33%
of allogeneic HSCT. Infections occurred in 26% of all HSCT. ICU therapies
included PPV (11% of patients), vasoactive (25%), and dialysis (3%). Decreased
survival was associated with allogeneic HSCT (p < 0.01), GVHD (p=0.02),
infection (p < 0.01), and ICU therapies (p < 0.01). Survival improved from 89%
(2009–2013) to 96% (2014–2018) (p < 0.01). Allogeneic survival improved (82%–
94%, p < 0.01) while autologous survival was unchanged. Survival improvement
over time was associated with decreasing infections (33%–21%, p < 0.01) and
increasing vasoactive infusions (20%–28%, p=0.05). On multivariate analysis, later
time period was associated with improved survival (p < 0.01, adjusted OR 4.28).
Discussion: Hospital survival for HSCT improved from 89% to 96% from 2009 to
2018. Factors associated with mortality included allogeneic HSCT, GVHD,
infections and ICU therapies. Improving survival coincided with decreasing
infections and increasing vasoactive use.

KEYWORDS

bone marrow transplant, hematopoietic stem cell transplantation, survival, outcomes,

intensive care, infection, GVHD
Abbreviations

HSCT, hematopoietic stem cell transplantation; ICU, intensive care unit; LOS, length of stay; GVHD, graft-
versus-host-disease; PPV, positive pressure ventilation.
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Introduction

Hematopoietic stem cell transplantation (HSCT) is an

established therapy for children with malignant and non-

malignant diseases, including hematologic and solid tumors,

bone marrow failure syndromes, immunodeficiencies, and genetic

and metabolic disorders (1). As indications for HSCT broadened,

transplant volumes have increased by 5%–10% per year;

approximately 2,500 children currently undergo HSCT each year

in the United States (1–3). However, HSCT carries substantial

risk of treatment-related morbidity and mortality, including

infectious complications, graft-versus-host disease (GVHD), and

organ toxicity induced by preparatory regimens (1, 4, 5).

Approximately one third of patients require intensive care unit

(ICU) management for HSCT complications (6–12). Mortality in

the first 100 days is as high as 11% for allogeneic transplant and

4% for autologous transplant (1, 3, 5), an improvement from 15%

and 7% respectively before 1991 (3). Other studies have revealed

similar trends of improving survival over time (5, 13–17).

Tracking change is particularly relevant given improvements in

human leukocyte antigen-matching, reduced-intensity pre-

transplant regimens, GVHD management, infection prophylaxis

and treatment (5, 14, 15, 18) and ICU care. Importantly, the

contribution of ICU care to these temporal trends has not been

evaluated.

Our aims were to associate HSCT characteristics, HSCT

complications and ICU therapies with (1) survival, and (2)

survival changes over a ten-year time period in a national sample

from 2009 to 2018 to assess if survival improved and if there are

any changes in HSCT complications or practice associated with

improvement.
Methods

Database and study design

This is a retrospective multicenter study using the Health

FactsTM database (Cerner Corporation, Kansas City, MO). This

database has de-identified clinical data from academic and

nonacademic hospitals of varied sizes and locations in the United

States with a Cerner data use agreement. The database includes

demographic and admission information, diagnostic and

procedure codes, laboratory results, medication and respiratory

data, and hospital outcome. Health FactsTM has been successfully

used in other longitudinal studies examining pediatric trends and

practice (19, 20). This study was approved by the Children’s

National Hospital Institutional Review Board (Pro00009282) and

granted a waiver of consent for de-identified data.

Inclusion criteria included encounters for patients age 30 days to

less than 22 years admitted between January 1, 2009 and June 1,

2018 with at least one HSCT procedure code, indicating receipt of

HSCT during the admission. The procedure codes used to define

HSCT, associated diagnoses and some therapies are detailed in the

Supplementary Appendix A. For patients with more than one
Frontiers in Pediatrics 02154
HSCT encounter during the study period, only the first was included.

Encounters were excluded if they had incomplete data (below).
Variables and outcome measures

The primary outcome was survival to hospital discharge.

Demographic variables included age, sex, race, ethnicity, and

hospital length of stay (LOS). HSCT variables included transplant

type (autologous and allogeneic), year of transplant, underlying

diagnoses necessitating the transplant and complications

including GVHD and infection. ICU therapies included positive

pressure ventilation (PPV), dialysis, and vasoactive agent

infusion. Transplant type, GVHD and underlying diagnosis/

indication for HSCT were identified from diagnostic and/or

procedure codes. Diagnoses and transplant indications were

grouped into categories including malignant hematologic

diseases, solid tumors, non-malignant hematologic diseases,

immunodeficiencies, and non-malignant other diseases. If more

than one diagnosis was present, one was chosen based on clinical

expertise and likelihood to necessitate HSCT by T.O and B.D.

Infectious complications were identified from microbiology

results and were categorized by the culture site as blood,

respiratory, urine, skin and soft tissue, or other. Organism types

included bacteria (gram positive and gram negative), viruses, and

other (fungus, yeast, and mycobacteria); patients could have

more than one organism identified. PPV (non-invasive and

invasive) was determined from procedure codes and respiratory

care data. Respiratory care data indicating PPV included >8 h of

recorded ventilator settings. Dialysis (hemodialysis, peritoneal

dialysis, urinary filtration, and vascular access for dialysis) was

determined from procedure codes. Vasoactive agent infusion

(epinephrine, norepinephrine, dopamine, dobutamine, milrinone,

and/or vasopressin) was determined from medication

administration data.
Statistical analysis

Variables were assessed individually for their association to

hospital survival using bivariate analysis. Bivariate tests included

Pearson’s χ2 or Fisher’s Exact for categorical variables and

Wilcoxon rank sums tests for continuous variables. Post hoc

multiple comparisons were performed if the primary comparison

was significant.

The study period was divided into two 5-year intervals to assess

change over time, 2009–2013 and 2014–2018. Bivariate analyses

were performed for demographic, HSCT, ICU care variables, and

survival to assess changes between the two time periods.

Multivariable logistic regression was used to investigate the

effect of time period, selected demographics, HSCT, and ICU

therapy variables on hospital survival. Variables significant at the

0.2 level in the bivariate analyses of survival were included in the

multivariable logistic regression model.

Odds ratios and adjusted odds ratios are reported. Statistical

significance was declared at the 0.05 alpha level. Results were
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expressed as medians with 25th–75th percentiles or counts with

percentages. All statistical analyses were conducted using JMP®

(version 16.1, SAS, Cary, North Carolina, USA).
Results

A total of 586 encounters met the study inclusion criteria.

Fifty-seven encounters were excluded for incomplete data

(Figure 1). Only the first HSCT procedure for each patient was

included, with 56 subsequent HSCT encounters excluded. The

final sample had 473 patients with hospital survival of 93%.

Demographic and HSCT variable data are shown in Table 1.

Median age was 8 years [3–15]. There were 284 (60%) males,

and 322 (68%) patients were Caucasian. Transplant type was

allogeneic for 293 patients (62%). Underlying diagnoses and

HSCT indications included malignant hematologic diseases

(47%), solid tumors (33%), non-malignant hematologic diseases

(14%), immunodeficiency syndromes (4%) and other non-

malignant diseases (2%). Hospital LOS was 32 days [23–47] and

differed between survivors [31 days (23–43)] and deaths [85 days

(63–116)] (p < 0.01).

Survival to hospital discharge for allogeneic HSCT was 89%

compared to 98% for autologous HSCT [p < 0.01, OR 0.19 (0.07–

0.55)] (Table 1). Compared to malignant hematologic diseases

with 90% survival (reference group), solid tumors had improved

survival of 97% [p < 0.01, OR 4.23 (1.43–12.53)]. There were no

differences in survival between the other HSCT indication groups

and the malignant hematologic reference group.

The major complications of GVHD and infections were

associated with decreased survival to discharge. GVHD occurred

in 96 patients (33% of allogeneic HSCT) and infections in 125

(26% of all HSCT) (Table 2). Survival for allogeneic HSCT
FIGURE 1

Patient inclusion diagram. HSCT, hematopoietic stem cell transplantation.
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patients with GVHD was 83% compared to 92% survival for

those without GVHD [p = 0.02, OR 0.41 (0.19–0.87)]. Infectious

complications were associated with decreased survival [p < 0.01,

OR 0.27 (0.13–0.54)], with 85% survival if one or more

infectious complication occurred and 95% survival if no

infectious complications occurred. Among the infectious

complication types, positive blood [p < 0.01, OR 0.23 (0.11–

0.47)], respiratory [p < 0.01, OR 0.10 (0.04–0.23)], and urine

cultures [p = 0.05, OR 0.39 (0.15–1.02)] were associated with

decreased survival. The lowest survival (63%) was in patients

with a positive respiratory culture.

ICU therapies included PPV in 53 patients (11%), vasoactive

agent infusion in 116 patients (25%), and dialysis in 16 patients

(3%) (Table 2). Survival was 53% for those receiving PPV, 78%

for those receiving vasoactive agent infusions, and 38% for those

receiving dialysis. Receiving one or more ICU therapies was

associated with decreased survival [p < 0.01, OR 0.03 (0.01–

0.11)]. An increasing number of ICU therapies was associated

with worse survival, with 91% survival for one ICU therapy, 41%

survival for two ICU therapies, and 14% survival for three ICU

therapies (p < 0.01).

There was a significant improvement in survival over the

10-year period, from 89% in the early time period (2009–2013)

to 96% in the late time period (2014–2018) [p < 0.01, OR 2.72

(1.32–5.61)] (Table 3). In particular, allogeneic HSCT survival

increased from 82% to 94% [p < 0.01, OR 3.51 (1.59–7.77)],

while autologous HSCT survival remained unchanged at 98%.

The demographic and transplant variables were similar between

the time periods with no significant differences in age, sex,

transplant type, transplant indication, or LOS. GVHD was not

different between the time periods but infectious complications

were significantly reduced from 33% to 21% [p < 0.01, OR 0.54

(0.36–0.81)]. Of the ICU therapies, there was a trend towards an
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TABLE 1 Demographic and hematopoietic stem cell transplant variables and their association with survival.

All patients
(n = 473)

Survivors
(n = 438)

Deaths
(n = 35)

p (1) OR of Survival
[95% CI]

Demographic
Age, median [25%ile–75%ile], years 8 [3–15] 8 [3–15] 6 [1–15] 0.41 (2)

Male, n (%) 284 (60) 265 (93) 19 (7) 0.47 (3) 1.29 [0.65–2.58]

Female, n (%) 189 (40) 173 (92) 16 (8)

Race and ethnicity, n (%)

Caucasian 322 (68) 299 (93) 23 (7) 0.96 (4)

African American 69 (15) 63 (91) 6 (9)

Asian/Pacific Islander 21 (4) 20 (95) 1 (5)

Hispanic 26 (6) 24 (92) 2 (8)

Other/Unknown 35 (7) 32 (91) 3 (9)

Hospital LOS, median [25%ile–75%ile], days 32 [23–47] 31 [23–43] 85 [63–116] <0.01 (5)

Transplant Type
Allogeneic, n (%) 293 (62) 262 (89) 31 (11) <0.01 (6) 0.19 [0.07–0.55]

Autologous, n (%) 180 (38) 176 (98) 4 (2)

Transplant Indication 0.02 (7)
Malignant Hematologic, n (%) 221 (47) 199 (90) 22 (10) REF (7)

Solid tumor, n (%) 157 (33) 153 (97) 4 (3) <0.01 (7) 4.23 [1.43–12.53]

Non-malignant Hematologic, n (%) 64 (14) 59 (92) 5 (8) 0.81 (7) 1.30 [0.47–3.59]

Immunodeficiency, n (%) 21 (4) 18 (86) 3 (14) 0.46 (7) 0.66 [0.18–2.43]

Non-malignant other, n (%) 10 (2) 9 (90) 1 (10) 1.00 (7) 0.99 [0.12–8.23]

OR, odds ratio; CI, confidence interval; NS, not significant, LOS, length of stay; REF, reference group.

(1) Continuous variables compared with Wilcoxon rank sums tests. Categorical variables were compared with Pearson’s χ2 or Fisher’s Exact, and post hoc multiple

comparisons were performed when the primary comparison was significant (see Methods).

(2) Comparison of age medians, survivors vs. deaths.

(3) Comparison of sex distributions, survivors vs. deaths.

(4) Comparison of race and ethnicity distributions, survivors vs. deaths.

(5) Comparison of hospital LOS medians, survivors vs. deaths.

(6) Comparison of transplant type distributions, survivors vs. deaths.

(7) Comparison of transplant indication distributions, survivors vs. deaths. Malignant hematologic subgroup served as reference group for post hoc multiple comparisons.

See Supplementary Appendix for individual diagnoses included in each transplant indication subgroup.
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increase in vasoactive agent infusions from 20% to 28% [p = 0.05,

OR 1.54 (1.00–2.37)] and a decrease in the use of PPV from 14%

to 9% [p = 0.07, OR 0.59 (0.33–1.05)].

The results of the multivariable logistic regression investigating

the effect of time period on hospital survival, controlled for HSCT

type, indication, GVHD, infectious complications and ICU

therapies, are shown in Table 4 (Online). The adjusted OR for

survival in the late time period relative to the early time period

was 4.44 [1.43–13.77] (p < 0.01). ICU therapies were associated

with decreased survival on multivariate analysis including PPV

[p < 0.01, adjusted OR 0.07 (0.02–0.19)], vasoactive infusion

[p < 0.01, adjusted OR 0.08 (0.03–0.24)], and dialysis [p = 0.01,

adjusted OR 0.12 (0.02–0.68)].
Discussion

We observed a 93% survival after hospital admission for

pediatric HSCT in a large multicenter sample in the United

States from 2009 to 2018. Survival was 89% for allogeneic HSCT

and 98% for autologous HSCT. Clinical variables associated with

decreased survival included allogeneic HSCT, complications of

GVHD and infection, and indicators of severity of illness post-

HSCT including ICU therapies of PPV, vasoactive agent infusion

and dialysis. Survival significantly improved from 89%
Frontiers in Pediatrics 04156
(2009–2013) to 96% (2014–2018); in particular allogeneic HSCT

survival improved (82%–94%) while autologous HSCT survival

remained unchanged. Survival improvement was accompanied by

decreasing infectious complications and increasing vasoactive

agent use over time. After adjusting for HSCT variables, HSCT

complications, and ICU therapies in a multivariable regression,

time period was a significant predictor of survival (p < 0.01) with

an adjusted OR of 4.44 [1.43–13.77].

Early treatment-related mortality, often standardized to 100

days following HSCT, is generally attributable to organ toxicity

from the transplant conditioning regimen, infection during the

period of immunosuppression, and GVHD, as opposed to

relapse-related mortality which generally occurs later post-

transplant. Since there is no risk of GVHD for autologous HSCT,

there is no need for prophylactic immunosuppression with

decreased risk of infection as a result (21). Mortality at 100 days

is as high as 11% for allogenic HSCT and 4% for autologous

HSCT (1, 3, 5) which has improved over time (3, 5, 13–16). We

observed 11% and 2% hospital mortality for allogeneic and

autologous HSCT respectively at median hospital day 85 [63–

116]. Because these data were acquired from a multi-institutional

database, we used HSCT admission hospital survival as a proxy

for early (100-day) treatment-related mortality.

These findings support the trends of decreasing HSCT

complications and improving survival noted over the last several
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TABLE 2 Hematopoietic stem cell transplant complications and ICU therapies and their association with survival.

N (%) (Total n = 473) Survival (%) p (1) OR of Survival [95% CI]

Complication
GVHD (2) 96 (33) 80 (83) 0.02 0.41 [0.19–0.87]

No GVHD 197 (67) 182 (92)

Any infectious complication 125 (26) 106 (85) <0.01 0.27 [0.13–0.54]

No infectious complication 348 (74) 332 (95)

Blood culture positive 87 (18) 71 (82) <0.01 0.23 [0.11–0.47]

No blood culture positive 386 (82) 367 (95)

Respiratory culture positive 30 (6) 19 (63) <0.01 0.10 [0.04–0.23]

No respiratory culture positive 443 (94) 419 (95)

Urine culture positive 39 (8) 33 (85) 0.05 0.39 [0.15–1.02]

No urine culture positive 434 (92) 405 (93)

Skin/soft tissue culture positive 10 (2) 8 (80) 0.16 0.31 [0.06–1.50]

No skin/soft tissue culture positive 463 (98) 430 (93)

Other culture positive 11 (2) 9 (82) 0.19 0.35 [0.07–1.67]

No other culture positive 462 (98) 429 (93)

GVHD plus infectious complication (3) 39 (27) 29 (74) 0.08 0.45 [0.18–1.11]

GVHD or infection alone 105 (73) 91 (87)

ICU Therapies
Any ICU Therapy 143 (30) 111 (78) <0.01 0.03 [0.01–0.11]

No ICU Therapy 330 (70) 327 (99)

PPV (4) 53 (11) 28 (53) <0.01 0.03 [0.01–0.06]

No PPV 420 (89) 410 (98)

Vasoactive infusion (5) 116 (25) 91 (78) <0.01 0.10 [0.05–0.23]

No vasoactive infusion 357 (75) 347 (97)

Dialysis (6) 16 (3) 6 (38) <0.01 0.03 [0.01–0.10]

No Dialysis 457 (97) 432 (95)

Number of ICU Therapies <0.01

1 ICU Therapy (7) 109 (76) 99 (91) REF 1

2 ICU Therapies 27 (19) 11 (41) <0.01 0.07 [0.03–0.19]

3 ICU Therapies 7 (5) 1 (14) <0.01 0.02 [0.002–0.15]

ICU, intensive care unit; OR: odds ratio; CI, confidence interval; GVHD, graft-versus-host-disease; PPV, positive pressure ventilation.

(1) Categorical variables were compared with Pearson’s χ2 or Fisher’s Exact.

(2) Reported as percent of allogeneic transplants (total n= 293).

(3) For allogeneic transplant recipients, those with both GVHD and infectious complication were compared to those with GVHD or infectious complication alone (total

n= 144).

(4) PPV includes invasive and non-invasive modalities.

(5) Vasoactive infusions include epinephrine, norepinephrine, dopamine, dobutamine, milrinone, and/or vasopressin.

(6) Dialysis includes hemodialysis, peritoneal dialysis, urinary filtration and related procedures (see Supplementary Methods and Appendix).

(7) For patients receiving ICU therapies (n= 143), receipt of 1, 2, or 3 therapies were compared.
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decades (3–5, 13, 14, 16, 17, 22–25). Outcome improvement over

time is presumably related, in part, to advancements in HSCT

care including reduced intensity conditioning (3, 5, 15, 24, 26)

higher resolution human leukocyte antigen-matching (18, 27, 28),

expanded agents for bacterial, viral and fungal prophylaxis and

treatment, enhanced detection of infection (29–36), and novel

GVHD prophylaxis and treatment strategies (14, 24, 37–42). In

particular, we identified that infectious complications were

significantly reduced over time which was temporally associated

with improving survival over time. However, infectious

complications were still frequent and were associated with

decreased survival, with the worst survival seen for respiratory

infections (63%). Respiratory infections have a high mortality in

HSCT patients (43, 44) and both animal and human data suggest

defects in the pulmonary immune response following HSCT may

be contributing (45).

A total of 17%–35% of children require ICU care following

HSCT (9–12) and outcomes for post-HSCT ICU patients have
Frontiers in Pediatrics 05157
improved over time in parallel with HSCT survival (46, 47). For

instance, survival of mechanically ventilated HSCT patients has

steadily increased from 9%–14% in the 1970–1980s (48–50), to

12%–47% in the 1980–1990s (51–54), and to 18%–58% in the

1990s to early 2000s (6, 10, 17, 47, 55, 56) with current estimates

of 39%–58% survival (8, 9, 11, 57–60). In our 2009–2018 cohort,

30% of patients received at least one ICU therapy in the

immediate post-HSCT period. Survival was 53% for patients

receiving PPV, 78% for patients receiving at least one vasoactive

agent infusion, and 38% for patients receiving dialysis,

comparable to other recent studies (8, 9, 57, 58). We also found

that survival decreased with an increasing number of ICU

therapies received: 91% of patients receiving only one therapy

survived, while 41% of those receiving two therapies survived,

and 14% of those receiving all three therapies survived.

Our observation that increased vasoactive agent use was

temporally associated with improvement in survival is novel and

may represent a practice shift towards more liberal vasoactive
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TABLE 3 Trends over time in hematopoietic stem cell transplant indications, complications, intensive care unit therapies and outcomes.

Early Time Period (2009–2013)
(n = 204)

Late Time Period (2014–2018)
(n = 269)

p (1) Odds Ratio
[95% CI]

Demographics
Age, median [25%ile–75%ile], years 7 [3–15] 8 [3–14] 0.73

Male (n, column %) 116 (57) 168 (62) 0.22 0.79 [0.55–1.15]

Female (n, column %) 88 (43) 101 (38)

Transplant type
Allogeneic (n, column %) 119 (58) 174 (65) 0.16 (2) 0.76 [0.53–1.11]

Autologous (n, column %) 85 (42) 95 (35)

Hospital outcome

Overall
Survivors (n, column %) 181 (89) 257 (96) <0.01 (3) 2.72 [1.32–5.61]

Deaths (n, column %) 23 (11) 12 (4)

Allogeneic
Survivors (n, %allogeneic/column) 98 (82) 164 (94) <0.01 (4) 3.51 [1.59–7.77]

Deaths (n, %allogeneic/column) 21 (18) 10 (6)

Autologous
Survivors (n, % autologous/column) 83 (98) 93 (98) 1.00 (5) 1.12 [0.15–8.13]

Deaths (n, % autologous/column) 2 (2) 2 (2)

Hospital LOS, median [25%ile–75%ile], days 31 [23–47] 33 [24–48] 0.47

Transplant Indication (6) 0.10
Malignant Hematologic (n, column %) 83 (41) 138 (51)

Solid tumor (n, column %) 76 (37) 81 (30)

Non-malignant Hematologic (n, column %) 29 (14) 35 (13)

Immunodeficiency (n, column %) 9 (4) 12 (4)

Non-malignant other (n, column %) 7 (3) 3 (1)

Transplant Complication
GVHD (n, %allogeneic transplant/column) (7) 39 (33) 57 (33) 1.00 1.00 [0.61–1.64]

No GVHD (n, %allogeneic transplant/column) (7) 80 (67) 117 (67)

Any infectious complication (n, column %) 68 (33) 57 (21) <0.01 0.54 [0.36–0.81]

No Infectious complication (n, column %) 136 (67) 212 (79)

ICU Therapies
Any ICU Therapy (n, column %) 58 (28) 85 (32) 0.46 0.16 [0.78–1.73]

No ICU Therapy (n, column %) 146 (72) 184 (68)

PPV (n, column %) 29 (14) 24 (9) 0.07 0.59 [0.33–1.05]

No PPV (n, column %) 175 (86) 245 (91)

Dialysis (n, column %) 8 (4) 8 (3) 0.57 0.75 [0.28–2.04]

No Dialysis (n, column %) 196 (96) 261 (97)

Vasoactive infusion (n, column %) 41 (20) 75 (28) 0.05 1.54 [1.00–2.37]

No Vasoactive infusion (n, column %) 163 (80) 194 (72)

CI, confidence interval; NS, not significant; LOS, length of stay; GVHD, graft-versus-host-disease; ICU, intensive care unit; PPV, positive pressure ventilation.

(1) Variable distributions in the early versus late time periods were compared. Continuous variables were compared with Wilcoxon rank sums tests, and categorical variables

were compared with Pearson’s χ2 or Fisher’s Exact.

(2) Comparison of transplant type distribution (allogeneic/autologous), early vs. late time periods.

(3) Comparison of survival distribution for all transplant types, early vs. late time periods.

(4) Comparison of survival distribution for allogeneic transplants, early vs. late time periods.

(5) Comparison of survival distribution for autologous transplants, early vs. late time periods.

(6) See Supplementary Appendix for individual diagnoses included in each transplant indication subgroup.

(7) GVHD reported as percent of allogeneic transplants (total n= 293).
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use. Emphasis on early recognition of sepsis with prompt

initiation of vasoactive treatments, including peripheral delivery

(a modification to guidelines in 2007) (61), may have contributed

to increasing use and be partly responsible for this observation.

This finding may also relate to the potential harmful effects of

fluid overload post-HSCT and recommendations for conservative

fluid management (62–66) which could have influenced
Frontiers in Pediatrics 06158
increasing use of vasoactive agent infusions. Additionally, we

observed a trend towards decreasing use of PPV over time during

the study period. Decreasing use of mechanical ventilation in this

population has been previously reported (17, 67) in conjunction

with improving survival. Decreasing infections (that may manifest

as deterioration requiring PPV) may be contributing. The impact

of non-invasive PPV use on this trend is unclear. In our cohort,
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TABLE 4 Hematopoietic stem cell transplant variables including
transplant time period and their association with survival: A
multivariable logistic regression.

Variable p aOR Survival (95% CI)

PPV <0.01 0.07 [0.02–0.19]

Vasoactive infusion <0.01 0.08 [0.03–0.24]

Time period (2014–2018) <0.01 4.44 [1.43–13.77]

Dialysis 0.01 0.12 [0.02–0.68]

Transplant type/GVHD
Autologous transplant REF 1

Allogeneic transplant without GVHD 0.61 0.41 [0.01–12.71]

Allogeneic transplant with GVHD 0.36 0.19 [0.01–6.51]

Infectious Complication 0.56 0.72 [0.24–2.15]

Transplant Indication
Malignant Hematologic REF 1

Solid tumor 0.84 0.70 [0.02–22.21]

Non-malignant Hematologic 0.50 0.60 [0.14–2.61]

Immunodeficiency 0.61 1.60 [0.26–10.00]

Non-malignant other 0.43 2.99 [0.20–45.37]

aOR, adjusted odds ratio; CI, confidence interval; PPV, positive pressure ventilation;

GVHD, graft-versus-host-disease; REF, reference group.
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only 3 patients received only non-invasive PPV, limiting our

inferences on the overall PPV trend.

There are limitations to this study. First, national databases,

while providing large samples from multiple sites, usually lack

the granularity present in single site data. Therefore, some

important HSCT variables could not be analyzed, including

donor source, matching, and conditioning regimen. Second, our

use of positive culture results as evidence of infectious

complications did not include clinical corroboration and

presumably missed culture-negative infections or mis-assigned

instances of contamination. Third, respiratory cultures may be

more likely sent for mechanically ventilated patients, contributing

to the low survival seen in this group. Fourth, while we were able

to assess ICU therapies (PPV, vasoactive agent infusion, dialysis),

we were not able to assess other details of ICU care such as

admission and discharge dates, indications for admission or

therapies, or other measures of severity of illness. Comorbid

diagnoses and some therapies were deduced from diagnosis and

procedure codes, potentially missing those that were not coded/

billed. For example, the specific diagnostic code for hepatic veno-

occlusive disease was introduced in 2015 and therefore was not

assessed in this study. Finally, we could not ascertain cause of

death or outcome after discharge (including 100-day mortality

for survivors discharged before 100 days).
Conclusion

Hospital survival following HSCT was 93% in a recent

multicenter national sample from 2009 to 2018. Factors

associated with decreased survival included allogeneic HSCT,

GVHD, infectious complications and ICU therapies. Survival

significantly improved over time, from 89% to 96%, particularly
Frontiers in Pediatrics 07159
for allogeneic HSCT. In addition, improving survival was

associated with decreasing infectious complications and

increasing vasoactive agent use.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Author contributions

TO, AP, BD, and MP contributed to the study design,

methodology, data curation, and formal analysis. TO and MP

contributed to drafting of the initial manuscript. TO, AP, BD,

and MP contributed to reviewing and editing the manuscript. All

authors contributed to the article and approved the submitted

version.
Funding

Supported in part by the National Institute for Child Health

and Human Development [K23 HD105978–01 (AP)]. Contents

are solely the responsibility of the authors and do not necessarily

represent the official views of the National Institute for Child

Health and Human Development or the National Institutes of

Health. The funder did not participate in the work.
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.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fped.2023.

1247792/full#supplementary-material
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fped.2023.1247792/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fped.2023.1247792/full#supplementary-material
https://doi.org/10.3389/fped.2023.1247792
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Olson et al. 10.3389/fped.2023.1247792
References
1. Auletta JJ, Kou J, Chen M, Shaw BE. Current use and outcome of hematopoietic
stem cell transplantation: CIBMTR US summary slides. (2021). [Cited 2022 Nov 17].
Available at: https://www.cibmtr.org/ReferenceCenter/SlidesReports/SummarySlides/
pages/index.aspx.

2. Number of transplants by year per age group. Last updated: April 13, 2022.
[Internet]. [Cited 2022 Nov 17]. Center for international blood and marrow
transplant, a contractor for the C.W. bill young cell transplantation program
operated through the U. S. Department of Health and Human Services, Health
Resources and Services Administration, Healthcare Systems Bureau. Available at:
https://bloodstemcell.hrsa.gov/data/donation-and-transplantation-statistics/transplant-
activity-report.

3. Miano M, Labopin M, Hartmann O, Angelucci E, Cornish J, Gluckman E, et al.
Haematopoietic stem cell transplantation trends in children over the last three
decades: a survey by the paediatric diseases working party of the European group
for blood and marrow transplantation. Bone Marrow Transplant. (2007)
39(2):89–99. doi: 10.1038/sj.bmt.1705550

4. Zaucha-Prazmo A, Gozdzik J, Debski R, Drabko K, Sadurska E, Kowalczyk JR.
Transplant-related mortality and survival in children with malignancies treated with
allogeneic hematopoietic stem cell transplantation. A multicenter analysis. Pediatr
Transplant. (2018) 22(3):e13158. doi: 10.1111/petr.13158

5. Styczyński J, Tridello G, Koster L, Iacobelli S, van Biezen A, van der Werf S, et al.
Death after hematopoietic stem cell transplantation: changes over calendar year time,
infections and associated factors. Bone Marrow Transplant. (2020) 55(1):126–36.
doi: 10.1038/s41409-019-0624-z

6. Kache S, Weiss IK, Moore TB. Changing outcomes for children requiring
intensive care following hematopoietic stem cell transplantation. Pediatr Transplant.
(2006) 10(3):299–303. doi: 10.1111/j.1399-3046.2005.00453.x

7. Jacobe SJ, Hassan A, Veys P, Mok Q. Outcome of children requiring admission to
an intensive care unit after bone marrow transplantation. Crit Care Med. (2003) 31
(5):1299–305. doi: 10.1097/01.CCM.0000060011.88230.C8

8. Zinter MS, Logan BR, Fretham C, Sapru A, Abraham A, Aljurf MD, et al.
Comprehensive prognostication in critically ill pediatric hematopoietic cell
transplant patients: results from merging the center for international blood and
marrow transplant research (CIBMTR) and virtual pediatric systems (VPS)
registries. Biol Blood Marrow Transplant. (2020) 26(2):333–42. doi: 10.1016/j.bbmt.
2019.09.027

9. Chima RS, Daniels RC, Kim MO, Li D, Wheeler DS, Davies SM, et al. Improved
outcomes for stem cell transplant recipients requiring pediatric intensive care. Pediatr
Crit Care Med. (2012) 13:e336–42. doi: 10.1097/PCC.0b013e318253c945

10. Lamas A, Otheo E, Ros P, Vázquez JL, Maldonado MS, Muñoz A, et al.
Prognosis of child recipients of hematopoietic stem cell transplantation requiring
intensive care. Intensive Care Med. (2003) 29(1):91–6. doi: 10.1007/s00134-002-
1549-2

11. Duncan CN, Lehmann LE, Cheifetz IM, Greathouse K, Haight AE, Hall MW,
et al. Clinical outcomes of children receiving intensive cardiopulmonary support
during hematopoietic stem cell transplant. Pediatr Crit Care Med. (2013) 14
(3):261–7. doi: 10.1097/PCC.0b013e3182720601

12. Diaz MA, González-Vicent M, Sevilla J. Predicting factors for admission to an
intensive care unit and clinical outcome in pediatric patients receiving hematopoietic
stem cell transplantation hemoglobinopathies view project blocking oncogene
expression through CRISPR/Cas9 system view project. (2014). Available at: http://
www.haematologica.ws/2002_03/292.htm.

13. Horan JT, Logan BR, Agovi-Johnson MA, Lazarus HM, Bacigalupo AA, Ballen
KK, et al. Reducing the risk for transplantation-related mortality after allogeneic
hematopoietic cell transplantation: how much progress has been made? J Clin
Oncol. (2011) 29(7):805–13. doi: 10.1200/JCO.2010.32.5001

14. 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

15. Gratwohl A, Baldomero H, Passweg J, Urbano-Ispizua A, Baur A, Elvy P, et al.
Increasing used of reduced intensity conditioning transplants: report of the 2001
EBMT activity survey. Bone Marrow Transplant. (2002) 30(12):813–31. doi: 10.
1038/sj.bmt.1703819

16. Bacigalupo A, Sormani MP, Lamparelli T, Gualandi F, Occhini D, Bregante S,
et al. Reducing transplant-related mortality after allogeneic hematopoietic stem cell
transplantation. Haematologica. (2004) 89(10):1238–47.

17. Bratton SL, Van DH, Statler KD, Pulsipher MA, McArthur J, Keenan HT. Lower
hospital mortality and complications after pediatric hematopoietic stem cell
transplantation. Crit Care Med. (2008) 36(3):923–7. doi: 10.1097/01.CCM.
0B013E318161FAC1

18. Spellman S, Setterholm M, Maiers M, Noreen H, Oudshoorn M, Fernandez-
Viña M, et al. Advances in the selection of HLA-compatible donors: refinements in
HLA typing and matching over the first 20 years of the national marrow donor
Frontiers in Pediatrics 08160
program registry. Biol Blood Marrow Transplant. (2008) 14:37–44. doi: 10.1016/j.
bbmt.2008.05.001

19. Heneghan JA, Trujillo Rivera EA, Zeng-Treitler Q, Faruqe F, Morizono H, Bost
JE, et al. Medications for children receiving intensive care: a national sample. Pediatr
Crit Care Med. (2020) 21(9):e679–85. doi: 10.1097/PCC.0000000000002391

20. Patel AK, Gai J, Trujillo-Rivera E, Faruqe F, Kim D, Bost JE, et al. Association of
intravenous Acetaminophen administration with the duration of intravenous opioid
use among hospitalized pediatric patients. JAMA Netw Open. (2021) 4(12):
e2138420. doi: 10.1001/jamanetworkopen.2021.38420

21. Champlin R. Selection of autologous or allogeneic transplantation. In: Kufe DW,
Pollock RE, Weichselbaum RR, Bast RC, Gansler Jr TS, Holland JF, et al., editors.
Cancer medicine. 6th Edn. Hamilton (oN): BC Decker (2003).

22. Gratwohl A, Brand R, Frassoni F, Rocha V, Niederwieser D, Reusser P, et al.
Cause of death after allogeneic haematopoietic stem cell transplantation (HSCT) in
early leukaemias: an EBMT analysis of lethal infectious complications and changes
over calendar time. Bone Marrow Transplant. (2005) 36:757–69.

23. Brissot E, Rialland F, Cahu X, Strullu M, Corradini N, Thomas C, et al.
Improvement of overall survival after allogeneic hematopoietic stem cell
transplantation for children and adolescents: a three-decade experience of a single
institution. Bone Marrow Transplant. (2016) 51(2):267–72. doi: 10.1038/bmt.2015.250

24. Hahn T, McCarthy PL, Hassebroek A, Bredeson C, Gajewski JL, Hale GA, et al.
Significant improvement in survival after allogeneic hematopoietic cell transplantation
during a period of significantly increased use, older recipient age, and use of unrelated
donors. J Clin Oncol. (2013) 31(19):2437–49. doi: 10.1200/JCO.2012.46.6193

25. Takahashi T, Pereda MA, Bala N, Nagarajan S. In-hospital mortality of
hematopoietic stem cell transplantation among children with nonmalignancies: a
nationwide study in the United States from 2000 to 2012. Pediatr Blood Cancer.
(2019) 66(6):e27626. doi: 10.1002/pbc.27626

26. Pulsipher MA, Boucher KM, Wall D, Frangoul H, Duval M, Goyal RK, et al.
Reduced-intensity allogeneic transplantation in pediatric patients ineligible for
myeloablative therapy: results of the pediatric blood and marrow transplant consortium
study ONC0313. Blood. (2009) 114(7):1429–36. doi: 10.1182/blood-2009-01-196303

27. Lee SJ, Klein J, Haagenson M, Baxter-Lowe LA, Confer DL, Eapen M, et al.
High-resolution donor-recipient HLA matching contributes to the success of
unrelated donor marrow transplantation. Blood. (2007) 110(13):4576–83. doi: 10.
1182/blood-2007-06-097386

28. Flomenberg N, Baxter-Lowe LA, Confer D, Fernandez-Vina M, Filipovich A,
Horowitz M, et al. Impact of HLA class I and class II high-resolution matching on
outcomes of unrelated donor bone marrow transplantation: HLA-C mismatching is
associated with a strong adverse effect on transplantation outcome. Blood. (2004)
104(7):1923–30. doi: 10.1182/blood-2004-03-0803

29. Averbuch D, Orasch C, Cordonnier C, Livermore DM, Mikulska M, Viscoli C,
et al. European guidelines for empirical antibacterial therapy for febrile neutropenic
patients in the era of growing resistance: summary of the 2011 4th European
conference on infections in leukemia. Haematologica. (2013) 98(12):1826–35.
doi: 10.3324/haematol.2013.091025

30. Averbuch D, Cordonnier C, Livermore DM, Mikulska M, Orasch C, Viscoli C,
et al. Targeted therapy against multi-resistant bacteria in leukemic and hematopoietic
stem cell transplant recipients: guidelines of the 4th European conference on
infections in leukemia (ECIL-4, 2011). Haematologica. (2013) 98(12):1836–47.
doi: 10.3324/haematol.2013.091330

31. Tissot F, Agrawal S, Pagano L, Petrikkos G, Groll AH, Skiada A, et al. ECIL-6
guidelines for the treatment of invasive candidiasis, aspergillosis and mucormycosis
in leukemia and hematopoietic stem cell transplant patients. Haematologica. (2017)
102(3):433–44. doi: 10.3324/haematol.2016.152900

32. Winston DJ, Young JAH, Pullarkat V, Papanicolaou GA, Vij R, Vance E, et al.
Maribavir prophylaxis for prevention of cytomegalovirus infection in allogeneic stem
cell transplant recipients: a multicenter, randomized, double-blind, placebo-controlled,
dose-ranging study. Blood. (2008) 111(11):5403–10. doi: 10.1182/blood-2007-11-121558

33. Marty FM, Winston DJ, Rowley SD, Vance E, Papanicolaou GA, Mullane KM,
et al. CMX001 to prevent cytomegalovirus disease in hematopoietic-cell
transplantation. N Engl J Med. (2013) 369(13):1227–36. doi: 10.1056/NEJMoa1303688

34. Marty FM, Ljungman P, Chemaly RF, Maertens J, Dadwal SS, Duarte RF, et al.
Letermovir prophylaxis for cytomegalovirus in hematopoietic-cell transplantation.
N Engl J Med. (2017) 377(25):2433–44. doi: 10.1056/NEJMoa1706640

35. Einsele H, Ehninger G, Hebart H, Wittkowski K, Schuler U, Jahn G, et al.
Polymerase chain reaction monitoring reduces the incidence of cytomegalovirus
disease and the duration and side effects of antiviral therapy after bone marrow
transplantation. Blood. (1995) 86(7):2815–20. doi: 10.1182/blood.V86.7.2815.2815

36. Hebart H, Löffler J, Meisner C, Serey F, Schmidt D, Böhme A, et al.
Early detection of aspergillus infection after allogeneic stem cell transplantation
by polymerase chain reaction screening. J Infect Dis. (2000) 181(5):1713–9. doi: 10.
1086/315435
frontiersin.org

https://www.cibmtr.org/ReferenceCenter/SlidesReports/SummarySlides/pages/index.aspx
https://www.cibmtr.org/ReferenceCenter/SlidesReports/SummarySlides/pages/index.aspx
https://bloodstemcell.hrsa.gov/data/donation-and-transplantation-statistics/transplant-activity-report
https://bloodstemcell.hrsa.gov/data/donation-and-transplantation-statistics/transplant-activity-report
https://doi.org/10.1038/sj.bmt.1705550
https://doi.org/10.1111/petr.13158
https://doi.org/10.1038/s41409-019-0624-z
https://doi.org/10.1111/j.1399-3046.2005.00453.x
https://doi.org/10.1097/01.CCM.0000060011.88230.C8
https://doi.org/10.1016/j.bbmt.2019.09.027
https://doi.org/10.1016/j.bbmt.2019.09.027
https://doi.org/10.1097/PCC.0b013e318253c945
https://doi.org/10.1007/s00134-002-1549-2
https://doi.org/10.1007/s00134-002-1549-2
https://doi.org/10.1097/PCC.0b013e3182720601
http://www.haematologica.ws/2002_03/292.htm
http://www.haematologica.ws/2002_03/292.htm
https://doi.org/10.1200/JCO.2010.32.5001
https://doi.org/10.1056/NEJMoa1004383
https://doi.org/10.1038/sj.bmt.1703819
https://doi.org/10.1038/sj.bmt.1703819
https://doi.org/10.1097/01.CCM.0B013E318161FAC1
https://doi.org/10.1097/01.CCM.0B013E318161FAC1
https://doi.org/10.1016/j.bbmt.2008.05.001
https://doi.org/10.1016/j.bbmt.2008.05.001
https://doi.org/10.1097/PCC.0000000000002391
https://doi.org/10.1001/jamanetworkopen.2021.38420
https://doi.org/10.1038/bmt.2015.250
https://doi.org/10.1200/JCO.2012.46.6193
https://doi.org/10.1002/pbc.27626
https://doi.org/10.1182/blood-2009-01-196303
https://doi.org/10.1182/blood-2007-06-097386
https://doi.org/10.1182/blood-2007-06-097386
https://doi.org/10.1182/blood-2004-03-0803
https://doi.org/10.3324/haematol.2013.091025
https://doi.org/10.3324/haematol.2013.091330
https://doi.org/10.3324/haematol.2016.152900
https://doi.org/10.1182/blood-2007-11-121558
https://doi.org/10.1056/NEJMoa1303688
https://doi.org/10.1056/NEJMoa1706640
https://doi.org/10.1182/blood.V86.7.2815.2815
https://doi.org/10.1086/315435
https://doi.org/10.1086/315435
https://doi.org/10.3389/fped.2023.1247792
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Olson et al. 10.3389/fped.2023.1247792
37. Yanik G, Levine JE, Ratanatharathorn V, Dunn R, Ferrara J, Hutchinson RJ.
Tacrolimus (FK506) and methotrexate as prophylaxis for acute graft-versus-host
disease in pediatric allogeneic stem cell transplantation. Bone Marrow Transplant.
(2000) 26(2):161–7. doi: 10.1038/sj.bmt.1702472

38. Mielcarek M, Storer BE, Boeckh M, Carpenter PA, McDonald GB, Deeg HJ, et al.
Initial therapy of acute graft-versus-host disease with low-dose prednisone does not
compromise patient outcomes. Blood. (2009) 113(13):2888–94. doi: 10.1182/blood-
2008-07-168401

39. Hockenbery DM, Cruickshank S, Rodell TC, Gooley T, Schuening F, Rowley S,
et al. A randomized, placebo-controlled trial of oral beclomethasone dipropionate as a
prednisone-sparing therapy for gastrointestinal graft-versus-host disease. Blood.
(2007) 109(10):4557–63. doi: 10.1182/blood-2006-05-021139

40. Kasper C, Sayer HG, Mügge LO, Schilling K, Scholl S, Issa MC, et al. Combined
standard graft-versus-host disease (GvHD) prophylaxis with mycophenolate mofetil
(MMF) in allogeneic peripheral blood stem cell transplantation from unrelated
donors. Bone Marrow Transplant. (2004) 33(1):65–9. doi: 10.1038/sj.bmt.1704299

41. Nash RA, Pin¨eiro LA, Storb R, Deeg HJ, Fitzsimmons WE, Furlong T, et al.
FK506 in combination with methotrexate for the prevention of graft- versus-host
disease after marrow transplantation from matched unrelated donors. Blood. (1996)
88(9):3634–41.

42. Slavin MA, Osborne B, Adams R, Levenstein MJ, Schoch HG, Feldman AR, et al.
Efficacy and safety of fluconazole prophylaxis for fungal infections after marrow
transplantation—a prospective, randomized, double-blind study. J Infect Dis. (1995)
171(6):1545–52. doi: 10.1093/infdis/171.6.1545

43. Wingard JR, Hsu J, Hiemenz JW. Hematopoietic stem cell transplantation: an
overview of infection risks and epidemiology. Infect Dis Clin North Am. (2010)
24:257–72. doi: 10.1016/j.idc.2010.01.010

44. Afessa B, Peters SG. Major complications following hematopoietic stem cell
transplantation. Semin Respir Crit Care Med. (2006) 27:297–309. doi: 10.1055/s-
2006-945530

45. Zinter MS, Hume JR. Effects of hematopoietic cell transplantation on the
pulmonary immune response to infection. Front Pediatr. (2021) 9:634566. doi: 10.
3389/fped.2021.634566

46. Hume J, Gupta S, Steiner M. Historical outcomes of pediatric hematopoietic
stem cell transplantation patients requiring critical care. J Pediatr Intensive Care.
(2015) 03(03):83–90. doi: 10.3233/PIC-14099

47. Tamburro RF, Barfield RC, Shaffer ML, Rajasekaran S, Woodard P, Morrison RR,
et al. Changes in outcomes (1996-2004) for pediatric oncology and hematopoietic stem
cell transplant patients requiring invasive mechanical ventilation. Pediatr Crit Care
Med. (2008) 9(3):270–7. doi: 10.1097/PCC.0b013e31816c7260

48. Warwick AB, Mertens AC, Ou Shu X, Ramsay NKC, Neglia JP. Outcomes
following mechanical ventilation in children undergoing bone marrow
transplantation. Bone Marrow Transplant. (1998) 22(8):787–94. doi: 10.1038/sj.bmt.
1701417

49. Todd K, Wiley F, Landaw E, Gajewski J, Bellamy PE, Harrison RE, et al. Survival
outcome among 54 intubated pediatric bone marrow transplant patients. Crit Care
Med. (1994) 22(1):171–6. doi: 10.1097/00003246-199401000-00030

50. Nichols DG, Walker LK, Wingard JR, Bender KS, Bezman M, Zahurak ML, et al.
Predictors of acute respiratory failure after bone marrow transplantation in children.
Crit Care Med. (1994) 22(9):1485–91. doi: 10.1097/00003246-199409000-00021

51. Rossi R, Shemie SD, Calderwood S. Prognosis of pediatric bone marrow
transplant recipients requiring mechanical ventilation. Crit Care Med. (1999) 27
(6):1181–6. doi: 10.1097/00003246-199906000-00048

52. Keenan HT, Bratton SL, Martin LD, Crawford SW, Weiss NS. Outcome of
children who require mechanical ventilatory support after bone marrow
transplantation. Crit Care Med. (2000) 28(3):830–5. doi: 10.1097/00003246-
200003000-00036
Frontiers in Pediatrics 09161
53. Hagen SA, Craig DM, Martin PL, Plumer DD, Gentile MA, Schulman SR, et al.
Mechanically ventilated pediatric stem cell transplant recipients: effect of cord blood
transplant and organ dysfunction on outcome. Pediatr Crit Care Med. (2003) 4
(2):206–13. doi: 10.1097/01.PCC.0000043293.83440.79

54. Bojko T, Notterman DA, Greenwald BM, de Bruin WJ, Magid MS, Godwin T.
Acute hypoxemic respiratory failure in children following bone marrow
transplantation: an outcome and pathologic study. Crit Care Med. (1995) 23
(4):755–9. doi: 10.1097/00003246-199504000-00026

55. Kaya Z, Weiner DJ, Yilmaz D, Rowan J, Goyal RK. Lung function, pulmonary
complications, and mortality after allogeneic blood and marrow transplantation in
children. Biol Blood Marrow Transplant. (2009) 15(7):817–26. doi: 10.1016/j.bbmt.
2009.03.019

56. van Gestel JPJ, Bollen CW, Bierings MB, Boelens JJ, Wulffraat NM, van Vught
AJ. Survival in a recent cohort of mechanically ventilated pediatric allogeneic
hematopoietic stem cell transplantation recipients. Biol Blood Marrow Transplant.
(2008) 14(12):1385–93. doi: 10.1016/j.bbmt.2008.09.020

57. Balit CR, Horan R, Dorofaeff T, Frndova H, Doyle J, Cox PN. Pediatric
hematopoietic stem cell transplant and intensive care: have things changed? Pediatr
Crit Care Med. (2016) 17(3):e109–16. doi: 10.1097/PCC.0000000000000607

58. van Gestel JPJ, Bierings MB, Dauger S, Dalle JH, Pavlíček P, Sedláček P, et al.
Outcome of invasive mechanical ventilation after pediatric allogeneic hematopoietic
SCT: results from a prospective, multicenter registry. Bone Marrow Transplant.
(2014) 49(10):1287–92. doi: 10.1038/bmt.2014.147

59. Rowan CM, Gertz SJ, McArthur J, Fitzgerald JC, Nitu ME, Loomis A, et al.
Invasive mechanical ventilation and mortality in pediatric hematopoietic stem cell
transplantation: a multicenter study. Pediatr Crit Care Med. (2016) 17(4):294–302.
doi: 10.1097/PCC.0000000000000673

60. Zinter MS, Dvorak CC, Spicer A, Cowan MJ, Sapru A. New insights into
multicenter PICU mortality among pediatric hematopoietic stem cell transplant
patients. Crit Care Med. (2015) 43(9):1986–94. doi: 10.1097/CCM.0000000000001085

61. Brierley J, Carcillo JA, Choong K, Cornell T, Decaen A, Deymann A, et al.
Clinical practice parameters for hemodynamic support of pediatric and neonatal
septic shock: 2007 update from the American college of critical care medicine. Crit
Care Med. (2009) 37(2):666–88. doi: 10.1097/CCM.0b013e31819323c6

62. Mahadeo KM, McArthur J, Adams RH, Radhi M, Angelo J, Jeyapalan A, et al.
Consensus report by the pediatric acute lung injury and sepsis investigators and
pediatric blood and marrow transplant consortium joint working committees on
supportive care guidelines for management of veno-occlusive disease in children
and adolescents: part 2—focus on ascites, fluid and electrolytes, renal, and
transfusion issues. Biol Blood Marrow Transplant. (2017) 23(12):2023–33. doi: 10.
1016/j.bbmt.2017.08.014

63. Shimomura Y, Morita M, Hashimoto H, Ishikawa T. Fluid overload early after
allogeneic hematopoietic stem cell transplantation was associated with poor survival.
Blood. (2017) 130:3233. doi: 10.1182/blood.V130.Suppl_1.3233.3233

64. Tomaske M, Bosk A, Eyrich M, Bader P, Niethammer D. Risks of mortality in
children admitted to the paediatric intensive care unit after haematopoietic stem cell
transplantation. Br J Haematol. (2003) 121(6):886–91. doi: 10.1046/j.1365-2141.2003.
04390.x

65. Rowan CM, Nitu ME, Moser EAS, Swigonski NL, Renbarger JL. Weight gain and
supplemental O2: risk factors during the hematopoietic cell transplant admission in
pediatric patients. Pediatr Blood Cancer. (2017) 64(11). doi: 10.1002/pbc.26561

66. Benoit G, Phan V, Duval M, Champagne M, Litalien C, Merouani A. Fluid
balance of pediatric hematopoietic stem cell transplant recipients and intensive care
unit admission. Pediatr Nephrol. (2007) 22(3):441–7. doi: 10.1007/s00467-006-0331-z

67. van Gestel JP, Bollen CW, van der Tweel I, Boelens JJ, van Vught AJ. Intensive
care unit mortality trends in children after hematopoietic stem cell transplantation: a
meta-regression analysis. Crit Care Med. (2008) 36(10):2898–904. doi: 10.1097/CCM.
0b013e318186a34a
frontiersin.org

https://doi.org/10.1038/sj.bmt.1702472
https://doi.org/10.1182/blood-2008-07-168401
https://doi.org/10.1182/blood-2008-07-168401
https://doi.org/10.1182/blood-2006-05-021139
https://doi.org/10.1038/sj.bmt.1704299
https://doi.org/10.1093/infdis/171.6.1545
https://doi.org/10.1016/j.idc.2010.01.010
https://doi.org/10.1055/s-2006-945530
https://doi.org/10.1055/s-2006-945530
https://doi.org/10.3389/fped.2021.634566
https://doi.org/10.3389/fped.2021.634566
https://doi.org/10.3233/PIC-14099
https://doi.org/10.1097/PCC.0b013e31816c7260
https://doi.org/10.1038/sj.bmt.1701417
https://doi.org/10.1038/sj.bmt.1701417
https://doi.org/10.1097/00003246-199401000-00030
https://doi.org/10.1097/00003246-199409000-00021
https://doi.org/10.1097/00003246-199906000-00048
https://doi.org/10.1097/00003246-200003000-00036
https://doi.org/10.1097/00003246-200003000-00036
https://doi.org/10.1097/01.PCC.0000043293.83440.79
https://doi.org/10.1097/00003246-199504000-00026
https://doi.org/10.1016/j.bbmt.2009.03.019
https://doi.org/10.1016/j.bbmt.2009.03.019
https://doi.org/10.1016/j.bbmt.2008.09.020
https://doi.org/10.1097/PCC.0000000000000607
https://doi.org/10.1038/bmt.2014.147
https://doi.org/10.1097/PCC.0000000000000673
https://doi.org/10.1097/CCM.0000000000001085
https://doi.org/10.1097/CCM.0b013e31819323c6
https://doi.org/10.1016/j.bbmt.2017.08.014
https://doi.org/10.1016/j.bbmt.2017.08.014
https://doi.org/10.1182/blood.V130.Suppl_1.3233.3233
https://doi.org/10.1046/j.1365-2141.2003.04390.x
https://doi.org/10.1046/j.1365-2141.2003.04390.x
https://doi.org/10.1002/pbc.26561
https://doi.org/10.1007/s00467-006-0331-z
https://doi.org/10.1097/CCM.0b013e318186a34a
https://doi.org/10.1097/CCM.0b013e318186a34a
https://doi.org/10.3389/fped.2023.1247792
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Frontiers in Oncology

OPEN ACCESS

EDITED BY

Pietro Merli,
Bambino Gesù Children’s Hospital (IRCCS),
Italy

REVIEWED BY

Sajad Khazal,
Loma Linda University Cancer Center,
United States
Yasser Wali,
Sultan Qaboos University, Oman

*CORRESPONDENCE

Saad Ghafoor

saad.ghafoor@stjude.org

RECEIVED 24 January 2024

ACCEPTED 26 March 2024
PUBLISHED 12 April 2024

CITATION

Hurley C, McArthur J, Gossett JM, Hall EA,
Barker PJ, Hijano DR, Hines MR, Kang G,
Rains J, Srinivasan S, Suliman A, Qudeimat A
and Ghafoor S (2024) Intrapulmonary
administration of recombinant activated
factor VII in pediatric, adolescent, and
young adult oncology and hematopoietic
cell transplant patients with
pulmonary hemorrhage.
Front. Oncol. 14:1375697.
doi: 10.3389/fonc.2024.1375697

COPYRIGHT

© 2024 Hurley, McArthur, Gossett, Hall, Barker,
Hijano, Hines, Kang, Rains, Srinivasan, Suliman,
Qudeimat and Ghafoor. 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.

TYPE Brief Research Report

PUBLISHED 12 April 2024

DOI 10.3389/fonc.2024.1375697
Intrapulmonary administration of
recombinant activated factor VII
in pediatric, adolescent, and
young adult oncology and
hematopoietic cell transplant
patients with
pulmonary hemorrhage
Caitlin Hurley1,2, Jennifer McArthur1, Jeffrey M. Gossett3,
Elizabeth A. Hall4, Patricia J. Barker5, Diego R. Hijano6,7,
Melissa R. Hines1, Guolian Kang3, Jason Rains1,
Saumini Srinivasan8, Ali Suliman2, Amr Qudeimat2

and Saad Ghafoor1*

1Department of Pediatrics, Division of Critical Care Medicine, St. Jude Children’s Research Hospital,
Memphis, TN, United States, 2Department of Bone Marrow Transplant and Cellular Therapy, St. Jude
Children’s Research Hospital, Memphis, TN, United States, 3Department of Biostatistics, St. Jude
Children’s Research Hospital, Memphis, TN, United States, 4Department of Clinical Pharmacy and
Translational Science, University of Tennessee Health Science Center, Memphis, TN, United States,
5Department of Pharmacy and Pharmaceutical Sciences, St. Jude Children’s Research Hospital,
Memphis, TN, United States, 6Department of Infectious Diseases, St. Jude Children’s Research
Hospital, Memphis, TN, United States, 7Department of Pediatrics, University of Tennessee Health and
Science Center, Memphis, TN, United States, 8Department of Pediatrics, Division of Pulmonary
Medicine, University of Tennessee Health and Science Center, Memphis, TN, United States
Introduction:Diffuse alveolar hemorrhage (DAH) is a devastating disease process

with 50-100% mortality in oncology and hematopoietic cell transplant (HCT)

recipients. High concentrations of tissue factors have been demonstrated in the

alveolar wall in acute respiratory distress syndrome and DAH, along with elevated

levels of tissue factor pathway inhibitors. Activated recombinant factor VII (rFVIIa)

activates the tissue factor pathway, successfully overcoming the tissue factor

pathway inhibitor (TFPI) inhibition of activation of Factor X. Intrapulmonary

administration (IP) of rFVIIa in DAH is described in small case series with

successful hemostasis and minimal complications.

Methods: We completed a single center retrospective descriptive study of

treatment with rFVIIa and outcomes in pediatric oncology and HCT patients

with pulmonary hemorrhage at a quaternary hematology/oncology hospital

between 2011 and 2019. We aimed to assess the safety and survival of patients

with pulmonary hemorrhage who received of IP rFVIIa.

Results: We identified 31 patients with pulmonary hemorrhage requiring ICU

care. Thirteen patients received intrapulmonary rFVIIa, while eighteen patients

did not. Overall, 13 of 31 patients (41.9%) survived ICU discharge. ICU survival

(n=6) amongst those in the IP rFVIIa group was 46.2% compared to 38.9% (n=7) in

those who did not receive IP therapy (p=0.69). Hospital survival was 46.2% in the
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IP group and 27.8% in the non-IP group (p=0.45). There were no adverse events

noted from use of IP FVIIa.

Conclusions: Intrapulmonary rFVIIa can be safely administered in pediatric

oncology patients with pulmonary hemorrhage and should be considered a

viable treatment option for these patients.
KEYWORDS

pulmonary hemorrhage, diffuse alveolar hemorrhage (DAH), hematopoietic cell
transplant (HCT), recombinant factor VIIa, pediatric oncologic emergencies, critical care
Introduction

Pulmonary hemorrhage, specifically, diffuse alveolar hemorrhage

(DAH), is a devastating disease process with 50-100% mortality in

oncology and hematopoietic cell transplant (HCT) recipients. It is

characterized by a pattern of clinical and radiological findings

including hypoxemic respiratory failure, anemia, hemoptysis, diffuse

interstitial infiltrates on chest radiography, and progressively bloody

return on bronchoalveolar lavage (1–4). The pathogenesis, while not

fully elucidated, is thought to occur from direct lung injury of varying

etiologies, leading to alveolar inflammation, dysregulated cytokine

release, and subsequent widespread injury to the alveolar-capillary

basement membrane (1, 2, 5). Pulmonary inflammation causes

increased intra-alveolar expression of tissue factor (TF) with high

concentrations detected in the alveolar wall in patients with acute

respiratory distress syndrome (ARDS), pneumonia, and DAH. Tissue

factor pathway inhibitors (TFPIs) also increase significantly. TFPIs

prevent binding of activated Factor VII (FVIIa) and TF, ultimately

preventing Factor X activation and downstream activation of fibrin to

achieve hemostasis. This phenomenon offers a hypothesis for

increased risk of bleeding in the inflamed lung as well as rationale

for local administration of hemostatic agents (6–8). In addition to

overcoming the TFPI, Factor VIIa is useful in patients who lack

abnormalities on traditional coagulation studies. Factor VIIa not only

directly activates Factor X, but it also increases thrombin production

on the surface of activated platelets without the need of VIII and IX,

and even in the face of in thrombocytopenia (9–13).

As DAH in oncology and HCT patients is thought to be

propagated from dysregulated inflammation, glucocorticoids have

been the mainstay of therapy, though its use has not resulted in

significantly improved outcomes (2, 4, 14–16). Novel administration

of hemostatic agents, such as inhaled tranexamic acid (TXA) and

activated recombinant factor VII (rFVIIa), in oncology and post-HCT

DAH has yielded promising preliminary outcomes in few adult and
rFVIIa, Recombinant

DS, Acute respiratory

or; TFPI, Tissue factor
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pediatric case reports and case series (7, 8, 17–23). These potentially

promising results prompted the recent incorporation of these agents

into our clinical practice for patients at very high risk of death. We

present a retrospective review of patients over 8 years during which

our treatment practice has evolved. We hypothesized that the use of

intrapulmonary rFVIIa would be safe and improve survival.
Methods

We completed a single-center, retrospective descriptive study of

treatment regimens and outcomes in pediatric, adolescent, and young

adult oncology and HCT patients diagnosed with pulmonary

hemorrhage, including DAH, at a quaternary pediatric hematology/

oncology hospital (St. Jude Children’s Research Hospital, Memphis, TN,

USA) between August 2011 and December 2019. The study underwent

expedited review approval by the local Institutional Review Board.

Patients were identified by ICU admission log diagnoses and electronic

medical record survey of codes for pulmonary hemorrhage and diffuse

alveolar hemorrhage. Treatment regimens were extracted from the

medical record including date, time, route of administration, and dose

of rFVIIa as well as additional adjuvant therapies with steroids,

immunomodulators and inhaled TXA. Dose routes were

characterized as intravenous (IV) or intrapulmonary. Intrapulmonary

was defined as nebulized, direct instillation via ETT with or without

bronchoscopy. Demographic and outcome data were collected

including primary diagnosis, history, and type of HCT, ventilator free

days, ICU and hospital length of stay, platelet counts and coagulation

panels at onset of hemorrhage. We also collected safety data including

need for reintubation for endotracheal tube obstruction from

thrombosis or secretions. The primary outcome was defined as

survival to ICU discharge.
Drug preparation and administration

Activated human recombinant factor VII (rFVIIa) solutions

were aseptically prepared by the inpatient pharmacy and dispensed

to the ICU. For direct intrapulmonary administration during
frontiersin.org
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bronchoscopy procedures patients received rFVIIa 50mcg/kg/dose

(rounded to nearest vial size). As previously described, the dose was

diluted with 25-50 ml of sterile 0.9% sodium chloride solution and

divided into 5 aliquots of approximately 5-10 ml to facilitate ease of

administration into the five lobes of the lung (7, 18). For

nebulization, rFVIIa 50-75 mcg/kg/dose (rounded to nearest vial

size) was prepared in 3-5 ml of sterile 0.9% sodium chloride and

administered at varying frequency from every 6 hours to once daily

at the discretion of the prescribing physician. The Aerogen Solo™

vibrating mesh nebulizer was placed inline before the humidifier on

the inspiratory side of the ventilator circuit. After encountering

problems with ventilator malfunction during inhaled TXA delivery

in prior patients, the following procedure was implemented. Despite

nebulized delivery of rFVIIa not reported to have the same effects as

TXA on the ventilator circuit, to ensure safe delivery, we employed

the following precautions with administration of all inhaled agents

including rFVIIa. Two Maquet Servo Duo guard filters were placed

on the expiratory limb of the ventilator circuit and exchanged

immediately upon completion of medication delivery

(Supplementary Figure 1A). A one-way valve was placed between

the nebulizer and inspiratory outlet to protect the inspiratory arm of

the ventilator circuit. (Supplementary Figure 1B)
Statistical methods

All coding and data analyses were done using SAS version 9.4 or

R version 4.3.2. Continuous variables were summarized as number,

mean (standard deviation [SD]), and median (range). The Shapiro-

Wilk’s test was used to test for normality within groups, and group

comparisons were made using either a Wilcoxon Rank Sum Test or

two-sample t-test, as appropriate. Categorical variables were

summarized as count and percent, and group comparisons were

made using either Pearson’s chi-square test or Fisher’s exact test.

Kaplan-Meier and exact log-rank tests were used to compare PICU

and hospital survival of those treated and not treated with

IP rFVIIa.
Results

Over the eight-year retrospective period, we identified 31

patients with pulmonary hemorrhage requiring ICU care

(Table 1). Of the 31 patients, thirteen patients received

intrapulmonary IP rFVIIa treatment. Eighteen patients did not

receive IP rFVIIa. There were no identified systemic thrombotic

events and no obstructed endotracheal tubes requiring exchange in

the cohort.

Pulmonary hemorrhage was diagnosed by bronchoalveolar

lavage in 18 (58.1%) patients and clinically in the remaining

patients (defined as hemoptysis, blood visualized from vocal cords

on direct laryngoscopy during intubation, bloody secretions from

endotracheal tube with diffuse patchy infiltrates on chest

radiographic findings and/or hypoxemic respiratory failure).

Overall, 13 of 31 (41.9%) survived to ICU discharge and 11

patients (35.5%) survived to hospital discharge. Severity of illness was
Frontiers in Oncology 03164
evaluated by oxygenation index (OI) or oxygenation saturation index

(OSI) when arterial blood gas was not available for OI calculation.

The mean OI and OSI in the overall cohort were 32 (SD 18.7) and

17.7 (SD 12.1) respectively. Amongst ICU survivors, the meanOI was

23.4 (SD 29.4) compared to 37.4 (SD 14.5) in non-ICU survivors

(p=0.82) and mean OSI was 15.8 (SD 9.6) versus a mean OSI of 19.1

(SD 13.9) in non-survivors (p=0.73). Mean platelet count at time of

hemorrhage was 98,000/mm3 (SD 55,400/mm3), with a median of

81,000/mm3 (range 26,000-230,000/mm3) and did not differ

significantly between ICU survivors and non-survivors (p=0.15).

Mean prothrombin time, partial thromboplastin time, international

normalized ratio, and fibrinogen was 17.5 seconds, 38.1 seconds, 1.6

and 374 mg/dL respectively. Ventilator free days was significantly

higher in ICU survivors with a mean of 13.1days (SD 10.2) compared

to zero days in non-survivors (p=<0.001). PICU length of stay did not

differ significantly (Table 1).

Thirteen patients received intrapulmonary rFVIIa, and eighteen

patients did not receive IP treatment. Patient characteristics by ICU

survival for each treatment group, IP rFVIIa and no IP FVIIa are

shown in Tables 2, 3, respectively. Of the 13 patients treated with IP

rFVIIa, 6 (46%) survived both ICU and hospital discharge. There

was no significant difference in PICU survival between patients

treated and not treated with IP-rFVIIa (p=0.1) (Figure 1A);

however, patients who received IP rFVIIa had lower hospital

mortality than patients who were not treated with IP rFVIIa

(p=0.029) (Figure 1B).

As we began to implement the use of inhaled TXA clinically

after the initiation of study period, a post hoc analysis was

completed of the patients who received therapy with inhaled

TXA. Five patients received inhaled TXA three of whom also

received inhaled rFVIIa. All survived to ICU discharge and 80%

(n= 4) survived to hospital discharge. There were no adverse events

in this group either.
Discussion

Pulmonary hemorrhage, specifically diffuse alveolar hemorrhage,

is a well-recognized pulmonary complication of hematopoietic cell

transplantation, occurring in approximately 5% of post-transplant

patients (4, 14). It has also been described in the setting of acute

myelogenous leukemia (24). Its exact pathogenesis has not been well

elucidated but is thought to be from a direct injury to the lung

parenchyma followed by a combination of alveolar inflammation and

dysregulated cytokine release leading to further damage of the

alveolar-capillary membrane (3). The initial lung injury may be

secondary to various factors, such as conditioning agents, occult

infection, transplant-associated thrombotic microangiopathy, graft-

versus-host disease, or idiopathic pneumonia syndrome (3, 15, 25). In

patients with acute myelogenous leukemia, this lung injury results

from lysis of leukemic cells, which release lysozymes and other

enzymes into the circulation (26).

The pathogenesis of DAH is thought to be inflammation-

mediated. Therefore, glucocorticoids have historically been the

mainstay of therapy, along with other supportive measures such as

mechanical ventilation, transfusion of blood products, treatment of
frontiersin.org
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TABLE 1 Entire Cohort (N=31) by PICU Survival.

Variable Total (n=31) Survived ICU (n=13)
Died ICU
(n=18) P Value

Age, years 0.475

Mean (SD) 9.6 (6.8) 10.7 (6.9) 8.9 (6.9) .

Median (Range) 10.0 (0.8~23.0) 12.0 (0.8~20.0) 9.5 (0.8~23.0) .

Gender 0.409

Female 17 (54.8%) 6 (46.2%) 11 (61.1%) .

Male 14 (45.2%) 7 (53.8%) 7 (38.9%) .

Diagnosis Pulmonary Hemorrhage 0.284

BAL 18 (58.1%) 9 (69.2%) 9 (50.0%) .

Clinical 13 (41.9%) 4 (30.8%) 9 (50.0%) .

Primary Dx 0.288

Brain tumor 1 (3.2%) 1 (7.7%) .

Non-malignant hematologic disorder 3 (9.7%) 1 (7.7%) 2 (11.1%) .

Leukemia 21 (67.7%) 7 (53.8%) 14 (77.8%) .

Lymphoma 1 (3.2%) 1 (5.6%) .

Primary HLH 1 (3.2%) 1 (7.7%) .

Solid tumor 4 (12.9%) 3 (23.1%) 1 (5.6%) .

Post HCT 0.111

No 4 (12.9%) 2 (15.4%) 2 (11.1%) .

Autologous 3 (9.7%) 3 (23.1%) .

MSD 1 (3.2%) 1 (7.7%) .

MUD 8 (25.8%) 3 (23.1%) 5 (27.8%) .

Haploidentical 15 (48.4%) 4 (30.8%) 11 (61.1%) .

IP rFVIIa 0.686

No 18 (58.1%) 7 (53.8%) 11 (61.1%) .

Yes 13 (41.9%) 6 (46.2%) 7 (38.9%) .

Vent-free days <.001

Mean (SD) 5.5 (9.2) 13.1 (10.2) 0 (0) .

Median (Range) 0 (0~25) 17 (0~25) 0 (0~0) .

PICU LOS, days 0.795

Mean (SD) 41.9 (50.3) 48.3 (71.4) 37.2 (28.4) .

Median (Range) 25 (1~262) 19 (3~262) 41.5 (1~93) .

Hospital LOS, days 0.471

Mean (SD) 65.9 (63.8) 73.1 (90.1) 60.8 (37.3) .

Median (Range) 46 (3~333) 37 (3~333) 61.5 (4~138) .

OSI, pre 0.733

N 23 10 13 .

Mean (SD) 17.7 (12.1) 15.8 (9.6) 19.1 (13.9) .

Median (Range) 12.7 (4.5~58.8) 13.7 (4.5~38.8) 12.6 (5.6~58.8) .

(Continued)
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TABLE 1 Continued

Variable Total (n=31) Survived ICU (n=13)
Died ICU
(n=18) P Value

OI pre 0.817

N 6 2 4 .

Mean (SD) 32.7 (18.7) 23.4 (29.4) 37.4 (14.5) .

Median (Range) 30.8 (2.6~59.0) 23.4 (2.6~44.2) 30.8 (29.0~59.0) .

PLT count 0.150

N 29 11 18 .

Mean (SD) 98.3 (55.4) 113.0 (55.1) 89.3 (55.3) .

Median (Range) 81 (26~230) 103 (41~230) 76 (26~215) .

PT 0.810

Mean (SD) 17.6 (4.0) 17.5 (3.8) 17.8 (4.2) .

Median (Range) 16.6 (13.0~27.3) 17.1 (13.2~24.9) 16.0 (13.0~27.3) .

INR 0.840

N 29 11 18 .

Mean (SD) 1.6 (0.5) 1.5 (0.5) 1.6 (0.5) .

Median (Range) 1.4 (1.0~2.8) 1.5 (1.0~2.3) 1.4 (1.1~2.8) .

PTT 0.619

N 28 11 17 .

Mean (SD) 38.1 (11.5) 36.8 (10.4) 39.0 (12.4) .

Median (Range) 35.6 (22.7~64.7) 35.5 (24.3~57.5) 36.1 (22.7~64.7) .

Fibrinogen 0.997

N 28 10 18 .

Mean (SD) 374.1 (170.3) 374.0 (127.8) 374.2 (193.5) .

Median (Range) 369 (67~722) 399 (96~531) 338 (67~722) .
F
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ICU, intensive care unit; HCT, hematopoietic cell transplant; auto, autologous; haplo, haploidentical; MSD, matched sibling donor; MUD, matched unrelated donor; BAL, bronchoalveolar
lavage; OSI, oxygenation saturation index; OI, oxygenation index; SD, standard deviation; LOS, length of stay; Vent, ventilator; PLT, platelet; PT, prothrombin time; PTT, partial thromboplastin
time; INR, internationalized standard ratio.
TABLE 2 PICU Survival for Patients Treated with Intrapulmonary FVIIa.

Variable Total (n=13) Survived ICU (n=6)
Died ICU
(n=7) P Value

Age, years 0.603

N 13 6 7 .

Mean (SD) 9.4 (7.5) 8.1 (7.5) 10.4 (7.9) .

Median (Range) 9.0 (0.8~23.0) 5.0 (0.8~18.0) 10.0 (1.0~23.0) .

Gender 1.000

Female 5 (38.5%) 2 (33.3%) 3 (42.9%) .

Male 8 (61.5%) 4 (66.7%) 4 (57.1%) .

Primary Diagnosis 1.000

(Continued)
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TABLE 2 Continued

Variable Total (n=13) Survived ICU (n=6)
Died ICU
(n=7) P Value

Non-malignant
Hematologic
disorder

2 (15.4%) 1 (16.7%) 1 (14.3%) .

Leukemia 7 (53.8%) 3 (50.0%) 4 (57.1%) .

Lymphoma 1 (7.7%) 1 (14.3%) .

Solid tumor 3 (23.1%) 2 (33.3%) 1 (14.3%) .

HCT source 0.125

No 1 (7.7%) 1 (16.7%) .

Autologous 2 (15.4%) 2 (33.3%) .

MSD 1 (7.7%) 1 (16.7%) .

MUD 3 (23.1%) 1 (16.7%) 2 (28.6%) .

Haploidentical 6 (46.2%) 1 (16.7%) 5 (71.4%) .

Diagnosis Pulmonary Hemorrhage 0.103

BAL 7 (53.8%) 5 (83.3%) 2 (28.6%) .

Clinical 6 (46.2%) 1 (16.7%) 5 (71.4%) .

OSI, pre 0.219

N 11 5 6 .

Mean (SD) 17.2 (6.7) 14.4 (4.2) 19.6 (7.8) .

Median (Range) 17.5 (8.2~29.6) 14.7 (8.2~19.0) 20.4 (9.0~29.6) .

OI, pre NA

N 2 1 1 .

Mean (SD) 44.6 (0.6) 44.2 (.) 45.0 (.) .

Median (Range) 44.6 (44.2~45.0) 44.2 (44.2~44.2) 45.0 (45.0~45.0) .

PICU LOS, days 0.306

N 13 6 7 .

Mean (SD) 62.5 (67.3) 86.5 (94.0) 42.0 (25.3) .

Median (Range) 47 (3~262) 66.5 (8~262) 47 (3~74) .

Hospital LOS, days 0.464

N 13 6 7 .

Mean (SD) 92.7 (86.2) 114.5 (120.6) 74 (43) .

Median (Range) 67 (13~333) 75 (13~333) 67 (17~138) .

Vent free days 0.053

N 13 6 7 .

Mean (SD) 4.7 (9.0) 10.2 (11.4) 0.0 (0.0) .

Median (Range) 0.0 (0.0~24.0) 8.5 (0.0~24.0) 0.0 (0.0~0.0) .

PLT count 0.561

N 13 6 7 .

Mean (SD) 64.5 (32.3) 70.5 (42.5) 59.4 (22.7) .

Median (Range) 56 (30~130) 52 (30~130) 74 (31~84) .

(Continued)
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TABLE 2 Continued

Variable Total (n=13) Survived ICU (n=6)
Died ICU
(n=7) P Value

PT 0.287

N 13 6 7 .

Mean (SD) 17.7 (4.7) 16.1 (3.4) 19.0 (5.4) .

Median (Range) 15.4 (13.2~27.3) 15.0 (13.2~22.0) 15.4 (14.1~27.3) .

PTT 0.695

N 13 6 7 .

Mean (SD) 36.1 (12.1) 34.6 (9.0) 37.4 (14.8) .

Median (Range) 33.4 (22.7~60.0) 34.5 (24.3~50.6) 31.7 (22.7~60.0) .

INR 0.277

N 13 6 7 .

Mean (SD) 1.5 (0.6) 1.4 (0.4) 1.7 (0.6) .

Median (Range) 1.3 (1.0~2.8) 1.2 (1.0~2.1) 1.3 (1.2~2.8) .

Fibrinogen 0.667

N 13 6 7 .

Mean (SD) 367.0 (136.0) 385.7 (95.9) 351.0 (169.3) .

Median (Range) 358 (197~694) 395.5 (249~531) 309 (197~694) .
F
rontiers in Oncology
 07168
ICU, intensive care unit; HCT, hematopoietic cell transplant; auto, autologous; haplo, haploidentical; MSD, matched sibling donor; MUD, matched unrelated donor; BAL, bronchoalveolar
lavage; OSI, oxygenation saturation index; OI, oxygenation index; SD, standard deviation; LOS, length of stay; Vent, ventilator; PLT, platelet; PT, prothrombin time; PTT, partial thromboplastin
time; INR, internationalized standard ratio.
TABLE 3 PICU Survival for Patients Not Treated with Intrapulmonary FVIIa.

Variable Total (n=18) Survived ICU (n=7)
Died ICU
(n=11) P Value

Age (years) 0.196

N 18 7 11 .

Mean (SD) 10.4 (6.3) 12.9 (6.1) 8.9 (6.1) .

Median (Range) 11.5 (0.8~20.0) 13.0 (1.0~20.0 10.0 (0.8~19.0 .

Gender 0.627

Female 12 (66.7%) 4 (57.1%) 8 (72.7%) .

Male 6 (33.3%) 3 (42.9%) 3 (27.3%) .

Primary Diagnosis 0.137

Brain tumor 1 (5.6%) 1 (14.3%) .

Non-malignant Hematologic disorder 1 (5.6%) 1 (9.1%) .

Leukemia 14 (77.8%) 4 (57.1%) 10 (90.9%) .

Primary HLH 1 (5.6%) 1 (14.3%) .

Solid tumor 1 (5.6%) 1 (14.3%) .

Post HCT 0.881

No 3 (16.7%) 1 (14.3%) 2 (18.2%) .

Autologous 1 (5.6%) 1 (14.3%) .

(Continued)
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TABLE 3 Continued

Variable Total (n=18) Survived ICU (n=7)
Died ICU
(n=11) P Value

MUD 5 (27.8%) 2 (28.6%) 3 (27.3%) .

Haploidentical 9 (50.0%) 3 (42.9%) 6 (54.5%) .

Diagnosis Pulmonary Hemorrhage 1.000

BAL 11 (61.1%) 4 (57.1%) 7 (63.6%) .

Clinical 7 (38.9%) 3 (42.9%) 4 (36.4%) .

OSI, pre 1.000

N 12 5 7 .

Mean (SD) 18.2 (15.8) 17.4 (13.4) 18.7 (18.3) .

Median (Range) 11.4 (4.5~58.8) 11.5 (4.5~38.8) 11.3 (5.6~58.8) .

OI, pre NA

N 4 1 3

Mean (SD) 23.3 (13.8) 2.6 (NA) 30.2 (1.6)

Median (Range) 29.25 (2.6, 32.0) 29.5 (29.0, 32.0)

PICU LOS, days 0.093

N 18 7 11 .

Mean (SD) 26.9 (26.4) 15.6 (11.4) 34.2 (31.0) .

Median (Range) 18.5 (1.0~93.0) 11.0 (3.0~36.0) 23.0 (1.0~93.0) .

Hospital LOS, days 0.348

N 18 7 11 .

Mean (SD) 46.6 (31.6) 37.6 (30.2) 52.4 (32.5) .

Median (Range) 34.5 (3.0~109.0) 29.0 (3.0~99.0) 46.0 (4.0~109.0) .

Vent free days 0.004

N 18 7 11 .

Mean (SD) 6.1 (9.6) 15.6 (9.3) 0.0 (0.0) .

Median (Range) 0.0(0.0~25.0) 19.0(3.0~25.0 0.0(0.0~0.0) .

PLT count 0.770

N 18 7 11 .

Mean (SD) 64.3 (35.6) 68.1 (52.2) 61.8 (22.6) .

Median (Range) 64.5 (8~130) 81 (8~130) 62 (32~112) .

PT 0.295

N 18 7 11 .

Mean (SD) 17.4 (3.7) 18.6 (4.0) 16.7 (3.4) .

Median (Range) 16.5 (13.0~24.9) 17.7 (14.3~24.9) 15.5 (13.0~22.5) .

PTT 0.406

N 17 7 10 .

Mean (SD) 53.4 (26.2) 44.7 (17.0) 59.6 (30.5) .

Median (Range) 41.2 (25.1~101.0) 41.1(27.9~76.0) 46.1 (25.1~101.0) .

INR 0.365

(Continued)
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potential infections, and extracorporeal membrane oxygenation in

rare cases (2–4, 14, 27). While glucocorticoids remain a foundational

therapy, optimal dosing is unknown and efficacy is unclear with

various publications showing conflicting data. Recently, Chopra et al.

showed a survival benefit in the population of pediatric HCT patients

who received steroids for management of DAH, while Schoettler et al.

found steroids associated with worse survival (23, 28). Steroid use

may subject this vulnerable patient population to untoward side-

effects such as infection, hypertension, hyperglycemia, and myopathy

(4, 14, 29, 30). Therefore, other management strategies are needed.

In recent years, therapies such as rFVIIa and TXA have been

used as novel agents in the treatment of post-HCT DAH (17, 18, 23,

31, 32). We report on the use of rFVIIa in the treatment of

pulmonary hemorrhage/DAH in the largest cohort of pediatric

HCT and oncology patients published to date. We found the use of

intrapulmonary rFVIIa both safe. Though not statistically

significant, there was a trend towards improved ICU and

hospital survival.

Severity of pulmonary illness, defined by OI and OSI at time of

pulmonary hemorrhage diagnosis, did not differ significantly

between ICU survivors and non-survivors. Propensity for

bleeding, as evidenced by mean and median platelet counts at
Frontiers in Oncology 09170
onset of hemorrhage also did not differ between survivors and non-

survivors. Although OI may be useful in determining needs for

escalating respiratory support, including high frequency oscillatory

therapy and/or extracorporeal membrane oxygenation (ECMO), it

may not offer insight into chance of survival. The mean and median

PLT count at time of diagnosis was 98,000/mm3 and 81,000/mm3,

respectively, and did not differ significantly between survivors and

non-survivors.

The practice of maintaining PLT count >50,000/mm3 was

insufficient to prevent bleeding as 61% (n=19) of pulmonary

hemorrhages occurred with a PLT count >50,000/mm3 and

furthermore, 39% (n=12) occurred with a PLT count >75,000/

mm3. Therefore, normalizing the platelet count is not sufficient to

manage pulmonary hemorrhage in this population.

There were no obvious safety issues noted with intrapulmonary

administration of the drug. There was no evidence of worsening of

oxygenation as the OI remained stable after instillation. There were

no episodes of clot formation blocking endotracheal tubes and no

patient required reintubation. Systemic levels of rFVIIa were not

evaluated as this was not part of our routine practice.

Recombinant activated factor VIIa (rFVIIa) is an intravenous

hemostatic agent indicated for the treatment of bleeding episodes
TABLE 3 Continued

Variable Total (n=18) Survived ICU (n=7)
Died ICU
(n=11) P Value

N 18 7 11 .

Mean (SD) 1.5 (0.4) 1.6 (0.5) 1.5 (0.4) .

Median (Range) 1.4 (1.1~2.3) 1.5 (1.2~2.3) 1.3 (1.1~2.2) .

Fibrinogen 0.934

N 17 6 11 .

Mean (SD) 351.4 (182.3) 346.2 (148.5) 354.2 (205.2) .

Median (Range) 381 (67~646) 388.5 (96~511) 317 (67~646) .
ICU, intensive care unit; HCT, hematopoietic cell transplant; auto, autologous; haplo, haploidentical; MSD, matched sibling donor; MUD, matched unrelated donor; BAL, bronchoalveolar
lavage; OSI, oxygenation saturation index; OI, oxygenation index; SD, standard deviation; LOS, length of stay; Vent, ventilator; PLT, platelet; PT, prothrombin time; PTT, partial thromboplastin
time; INR, internationalized standard ratio.
BA

FIGURE 1

PICU (A) and Hospital (B) Mortality for Patients Treated and Not Treated with IP FVIIa. PICU, pediatric intensive care unit; IP FVIIA, intrapulmonary
recombinant activated factor VII.
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and peri-operative management in patients with inherited and

acquired hemophilia (33). Hemostasis is achieved by both TF-

tissue factor dependent (extrinsic pathway) and independent

pathways. The former occurs as rFVIIa binds to TF and activated

platelets at sites of tissue injury, thus activating Factor X and Factor

IX resulting in thrombin generation and successfully overcoming

the TFPI inhibition of activation of factor X. In a TF- independent

manner, rFVIIa directly activates Factor X on the surface of

activated platelets (34). Recombinant activated factor VII was

initially developed for hemophilia A/B patients who also had the

presence of an inhibitor (34, 35). Its use is described in a variety of

clinical scenarios, such as congenital factor VII deficiency, hepatic

dysfunction, post-operative bleeding, and qualitative platelet

disorders (36). More recently, nebulized use of rFVIIa has been

reported in the treatment of DAH post-HCT. It is thought to

promote hemostasis by overcoming an excess of tissue factor

pathway inhibitors in inflamed alveoli, thereby restoring

thrombin generation (17, 18, 22).

Tranexamic acid (TXA) is a potent anti-fibrinolytic agent, a

derivative of the amino acid lysine, that binds to plasminogen,

inhibiting its binding to fibrin and thus preventing plasmin

activation and subsequent degradation of fibrin clots (37). It has

been used as a preventative measure and hemostatic therapy in

various clinical conditions including hemophilia, immune

thrombocytopenia, trauma, and intraoperatively (38, 39) Its use

in pulmonary hemorrhage has been described in a handful of adult

and pediatric patients with promising hemostatic results. When

administered directly into the airway, it is thought to act by

enhancing the activity of remaining anti-fibrinolytic factors at

sites of ongoing bleeding while decreasing the risk of adverse

effects such as thromboembolic events and neurotoxicity

associated with systemically administered TXA (17, 40, 41).

Additionally, Schoettler, et al. demonstrated decreased non-

relapse mortality with inhaled rFVIIa and inhaled TXA in a

retrospective analysis of pediatric HCT patients (23). TXA was

delivered by inhalation only, undiluted at either 250 mg (patients <

25 kg) or 500 mg (patients ≥ 25 kg) per dose. All aerosol solutions

were delivered using the Aerogen Solo™ vibrating mesh nebulizer,

which was placed inline before the humidifier on the inspiratory

side of the ventilator circuit. As noted, after encountering

problems with ventilator malfunction during inhaled TXA

delivery, two Maquet Servo Duo guard filters were placed on the

expiratory limb of the ventilator circuit and exchanged immediately

upon completion of medication delivery (Supplementary

Figure 1A). A one-way valve was placed between the nebulizer

and inspiratory outlet to protect the inspiratory arm of the

ventilator circuit. (Supplementary Figure 1B). All filters and

equipment were routinely inspected for proper function by the

respiratory therapists.

The use of locally instilled, intrapulmonary TXA and rFVIIa for

DAH post pediatric HCT was first reported by Bafaqih, et al., in

2015. They reported a series of 18 pediatric patients with post-HCT

DAH who were not responsive to conventional therapies and were

subsequently treated with IP TXA +/- IP rFVIIa. Of these, 16

patients (89%) achieved hemostasis and 16 patients (89%) survived

to ICU discharge. Park, et al., reported a series of 6 pediatric patients
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with DAH post-HCT treated with intrapulmonary rFVIIa, of which

all achieved hemostasis and 4 (67%) were liberated frommechanical

ventilation within 7 days.

Although our study demonstrated slightly lower ICU survival

rate (58.8%) in comparison to prior studies, our cohort was nearly

twice as large as many of the previous reports. Furthermore, both

ICU and hospital survival were greater in those who received

intrapulmonary procoagulant therapy compared to those who did

not. Intrapulmonary therapy with TXA and rFVIIa are components

of our comprehensive approach described in Supplementary

Figure 2. In addition, we institute early bronchoscopy, high mean

airway pressure to tamponade alveolar bleeding, glucocorticoid

therapy to control inflammation when indicated, and treatment

of co-morbidities such as TA-TMA, graft versus host disease, and

idiopathic pneumonia syndrome. This two-step hemostasis

regimen has also enabled us to support two patients who were

refractory to pharmacologic management with rescue

cardiopulmonary support (ECMO) (42).

Our study has several important limitations. As a retrospective,

single center study our data is limited by chart review and may be

incomplete. Additionally, throughout this 8-year review, we lacked

a standard treatment approach. As such, clinical practices, and use

of TXA and FVIIa were varied, and individual physician decision

making factors to offer inhaled treatment or not were not clearly

documented to include in the analysis, thereby limiting the

interpretation of our results. Furthermore, our population is

limited to pediatric oncology and HCT patients, and results may

not be generalizable to other populations. Despite these limitations,

this study is the largest single center retrospective report of the use

of intrapulmonary instillation of rFVIIa in pulmonary hemorrhage

seen in oncology and HCT recipients. Our standardized approach is

based upon pathophysiological reasoning. There were no safety

concerns identified in our patient population and there was a trend

towards improved survival. The limited number of subjects likely

prevented this trend from being statistically significant as well as the

selection of ICU survival as the primary outcome.

This patient population often has co-morbid diagnoses

increasing mortality as well as death from underlying cancer and

related therapies. Future well designed, multi-center prospective

studies evaluating the use of both intrapulmonary TXA and FVIIa

are warranted.

We conclude that the use of IP rFVIIa is a safe and feasible

therapy in oncology and HCT-associated pulmonary hemorrhage

in children. We believe these therapies can be safely used and have

the potential to improve survival. They are a welcome addition to

the armamentarium of therapies for managing this devastating

disease process.
Conclusion

The use of IP FVIIa is both safe and feasible for the treatment of

pulmonary hemorrhage in pediatric oncology and HCT patients.

This safety and feasibility were also noted in an exceedingly small

cohort of patients treated with inhaled TXA. Intrapulmonary

administration of antifibrinolytic therapies should be considered
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as a treatment option for patients with pulmonary hemorrhage.

However, larger prospective studies are warranted to further

evaluate the effectiveness and impact on patient outcomes of the

aforementioned therapies.
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the pediatric intensive care unit
(PICU) post-hematopoietic cell
transplant, PICU utilization, and
outcomes following HCT: a single
center retrospective analysis
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Pediatric Critical Care Medicine, University of Minnesota MHealth Fairview Masonic Children’s Hospital,
Minneapolis, MN, United States
Hematopoietic cell transplant (HCT) is a curative treatment for multiple
malignant and non-malignant disorders. While morbidity and mortality have
decreased significantly over the years, some patients still require management
in the pediatric intensive care unit (PICU) during their HCT course for
additional respiratory, cardiovascular, and/or renal support. We retrospectively
reviewed pediatric patients (0–18 years) who underwent HCT from January
2015–December 2020 at our institution to determine risk factors for PICU
care and evaluate PICU utilization and outcomes. We also assessed pulmonary
function testing (PFT) data to determine if differences were noted between
PICU and non-PICU patients as well as potential evolution of pulmonary
dysfunction over time. Risk factors of needing PICU care were lower age,
lower weight, having an underlying inborn error of metabolism, and receiving
busulfan-based conditioning. Nearly half of PICU encounters involved
use of each of respiratory support types including high-flow nasal cannula,
non-invasive positive pressure ventilation, and mechanical ventilation.
Approximately one-fifth of PICU encounters involved renal replacement
therapy. Pulmonary function test results largely did not differ between PICU
and non-PICU patients at any timepoint aside from individuals who required
PICU care having lower DLCO scores at one-year post-HCT. Future directions
include consideration of combining our data with other centers for a multi-
center retrospective analysis with the goal of gathering and reporting
additional multi-center data to work toward continuing to decrease morbidity
and mortality for patients undergoing HCT.

KEYWORDS

hematopoietic cell transplant (HCT), hematopoietic stem cell transplant (HSCT), pediatric

intensive care unit (PICU), utilization, outcomes, pulmonary function tests (PFTs)
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Introduction

Hematopoietic cell transplant (HCT) is apotentially curative therapy

for a variety of conditions including hematologic malignancies, non-

malignant hematologic disorders, immunodeficiencies, and several

inherited metabolic disorders. Over the past several decades,

there have been significant advances resulting in lower rates of

relapse, graft failure, and other complications with resultant

improved survival (1, 2). Despite this, there is still morbidity and

mortality from transplant-related complications in the peri-

transplant period. Pediatric intensive care unit (PICU) utilization

during HCT in general is known to increase the risk of mortality

post-HCT, particularly if it involves multisystem organ failure (3).

However, it is unclear which specific components of PICU care

(e.g., any respiratory support vs. intubation, types of dialysis) in

more recent years are associated with the greatest risk for different

short- and long-term outcomes (3–5). Data from a variety of prior

studies suggests that stem cell transplant patients and

immunocompromised patients have higher mortality than other

critically ill children post-intubation and have higher mortality

when they are difficult to oxygenate, require high frequency

oscillatory ventilation and/or are fluid overloaded (6–9). Further

risk assessment remains challenging given advances in practice

and supportive care changing rapidly over time in addition to

institutional variability in HCT and PICU practices.

To date, some single-center retrospective studies of risk factors for

PICU care post-HCT have been published (3–5) and multiple older

prospective and multi-center studies also available (10–12).

However, recent prospective and multi-center experiences are

lacking aside from two recently published multi-center retrospective

studies (13, 14). Further, utilization of different supports in the

PICU (e.g., types of respiratory support, types of dialysis) during

HCT needs to be better described as HCT centers often have

different approaches and institutional practices for interventions

necessitating a PICU transfer and ongoing PICU care. Additionally,

information linking long-term outcomes to physiologic instability

during the HCT process is not readily available. For pulmonary

dysfunction in particular, delay in diagnosis of later complications

and dysfunction post-HCT, specifically chronic graft vs. host disease

involving the lungs, has led to creation of the TRANSPIRE study

(NCT04098445) which aims to enhance and develop further

screening and early detection of late pulmonary complications post-

HCT to improve the post-HCT management (15). Herein, we report

our single center experience of transplant related risk factors for

PICU care and utilization as well as ascertain short- and long-term

outcomes after PICU care. Additionally, we aim to further

characterize long-term lung disease by comparing pulmonary

function test (PFT) results of individuals throughout theirHCT course.
Methods

We retrospectively reviewed pediatric patients (0–18 years) who

underwent HCT at the University of Minnesota from January 2015–

December 2020. HCT and PICU databases were queried for

demographic data in addition to pre-HCT, HCT and post-HCT
Frontiers in Pediatrics 02175
data. These databases are prospectively collected and longitudinally

monitored with data validity and quality checks. For the PICU

data, local data was obtained from the Virtual Pediatric Systems

(VPS, LLC). VPS is a prospectively collected cohort of consecutive

PICU admissions and chart abstraction is undertaken by a trained

coordinator. Variables evaluated included type of respiratory

support and duration as well as need for dialysis. Only PICU

encounters which occurred after the transplant date were assessed.

Further information was extracted from the electronic medical

record via chart review for missing data.

For PFT data, number of PFTs per patient and timing of PFTs in

relation toHCTwere evaluated (baseline prior toHCT, 100 days post-

HCT, 6 months post-HCT, 1-year post-HCT, and greater than 1-year

post-HCT). PFTs were assigned to the category closest to their time of

completion (80–110 days for 100 days post-HCT, 130–281 days for 6

months post-HCT, and 328–499 days for 1-year post-HCT). Variables

assessed on PFTs included forced vital capacity (FVC), forced

expiratory volume in one second (FEV1), FEV1/FVC, mid-forced

expiratory flow volumes between 25% and 75% of vital capacity

(FEF25–75), forced residual capacity (FRC), residual volume (RV),

total lung capacity (TLC), and diffusing capacity for carbon dioxide

(DLCO). PICU and non-PICU patient PFT data were then

imported into the Global Lung Function Initiative (GLI) Calculator

(https://gli-calculator.ersnet.org/) to determine z-scores and assess

for statistically significant differences with alpha level of 0.05.
Statistical methods

University ofMinnesota’s pediatric transplant and PICU databases

were queried for pediatric allogeneic HCTs and PICU encounters from

January 2015–December 2020. Descriptive statistics, including mean,

median, IQR, and range, were employed to characterize

demographic, clinical, laboratory variables and the Global Lung

Function Initiative (GLI) calculated PFT data across the two groups.

Categorical variable comparisons between groups were conducted

using chi-square test or Fisher’s exact test in cases of limited expected

counts, and continuous variable comparisons between groups were

conducted using Wilcoxon rank-sum tests. Overall survival was

estimated by Kaplan-Meier curves (16). Log-rank test was used to

compare the estimates between groups. Multivariate logistic

regression analysis was also conducted to further characterize risk

factors for PICU admission post-HCT. Variables with p < 0.1 in

univariate analysis were evaluated for multivariate analysis

(Supplementary Tables S1, S2). Odds ratios were determined with

odds ratios >1 indicating more risk of needing PICU care.

All statistical tests were two-sided, and significance was

established at p < 0.05. The statistical analyses were conducted

using SAS 9.4 (SAS Institute, Inc., Cary, NC) and R version 4.2.2

(R Foundation for Statistical Computing, Vienna, Austria).
Results

A total of 277 children underwent HCT between January 2015

and December 2020. Median age at time of transplant was 6.2 years
frontiersin.org
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TABLE 1 Demographic and clinical characteristics of included patients.

Characteristics PICU No PICU P
value

N 77 200

Number of PICU Encounters –

1 51 (66.2%) –

2 14 (18%) –

Johnson et al. 10.3389/fped.2024.1385153
(IQR 1.1–11.4 years). Over half of children were male (58.1%) with

most children of White race (76.5%). Most common indications for

HCT were non-malignant disorders (41.2%), followed by

malignant disorders, and underlying inborn errors of metabolism

(Table 1). Umbilical cord blood was the predominant donor

source (42.2%), followed by matched unrelated donor, and

matched sibling donor (Table 1).

3 12 (16%) –

Day of Transplant to 1st PICU Event
(Days)

–

Median (IQR) 51 (310) –

Age at Transplant (years)

Median (IQR) 2.5 (8.8) 7.1 (10.4) <0.01

Weight (kg)

Median (IQR) 13.3 (20.9) 22.5 (31.4) <0.01
PICU admission and resource use

A total of 77 children (38.5%) needed PICU care. Of these,

most patients had one PICU stay (66.2%). Median time from

HCT to first PICU admission was 51 days (IQR 13–323 days).

BMI (kg/m2)

N 76a 200 0.25

Median (IQR) 17.2 (3.6) 17.6 (4.6)

BMI Group

≤25 72 (94.7%) 182 (91.0%) 0.31

>25 4 (5.3%) 18 (9.0%)

Race 0.02

Unknown 5 (6.5%) 23 (11.5%)

Caucasian 58 (75.3%) 154 (77.0%)

African American 3 (3.9%) 15 (7.5%)

American Indian 2 (2.6%) 3 (1.5%)

Asian 9 (11.7%) 5 (2.5%)

Gender 0.84

Male 44 (57.1%) 117 (58.5%)

Female 33 (42.9%) 83 (41.5%)

Underlying Disease 0.01

Inherited metabolic disorders 29 (37.7%) 43 (21.5%)

Non-malignant 23 (29.9%) 91 (45.5%)

Malignant 25 (32.5%) 66 (33.0%)

Cell source 0.20

Bone marrow 35 (45.5%) 110 (55.0%)

PBSC 3 (3.9%) 12 (6.0%)

UCB 39 (50.7%) 78 (39.0%)

Donor Type (Bone marrow + PBSC) 0.18

Matched sibling 10 (26.3%) 49 (40.2%)

Matched URD 19 (50.0%) 42 (34.4%)

Mismatched Sibling/URD +
Haploidentical

9 (23.7%) 31 (25.4%)

CMV matching 0.04

Donor+ Recipient+ 5 (6.5%) 38 (19.0%)

Donor+ Recipient- 8 (10.4%) 11 (5.5%)
Univariate analysis

Patients needing PICU care were more likely to be younger

(p < 0.01). Lower weight was also associated with higher risk of

PICU admission (p < 0.01). BMI was not significantly different

between the two groups. Patients with underlying inborn errors of

metabolism were more likely than individuals with non-malignant

or malignant underlying diagnoses to need PICU care (p = 0.01).

Patients with busulfan-based conditioning regimens were also

more likely to need PICU care (p = 0.01). Individuals with

underlying pulmonary and/or cardiac disease (moderate or severe

pulmonary co-morbidity sub score, arrhythmia, heart valve, other

cardiac condition) were not found to be at a higher risk to need

PICU care. Donor type was not a significant risk factor for PICU

care. Potential metrics of patient complexity or fragility (i.e.,

performance status, comorbidity index [HCT-CI], and disease-risk

index [DRI]) were not associated with needing PICU care.

Patients that required PICU care were more likely to have

detectable adenoviremia at some point during their HCT course

(p < 0.01), while there was no difference in detectable CMV and

EBV viremia between the two groups. CMV matching was

different amongst the two groups with donor negative, recipient

positive status noted in the highest proportion of individuals who

needed PICU care. Additional demographic and clinical data can

be found in Table 1.

Donor- Recipient+ 36 (46.8%) 79 (39.5%)

Donor- Recipient- 28 (36.8%) 72 (36.0%)

Conditioning Regimen 0.01

Cyclophosphamide + Fludarabine +
TBI

9 (11.7%) 50 (25.2%)

Cyclophosphamide + TBI 14 (18.2%) 39 (19.7%)

No TBI 4 (5.2%) 23 (11.6%)

Busulfan with no TBI 50 (64.9%) 86 (43.4%)

LPS/KPS 0.20

≤80 23 (29.9%) 45 (22.5%)

>80 54 (70.1) 155 (77.5%)

HCT-CI 0.32

0 39 (50.7%) 121 (60.5%)

1–2 24 (31.7%) 48 (24.0%)

>=3 14 (18.2%) 31 (15.5%)

(Continued)
Multivariate analysis

Based on univariate analysis results (Table 1), age, weight, race,

underlying diagnosis, CMV matching and conditioning regimen

were considered for multivariate analysis (Supplementary Tables

S1, S2). A final multivariate model incorporating both age and

underlying diagnosis found that for every one year increase in

age while controlling for underlying diagnosis, the odds of

needing PICU care decreased (odds ratio 0.92, 95% CI 0.87–0.97).

Of the 77 individual patients who received PICU care, there

were a total of 127 ICU encounters. Median length of PICU stay

was 5.1 days (IQR 1.6–15.9 days). Most patients were neutrophil

engrafted prior to PICU stay (83.5%), while some achieved
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TABLE 2 Characteristics of PICU encounters.

Factor PICU Encounters
(N = 127)

Time from BMT to PICU (days)

Median (IQR) 87 (292)

Engraftment status at PICU admission

Engrafted before PICU 106 (83.5%)

Engrafted after PICU 19 (15.0%)

Failed to engraft 2 (1.6%)

Age at time of PICU Encounter (Years)

Median (IQR) 3.9 (9.3)

Weight at time of PICU Encounter (kg)

Median (IQR) 15.7 (19.8)

PICU_PRISM_3

Median (IQR) 10.0 (10.0)

PIM_3 Logit

Median (IQR) −2.6 (1.5)

Tracheostomy

No 126 (99.2%)

Yesa 1 (0.8%)

HFNC

Yes 59 (46.5%)

No 68 (53.5%)

HFNC Duration (Days)

N 59

Median (IQR) 1.1 (1.4)

ECMO

No 124 (97.6%)

Yes 3 (2.4%)

ECMO Duration (Days)

N 3

Median (IQR) 10.8 (20.6)

NIPPV

Yes 66 (52.0%)

No 61 (48.0%)

NIPPV Duration (Days)

N 66

Median (IQR) 3.4 (5.2)

MV

Yes 65 (48.8%)

No 62 (51.2%)

MV Duration (Days)

N 65

Median (IQR) 8.9 (12.4)

RRT

Yes 22 (17.3%)

No 105 (82.7%)

RRT Duration (Days)

N 22

Median (IQR) 10.5 (21.3)

PICU LOS (Days)

Median (IQR) 5.1 (14.3)

Organ support duration above only includes that while in PICU.

HFNC, high flow nasal cannula; ECMO, extracorporeal membrane oxygenation;

NIPPV, non-invasive positive pressure ventilation; MV, mechanical ventilation;

RRT, renal replacement therapy; LOS, length of stay.
aAdditional details of this patient are not included as they may be identifying.

TABLE 1 Continued

Characteristics PICU No PICU P
value

DRI 0.54

Very Low 0 5 (2.5%)

Low 12 (15.6%) 33 (16.5%)

Intermediate 12 (15.6%) 21 (10.5%)

High 1 (1.3%) 2 (1.0%)

Very high 52 (67.5%) 134 (67.0%)

Missing 0 5 (2.5%)

Cardiopulmonary comorbidity prior to
HCT

0.74

Yes 14 (18.2%) 33 (16.5%)

No 63 (81.8%) 167 (83.5%)

CMV status 0.86

Yes 20 (26.0%) 54 (27.0%)

No 57 (74.0%) 146 (73.0%)

EBV status 0.27

Yes 11 (14.3%) 40 (20.0%)

No 66 (85.7%) 160 (80.0%)

Adenovirus status <0.01

Yes 10 (13.0%) 7 (3.5%)

No 67 (87.0%) 193 (96.5%)

Adenovirus time (days)

N 10 7

Median (range) 77 (71) 76 (62) 0.47

Transplant year 0.33

2015 12 (15.6%) 41 (20.5%)

2016 20 (26.0%) 32 (16.0%)

2017 13 (16.9%) 37 (18.5%)

2018 11 (14.3%) 33 (16.5%)

2019 14 (18.2%) 28 (14.0%)

2020 7 (9.1) 29 (14.5%)

ANC engraftment status at last follow-up 0.50

Alive without engrafted 0 1 (0.5%)

Dead without engrafted 2 (2.6%) 2 (1.0%)

ANC > 500 × 3 days 75 (97.4%) 197 (98.5%)

Follow-up Status <0.01

Alive 40 (52.0%) 181 (90.5%)

Dead 37 (48.0%) 19 (9.5%)

Alive patients follow up time (days) <0.01

N 40 181

Median (IQR) 1,790.5
(737.5)

1,812
(1,067)

Relapse status at last follow-up <0.01

Alive without relapse 37 (48.1%) 173 (86.5%)

Dead without relapse 32 (41.6%) 7 (3.5%)

Relapse 8 (10.4%) 20 (10.0%)

BMI, body mass index; UCB, umbilical cord blood; LPS, Lansky Performance Score;

KPS, Karnofsky Performance Score; HCT-CI, hematopoietic cell transplant

comorbidity index; DRI, disease-risk index; CMV, cytomegalovirus; EBV, Epstein-

Barr virus; ANC, absolute neutrophil count.
aOne patient had missing height information and BMI unable to be calculated.
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neutrophil engraftment following PICU admission (15.0%). A

small proportion of these patients failed to engraft (1.6%).

Additional details of PICU encounters are listed in Table 2.

Regarding respiratory support utilization, multiple modalities

were utilized in the PICU with some patients utilizing more than

one modality. In approximately half of encounters (46.5%), high

flow nasal cannula support (HFNC, which can commonly occur

in the general ward in our hospital) was used, non-invasive
Frontiers in Pediatrics 04177
positive pressure support (NIPPV) was used in over half of

encounters (52.0%), and mechanical ventilation (MV) was

utilized in just under half of encounters (48.8%). Median

duration of HFNC support was 1.1 days (IQR 0.5–1.9 days) while
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median duration of NIPPV was 3.4 days (0.8–6 days), and median

duration of mechanical ventilation was 8.9 days (IQR 2.9–15.3

days). Additional organ support included extra-corporeal membrane

oxygenation (ECMO) in three encounters (2.4%), with a median

duration of 10.8 days (IQR 3.5–24.1 days) and renal replacement

therapy in 22 encounters (17.3%), with a median duration of 10.5

days (IQR 0.6–21.9 days).
Mortality outcomes

At last follow-up, individuals needing PICU care experienced

higher mortality, but had similar rates of relapse when compared

to patients not needing PICU care (Table 1). Overall survival at

three years was 51% in PICU group and 92% in non-PICU

group (p < 0.01; Figure 1). When PICU care was combined with

the need for mechanical ventilation, a further decrease in overall

survival at three years was found (77% without mechanical

ventilation and 35% with mechanical ventilation; Figure 2). More

than one PICU stay was also found to negatively impact three-

year overall survival (63% for single PICU stay and 31% for two

or more PICU stays; Figure 3). Lastly, all three patients where

ECMO was utilized died.
Pulmonary function tests (PFTs)

Of the total cohort of 277 patients, 108 patients completed

PFTs at any time point. The 169 patients that were excluded

from PFT analysis did not have PFTs at any time point pre-BMT

and up to one-year post-BMT. Of these 169 patients, 131 were

less than 6 years-old at time of BMT and unable to complete

PFTs due to age. Pulmonary function testing was completed for
FIGURE 1

Three-year survival curves for first PICU encounter vs. control patients.
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91 patients at baseline, 21 patients at Day 100 post-HCT, 9 at six

months post-HCT, 74 at one-year post-HCT, and 59 patients

had PFTs after one-year post-HCT. Of note, 6 patients of the

108 patients who completed any PFTs died prior to the six-

month post-HCT timepoint.

There were no statistically significant differences in the PFT

variables of interest between PICU and non-PICU patients at

baseline (Supplementary Table S3). At one-year post-HCT,

DLCO was lower in patients who required PICU support during

HCT (p = 0.03; Supplementary Table S4). At all other timepoints,

there were no statistically significant differences in PFT variables

between PICU and non-PICU patients.
Discussion

In this single-center retrospective review of nearly 300 pediatric

patients undergoing HCT during the study period, we

demonstrated that a variety of risk factors are associated with

need for PICU care post-HCT as well as demonstrating the

importance of younger age increasing risk for need for PICU

care when controlling for underlying disease. We also highlighted

that NIPPV and mechanical ventilation were the most utilized

PICU therapies by HCT patients transferred to the PICU post-

HCT as well as reviewed outcomes of post-HCT patients who

needed PICU care. Finally, we demonstrated a difference in

diffusing capacity measurements at one-year post-HCT in

patients admitted to the PICU. Spirometry and plethysmography

findings did not demonstrate any statistically significant changes

from pre-transplant studies to post-transplant follow-up. Our

study and its results add to the growing body of literature to

inform the care and management of HCT patients going forward.
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FIGURE 2

Three-year survival curves for first PICU encounter +/− mechanical ventilation (MV) vs. control patients.

FIGURE 3

Three-year survival curves for PICU encounter(s) vs. control.
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Our study found that younger patients (and patients with lower

weights) were more likely to need ICU care, which is not surprising

given patients with smaller airways have a higher risk of increased

respiratory needs and intubation post-HCT (17). Our cohort had a

higher proportion of patients needing PICU care compared to

previously reported retrospective cohorts (38.5% vs. 10%–15%;

3–5, 13, 14) and is likely the result of our patient cohort being

younger, lower weight and having a high proportion of patients

with underlying inborn errors of metabolism, who are also have

a higher risk of complications peri-transplant (17–19). Further,
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when evaluating PICU care risk by multivariate logistic

regression and adjusting for underlying disease, increasing age

was found to have a lower odds of needing PICU care, which is

in keeping with lower age (and likely smaller weight patients)

experiencing higher risk of PICU need peri-HCT (17).

Additionally, by univariate analysis, racial identity differences

were noted with a higher portion of Asian individuals utilizing

PICU care. While the racial demographics in our study are felt

to closely approximate our geographic area, the small numbers of

non-White individuals and our study occurring at a single center
frontiersin.org

https://doi.org/10.3389/fped.2024.1385153
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Johnson et al. 10.3389/fped.2024.1385153
make this data difficult to interpret. Further, race is likely a proxy

for a variety of other factors and putting significant weight on race,

which is largely now accepted as a social construct, is not

appropriate. However, race could be a more important factor in

multi-institutional studies with more granular multivariate

analyses that consider socioeconomic status, proximity to

transplant center, insurance status, etc.

A variety of respiratory supports were the most utilized PICU

resources in our study with escalating durations of support with

more invasive modalities of respiratory assistance. The relatively

short PICU stay duration of 5.1 days is likely influenced by high

percentage of patients transferring to PICU for HFNC and

NIPVV support. The median time to first PICU admission was 51

days post-HCT in our cohort. While that timing post-HCT

explains the high percentage of patients who were neutrophil

engrafted prior to PICU transfer, it also illustrates that significant

organ dysfunction can occur weeks following engraftment,

including after discharge from the initial HCT hospitalization.

This is consistent with reports from a recent multi-center study,

which demonstrated ICU exposure for patients post-HCT

increased across the measured time points of day +100, 1-year and

5-years post-HCT (14). Additionally, our institutional practice of

allowing advanced respiratory support on the HCT unit (HFNC

and some NIPPV) potentially led to PICU transfer later in the

post-HCT course than in institutions with more restrictive

policies. Post-HCT PICU 3-year overall survival from our cohort

(52.0%) is higher in comparison to a recently published study

(14.9%; 13) that evaluated post-HCT outcomes and is similar to

another recent multi-center study’s 1-year survival post-ICU

transfer (52.5%; 14). This discrepancy is at least partially due to

improvement in supportive care over time. However, it should also

be noted that despite our higher proportion of patients needing

PICU care compared to other cohorts, survival in our cohort is at

least the same or better than in other studies, highlighting our

PICU’s management of our patients and our comfort as a

transplant center taking higher risk HCT patients.

Our study demonstrated no significant differences between

longitudinal pulmonary function testing in children exposed to the

PICU during their transplant course compared to those who were

not aside from lower DLCO at one-year post-HCT in children

exposed to PICU (Supplementary Tables S3, S4). It is also

important to specifically note around one-third of patients had an

abnormal DLCO at baseline, but DLCO abnormality increased at

one-year post-HCT for patients who required PICU care during

the peri-HCT period (Supplementary Tables S3, S4). Decreased

diffusing capacity demonstrates a decline in gas exchange with

parenchymal lung changes consistent with pulmonary interstitial

lung disease. In our cohort, we did not demonstrate an association

between obstructive or restrictive lung disease after PICU

admissions. The PFT data are limited in number and highlights

the importance of studies like TRANSPIRE to further evaluate

standard PFTs at multiple time points as well as evaluate

additional markers of lung dysfunction in the HCT setting (15).

Due to the need for patients to be developmentally capable of

participating in PFTs, which generally are difficult to perform in

children under 6 years of age, alternative measurements are being
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explored. Some of these include airway oscillometry (which is

performed during normal tidal volume breathing, and therefore

does not require the same level of participation) and multiple

breath washout to determine lung clearance index (a testing

modality that requires only tidal breathing), which are being

evaluated in TRANSPIRE and are important for future study in

this cohort (15, 20, 21). Despite our limited PFT data, there is a

paucity of this data published in the HCT population, and having

serial PFTs for some HCT patients is a strength of our study.

Given the retrospective nature of our study, there are study

limitations. As one example of retrospective limitations in our

study, adenoviremia was found to be associated with higher risk

for PICU care. However, we do not have data on additional

details of adenoviremia (sites of involvement, highest viral load,

end-organ dysfunction thought to be specifically related to

adenoviremia, etc.). Additionally. transplant-related risk factors

and PICU utilization and outcomes can have inherent institutional

variability requiring larger and multi-center studies to establish

stronger associations. There is also an inherent limitation of lack

of availability of PFT data in the younger cohort who are typically

not developmentally capable of performing standard PFTs until

they reach 6 years of age, so other modalities should continue to

be explored and used to address this concern.

Understanding the risk factors, peri-HCT PICU utilization and

long-term pulmonary outcomes in children undergoing HCT is

critical to develop a long-term monitoring and management plan.

As transplant conditioning and post-transplant management

continues to evolve, a deeper understanding and assessment is

critical for optimal pre- and post-transplant care. Along with other

recent studies (3–5, 13, 14), creation of a pre-HCT PICU and

outcome risk scoring system as more studies are published would

be an important tool for clinicians to predict outcomes for

pediatric HCT patients.
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Timing of intubation of pediatric
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Care and Pulmonary Medicine, St Jude Children’s Research Hospital, Memphis, TN, United States,
3Department of Pediatrics, Division of Hematology/Oncology, University of Minnesota/Masonic
Children’s Hospital, Minneapolis, MN, United States, 4Department of Pediatrics, Division of Critical
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Introduction: Retrospective data suggest that pediatric hematopoietic cell

transplant (HCT) patients placed on non-invasive ventilation (NIV) prior to

intubation have increased risk of mortality compared to patients who are

intubated earlier in their course. The HCT-CI subgroup of the PALISI Network

set out to gain a better understanding of factors that influence clinician’s

decisions surrounding timing of intubation of pediatric HCT patients.

Methods: We validated and distributed a brief survey exploring potential factors

that may influence clinician’s decisions around timing of intubation of pediatric

HCT patients with acute lung injury (ALI).

Results:One hundred and four of the 869 PALISI Network’s members responded to

the survey; 97 of these respondents acknowledged caring for HCT patients andwere

offered the remainder of the survey. The majority of respondents were PICU

physicians (96%), with a small number of Advanced Practice Providers and HCT

physicians. As expected, poor prognosis categories were perceived as a factors that

delay timing to intubation whereas need for invasive procedures was perceived as a

factor shortening timing to intubation. Concerns for oxygen toxicity or NIV-

associated lung injury were not believed to influence timing of intubation.

Discussion: Our survey indicates increased risk of ALI from prolonged NIV and

oxygen toxicity in HCT patients are not a concern for most clinicians. Further

education of pediatric ICU clinicians around these risk factors could lead to

improvement in outcomes and demands further study. Additionally, clinicians

identified concerns for the patient’s poor prognosis as a common reason for

delayed intubation.
KEYWORDS

hematopoietic cell transplant, intubation, mechanical ventilation, palliative care, non-
invasive ventilation associated lung injury, oxygen toxicity
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Introduction

Delayed intubation and prolonged use of NIV and

supplemental oxygen have been implicated as potential risk

factors for poor outcome in pediatric hematopoietic cell

transplant patients with Pediatric Acute Respiratory Distress

Syndrome (PARDS) (1–3). Additionally, recent data has shown

that lung injury from NIV may be underappreciated and contribute

to the suboptimal outcomes for HCT patients who develop PARDS

(4, 5). While much discussion has centered on the need for earlier

intervention in this high-risk population (6), retrospective data

suggests pediatric intensivists may intubate this population late in

their PARDS course as evidenced by the very high rate of cardiac

arrest during intubation when compared to the general pediatric

population (1, 2, 7, 8). The Hematopoietic Cell Transplant and

Cancer Immunotherapy (HCT-CI) subgroup of the Pediatric Acute

Lung Injury and Sepsis Investigator’s (PALISI) Network performed

a survey of pediatric intensivists and pediatric HCT clinicians

within the PALISI Network to gain a better understanding of

clinician’s beliefs surrounding the timing of intubation for

pediatric HCT patients with PARDS. The purpose of the survey is

to better inform future educational efforts as well as guide research

efforts of the group aimed at improving outcomes for pediatric HCT

patients with PARDS.
Methods

Survey questions were written by members of the PALISI

Network’s HCT-CI subgroup and validated through the following

process: 1) potential questions drafted by working group to

address possible factors influencing decision making around

timing of intuabtion; 2) questions sent to 8 members of the

HCT-CI subgroup’s Executive Committee for comments and

revision; 3) questions asked to the University of Minnesota and

St Jude Childrens Research Hospitals’ critical care teams including

10 physicians, 7 Advanced Practice Providers, one research

coordinator, and 3 fellows resulting in 3 revisions to achieve

uniformity in question interpretation. The final survey

contained 19 questions which included 3 demographic questions

regarding the respondent, 1 question addressing the respondent’s

self-assessment of their own timing of intubation of HCT patients,

2 case scenarios developed to test whether engraftment status

influenced decision making, and thirteen 5-point Likert scale

questions investigating the factors the HCT-CI subgroup

identified as potential influencers of decision making around

timing of intubation. The survey was approved by the PALISI

Network’s scientific review committee for distribution to its

members. A cross sectional survey was undertaken with

distribution to all members of the general PALISI Network,

including the HCT-CI subgroup, through email with a link to

RedCAP. Prior to distribution the survey was approved by the

University of Minnesota IRB. Survey responses were anonymous

and data were presented collectively through RedCAP. Statistical

analysis is descriptive.
Frontiers in Oncology 02183
Results

A total of 869 surveys were sent via email to members of the

PALISI Network. One hundred and four members from 33 centers

in 4 countries and 3 continents responded for a response rate of

12%. Of the 104 respondents, 97 cared for HCT patients and were

then given the remainder of questions through branching logic. Of

these 97 respondents, 82 were PICU attending physicians, 9 PICU

fellows, 1 PICU advanced practice provider (APP), 3 HCT

attending physicians, 1 HCT APP and 1 “other”.

After determining if respondents cared for HCT patients, they

were asked to report their assessment of their own timing of

intubation of HCT patients. The most popular answer was

“depends on the situation” (44.8% of respondents) while 27.1%

answered they intubate HCT patients earlier and 12.5% answered

they intubated HCT patients later than the general PICU

population (Figure 1).

The survey then presented the following clinical scenarios:

Scenario 1: Patient is a 6-year-old male who is Day +28 after

allogeneic HCT. He is admitted to the PICU with respiratory distress.

His current VS are T 37.2 P 140 R 50 BP 100/60 Oxygen Saturation

86%. He has been on the current BiPap settings (IPAP 18/EPAP 10

FiO2 0.7) for 6 hours. VBG shows pH 7.32/PCO2 58/HCO3 32. He is

engrafted. What would most likely be your next plan?

Scenario 2: Patient is a 6-year-old male who is Day +40 after

allogeneic HCT. He is admitted to the PICU with respiratory

distress. His current VS are T 37.2 P 140 R 50 BP 100/60 Oxygen

Saturation 86%. He has been on the current BiPap settings (IPAP

18/EPAP 10 FiO2 0.7) for 6 hours. VBG shows pH 7.32/PCO2 58/

HCO3 32. He is not engrafted and there is concern he may have

relapsed. What would most likely be your next plan?

In the first scenario, 86 (89.6%) respondents indicated they

would intubate the patient and place on conventional mechanical

ventilation (CMV) with no respondents recommending limitation

of support. In the second scenario where relapse was a

consideration, 66 respondents (68.8%) elected to intubate and

place on CMV with 18 (18.8%) recommending limitation of

support (Figure 2).
FIGURE 1

Percentage of respondents answering the survey prompt “In
general, when comparing the timing of intubation for children who
have respiratory failure after an HCT to the general pediatric
population, I tend to…”.
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We then asked questions regarding the role that different

clinical factors played in determining timing of intubation

(Table 1). Answers were on a 5-point Likert scale. The 2 factors

that respondents most commonly responded “definitely plays a

role” or “somewhat played a role” in delaying intubation were 1)

patient with a poor prognosis that they felt should have

limitations of support, but they hadn’t had time for discussion

(89.78); and 2) patients they felt would not be able to extubated

(93.8). While the 2 most common factors respondents answered

“definitely” or “somewhat played a role” in intubating HCT

patients earlier were 1) need for CRRT (63.5%) and 2) need for

bronchoscopy (79.2%).

The 2 factors which the PALISI HCT-CI subgroup have

identified in previous retrospective studies to increase risk for

poor outcomes in HCT patients requiring mechanical ventilation,
FIGURE 2

Percentage of respondents giving the survey response for clinical
scenarios 1 and 2 (see text for description).
TABLE 1 Effect of specific clinical factors on timing of intubation in HCT patients.

Definitely plays
a role in
delaying
intubation

Slightly plays a
role in
delaying
intubation

No
impact

Slight role in
decision to
intubate
earlier

Definite role
in decision to
intubate
earlier

Medical team (PICU and/or HCT) feels patient
should be DNR/DNI but there has not yet been a
discussion of code status with patient/family

50 (51.5%) 37 (38.1%) 10
(10.3%)

0 (0%) 0 (0%)

Medical team (PICU and/or HCT) does not feel
patient will be extubated once intubated, worried
about loss of communication for patient
with family

56 (57.7%) 35 (36.1%) 6 (6.2%) 0 (0%) 0 (0%)

Disagreement between family members regarding
code status

17 (17.5%) 51 (52.6%) 29
(29.9%)

0 (0%) 0 (0%)

Disagreement between medical providers
regarding appropriateness of invasive
mechanical ventilation

18 (18.8%) 58 (60.4%) 16
(16.7%)

3 (3.1%) 1 (1%)

Concern for difficult airway and/or cardiac arrest
with intubation procedure - waiting for
additional help for procedure

25 (26%) 35 (36.5%) 18
(18.8%)

12 (12.5%) 6 (6.3%)

Concern for infection from invasive endotracheal
tube/ventilator associated pneumonia

1 (1%) 13 (13.5%) 77
(80.2%)

3 (3.1%) 2 (2.1%)

Patient has not engrafted and
engraftment unlikely

17 (17.7%) 36 (37.5%) 40
(41.7%)

2 (2.1%) 1 (1%)

Patient may have relapsed/have persistent
primary disease for which HCT performed

23 (24%) 30 (31.3%) 39
(40.6%)

4 (4.2%) 0 (0%)

Concern for increased risk of oxygen toxicity in
HCT patients

0 (0%) 2 (2.1%) 73 (76%) 18 (18.8%) 3 (3.1%)

Concern for cardiac arrest during intubation of
HCT patients - better chance of survival without
intubation & use NIV instead

7 (7.3%) 24 (25%) 45
(46.9%)

14 (14.6%) 6 (6.3%)

Concern for increased risk of lung injury with
non-invasive ventilation in HCT patients

0 (0%) 7 (7.3%) 53
(55.2%)

28 (29.2%) 8 (8.3%)

Need for bronchoscopy to obtain diagnosis 0 (0%) 0 (0%) 20
(20.8%)

44 (45.8%) 32 (33.3%)

Need for CRRT to optimize fluid balance 0 (0%) 1 (1%) 34
(35.4%)

40 (41.7) 21 (21.9%)
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prolonged oxygen exposure and NIV exposure prior to intubation,

were not commonly identified as influencing behavior. Most

respondents (76%) stated concern for increased risk of oxygen

toxicity in HCT patients had no impact of their decision regarding

timing of intubation with only 3.1% stating it “definitely plays a

role” in the decision to intubate earlier. Additionally, 55.2% of

respondents stated risk of lung injury from NIV had no impact on

their decisions surrounding timing of intubation with only 8.3%

stating it “definitely played a role” in their decision to intubate HCT

patients earlier. Increased risk of peri-intubation cardiac arrest in

the HCT population, also did not seem to play a significant role in

decisions surrounding timing of intubation with nearly half (46.9%

saying it had no impact and only 6.3% stating it “definitely played a

role” in deciding to intubate earlier (Table 1).
Discussion

It is well known that HCT patients requiring mechanical

ventilation are at high risk of poorer outcomes than general

medical PICU patients requiring mechanical ventilation (2, 3,

7). The PALISI Network’s HCT-CI subgroup has been committed

to improving these outcomes since its inception in 2005. We and

others have shown that HCT patients exposed to high levels of

oxygen support or NIV prior to intubation are associated with

worse outcomes (1, 2, 7, 9, 10). It is unclear if this is a causative

relationship. However, given the high level of inflammatory

response and oxidative stress that plague the HCT population, it

is feasible these patients could be more susceptible to oxygen

toxicity and NIV-induced lung injury than the general population.

These factors do not seem to play a role in determining an earlier

timing of intubation according to our survey results. Therefore,

these are areas which may be important for our group and others

to focus resources for research and education on in order to

improve outcomes in this vulnerable population.

The factors most associated with delaying intubation center

around physician concerns for a poor patient prognosis – that

patients should have limitations of support or that they will be

unable to extubate them. While this is understandable, it can be a

self-fulfilling prophecy, preventing us from advancing the field. If

we believe these patients can’t be saved, we don’t provide them with

aggressive care, and they do poorly as we expect reinforcing our

belief that they cannot be saved.

Limitations of the survey are the small number of respondents

as well as few responses from HCT physicians. The small number of

total respondents may be related to the requirement that

respondents personally provide care to HCT patients, which is an

unknown number, but likely a minority of PALISI members. HCT

physicians also are an even smaller minority of PALISI members.

However, the decisions around timing of intubation are mostly

made by ICU physicians so lack of HCT clinician response likely

does not have a large impact on the results. Additionally, actual

clinician practice is often not concordant with their self-report. A

prospective observational study is therefore warranted to provide

more accurate results.
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intensive care unit after pediatric
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cell transplant: incidence, risk
factors, and outcomes
Michael A. Smith1*, Geoffrey Cheng2, Rachel Phelan3,
Ruta Brazauskas3, Joelle Strom3, Kwang Woo Ahn3,
Betty Ky Hamilton4, Andrew Peterson3, Bipin Savani5,
Hélène Schoemans6, Michelle L. Schoettler7, Mohamed Sorror8,
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and Matt S. Zinter1,10
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Objective: To determine the incidence, risk factors, and outcomes of pulmonary

hypertension (PH) in the pediatric intensive care unit (PICU) after pediatric

hematopoietic stem cell transplant (HCT).

Methods: This was a retrospective study of pediatric patients who underwent

allogeneic HCT between January 2008-December 2014 at a center contributing

to the Center for International Blood and Marrow Transplant Research data

registry. Incidence of PH was assessed from PICU diagnostic codes from records

merged from the Virtual Pediatric Systems database. Regression and survival

analyses identified factors associated with post-HCT PH. Additional post-HCT

morbidities and survival after PH were also assessed.

Results: Among 6,995 HCT recipients, there were 29 cases of PH, a cumulative

incidence of 0.42% (95% CI 0.27%-0.57%) at 60 months post-HCT. In the sub-

cohort of 1,067 patients requiring intensive care after HCT, this accounted for a

PH prevalence of 2.72% (95% CI 1.74–3.69%). There was an increased risk of

developing PH associated with Black/African American race, metabolic disorders,

partially HLA-matched or cord blood allografts, graft-versus-host prophylaxis

regimen, and lower pre-HCT functional status. Patients who developed PH had

significant PICU comorbidities including heart failure, pulmonary hemorrhage,
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respiratory failure, renal failure, and infections. Survival at 6 months after

diagnosis of post-HCT PH was 51.7% (95% CI 32.5%-67.9%).

Conclusions: PH is a rare but serious complication in the pediatric post-HCT

population. A significant burden of additional comorbidities, procedural

interventions, and risk of mortality is associated with its development. Close

monitoring and prompt intervention for this severe complication are necessary in

this vulnerable population.
KEYWORDS

pulmonary hypertension, stem cell transplant, pulmonary vascular disease, critical
care, pediatrics
Introduction

Endothelial injury is a dominant pathologic process underlying a

number of severe post-hematopoietic stem cell transplant (HCT)

complications, including transplant-associated thrombotic

microangiopathy (TA-TMA), hepatic veno-occlusive disease,

idiopathic pneumonia syndrome, diffuse alveolar hemorrhage, and

graft-versus-host disease (GVHD) (1). Endothelial dysfunction in the

pulmonary vasculature in many disease states may manifest as

pulmonary hypertension (PH), a pathology characterized by

pulmonary vascular remodeling, elevated pulmonary arterial and

right ventricular pressure, and eventually right heart failure leading

to death. While cardiovascular diseases are reported to develop

following pediatric HCT, pulmonary hypertension is one of the

lesser studied despite contributing significantly to morbidity and

mortality when arising in the post-transplant period (2, 3).

There are few studies that have examined post-HCT PH among

children. These have focused primarily on high-risk populations

and reported concerning outcomes. In 2013, Jodele, et al. reported a

case series of 5 patients who were diagnosed with PH after

developing hypoxemic respiratory failure post-HCT (4). Four of

these patients died and all 3 who underwent autopsy demonstrated

significant pulmonary vascular remodeling in the setting of TA-

TMA. A 2019 study from Levy, et al. reported a retrospective review

of 70 children who presented with unexplained respiratory

symptoms after HCT, of which 22 (31%) were diagnosed with PH

and 7/22 (32%) of these children suffered a fatal outcome (5).

Finally, in 2023, a review of lung biopsy and postmortem samples

from children with TA-TMA and respiratory failure identified 10

children with pulmonary vascular changes consistent with

pulmonary arterial hypertension and/or pulmonary venous

microthrombi, 9 (90%) of whom died (6). Each of these studies

focused specifically on patients presenting with respiratory failure,

but less is known about the incidence of PH and its outcomes

among a broader representation of the transplant population.
02188
Importantly, advanced medical therapies including novel

therapeutic agents and critical care support technologies have

improved outcomes in childhood PH (7). However, early

identification and management of PH will be key in mitigating

the poor outcomes that have been demonstrated among those who

progress to respiratory failure prior to diagnosis of PH. Thus, a

better understanding of the complication’s true epidemiology and

identification of potential risk factors for PH among HCT recipients

is needed. As such, we sought to address three aims. First, to report

the cumulative incidence of PH during a PICU admission amongst

a large, clinically diverse population of HCT recipients. Second, to

describe the factors associated with its development in the post-

HCT period. And lastly, to examine how PH affects long term

survival following HCT.
Methods

Patient cohort

Two large administrative databases were merged to create the

cohort analyzed in the present study. The Center for International

Blood and Marrow Transplant Research (CIBMTR) comprises over

450 transplant centers worldwide and collects thorough data on

consecutive allogeneic HCT patients. In addition to transplant-

related data, high quality longitudinal follow up is included in the

CIBMTR data collection. The Virtual Pediatric Systems (VPS)

database documents consecutive PICU admissions to over 140

hospitals across North America. VPS records include patient

demographics, International Classification of Diseases (ICD),

Ninth and Tenth Revision and STAR diagnosis codes, severity of

illness scores including the Pediatric Risk of Mortality-III (PRISM-

III) score (8), and critical care interventions. STAR is the

proprietary diagnosis classification schema of VPS. Trained VPS

analysts assign diagnoses to patients based on review of attending
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physician documentation and ICD codes. Analysts collect

admission information at each site with >95% inter-rater reliability.

Details of the CIBMTR and VPS database merge have been

described previously (9, 10). In brief, CIBMTR records were

collected for patients ≤21 years old who received a first allogeneic

HCT between January 1, 2008 and December 31, 2014. Patients

were excluded if they underwent HCT outside of the United States/

Canada, had an identical twin donor, or lacked at least 100-day

follow-up. Those who died within 100 days of HCT were included.

VPS was then queried for patients ≤21 years of age admitted to a

PICU between January 1, 2008 and December 31, 2014 with a

diagnosis indicating prior HCT to derive a sub-cohort of post-

transplant patients with critical illness. Short term semi-elective

admissions (i.e., scheduled or perioperative admissions <2 days)

were excluded. The HCT-related details from CIBMTR records

were matched to patient records from the VPS database based on

identical date of birth, sex, and transplant indication. This method

was approved by the University of California, San Francisco (UCSF)

institutional review board. An unblinded review of the matching

results was performed from records at the UCSF Benioff Children’s

Hospital and confirmed validity of matching (9).
Outcomes

The primary outcome assessed was clinically significant PH,

defined as PH requiring management in the PICU. Instances of the

primary outcome were identified from STAR diagnosis codes.

STAR codes included in the primary outcome were “416

Pulmonary Hypertension, Primary”, “416.8A Pulmonary

Hypertension, Secondary”, and “416.9A Pulmonary Circulatory

Disease” coded at any time during a PICU stay. Survival analyses

examined all-cause mortality post-transplant.
Predictors

Demographics, patient clinical characteristics, including HCT

Comorbidity Index and Karnofsky/Lansky Performance Scores

(11–13), and transplant-related factors were assessed as potential

predictors of post-HCT PH.
Statistical analysis

Descriptive statistics are reported as means with standard

deviations and medians with interquartile ranges (IQR) as

appropriate. Cumulative incidence of significant PH after HCT

was determined using a cumulative incidence function, treating

death as a competing event. Hazard ratios with 95% confidence

intervals (CI) describing the risk of developing PH were derived for

each predictor via univariate Cox proportional hazard models.

Lastly, Kaplan-Meier curves were used to estimate the overall

survival probabilities following HCT and following diagnosis of

post-HCT PH.
Frontiers in Oncology 03189
Results

Baseline characteristics

There were 6,995 HCT recipients included in the final analyses.

Patient demographics are reported in Table 1. Most patients

underwent HCT for malignant diseases (57.4%), followed by non-

malignant hematologic diseases (26.2%) and primary

immunodeficiencies (11.5%). Most patients received bone marrow

grafts (57.5%). Pre-transplant functional status was generally high,

with most patients having a pre-transplant comorbidity index (11)

of 0 (66.3%) and Karnofsky/Lansky performance score (12, 13) of

100 (53.1%). Median follow-up of survivors was 73 months (IQR

60–96 months).
Cumulative incidence and risk factors
for PH

There were 29 total cases of the primary outcome of PH

managed in the PICU. Among all HCT recipients, 5-year

cumulative incidence of significant PH was 0.42% (95% CI

0.27%-0.57%; Figure 1). Variables associated with the

development of post-HCT PH are depicted in Figure 2

(Supplementary Table 1). There was an increased risk of

developing significant PH in Black/African American patients

relative to White (HR 2.44, 95% CI 1.10–5.40 p=0.027), patients

being transplanted for metabolic disorders relative to malignancies

(HR 3.30, 95% CI 1.09–9.93, p=0.034), those who received partially

HLA-matched unrelated or cord blood grafts relative to grafts from

HLA-identical siblings (HR 5.89, 95% CI 1.52–22.79, p=0.010; HR

4.76, 95% CI 1.36–16.72, p=0.015, respectively), as well as those who

received cord blood grafts relative to bone marrow (HR 2.30, 95%

CI 1.07–4.97, p=0.033). Those with worse pre-transplant functional

status had higher risk of significant PH. Patients with a comorbidity

index of 3+ demonstrated 3.98 times the risk (95% CI 1.86–8.51,

p<0.001) compared to those with a comorbidity index of 0, and

those with a Karnofsky/Lansky score of ≤80 demonstrated 2.99

times the risk (95% CI 1.33–6.74, p=0.008) compared to a score of

100. Patients who received GVHD prophylaxis with a calcineurin

inhibitor plus mycophenolate mofetil (MMF) had an increased risk

of significant PH compared to those treated with a calcineurin

inhibitor and methotrexate (HR 2.93, 95% CI 1.23–6.98, p=0.015).

There were no statistically significant differences in the risk of

developing significant PH based on age, sex, insurance status, BMI

classification, conditioning regimens, sex matching, or post-HCT

GVHD status.
PICU characteristics of PH patients

There were 1,067 patients admitted to the PICU post-transplant

for a total of 2,107 admissions. The 29 patients diagnosed with

significant PH were admitted to the PICU for a total of 37

admissions. Among the sub-cohort of post-HCT patients with
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TABLE 1 Baseline patient and transplant characteristics.

Total, 6995 No PH, 6966 (99.6) PH, 29 (0.4)

Age (mean (SD)) 9.14 (6.17) 9.15 (6.17) 6.90 (6.03)

Age group <1 year 665 (9.5) 659 (9.5) 6 (20.7)

1–4 years 1598 (22.8) 1590 (22.8) 8 (27.6)

5–12 years 2505 (35.8) 2496 (35.8) 9 (31.0)

13–20 years 2227 (31.8) 2221 (31.9) 6 (20.7)

Sex, female 2893 (41.3) 2882 (41.3) 11 (37.9)

Race White 5008 (75.8) 4989 (75.8) 19 (67.9)

American Indian or Alaska Native 62 (0.9) 62 (0.9) 0 (0.0)

Asian 356 (5.4) 356 (5.4) 0 (0.0)

Black or African American 987 (14.9) 978 (14.9) 9 (32.1)

Native Hawaiian or other
Pacific Islander 17 (0.3) 17 (0.3) 0 (0.0)

More than one race 179 (2.7) 179 (2.7) 0 (0.0)

Missing 386 385 1

Ethnicity, Hispanic or Latino 1646 (24.3) 1640 (24.4) 6 (20.7)

Missing 232 232 0

Insurance Private/military/dual insurance 1801 (59.6) 1797 (59.6) 4 (36.4)

Public insurance only 1169 (38.7) 1162 (38.6) 7 (63.6)

Uninsured 54 (1.8) 54 (1.8) 0 (0.0)

Missing 3971 3953 18

Neighborhood median household income (median [IQR]) $52,348 [41,323, 68,774] $52,348 [41,332, 68,795] $53,298 [38,198, 62,209]

BMI (median [IQR]) 18.34 [16.23, 22.06] 18.34 [16.23, 22.06] 18.90 [17.56, 24.31]

BMI Classification Normal 2159 (58.7) 2153 (58.8) 6 (46.2)

Overweight 601 (16.4) 598 (16.3) 3 (23.1)

Obese 643 (17.5) 639 (17.4) 4 (30.8)

Underweight 272 (7.4) 272 (7.4) 0 (0.0)

Missing 3320 3304 16

Indication for transplant Malignant disease 4013 (57.4) 3998 (57.4) 15 (51.7)

Non-malignant hematologic disease 1833 (26.2) 1827 (26.2) 6 (20.7)

Metabolic disorders 324 (4.6) 320 (4.6) 4 (13.8)

Primary immunodeficiency 805 (11.5) 801 (11.5) 4 (13.8)

Other disease 20 (0.3) 20 (0.3) 0 (0.0)

HCT comorbidity index 0 4638 (66.8) 4623 (66.8) 15 (51.7)

1 910 (13.1) 910 (13.2) 0 (0.0)

2 384 (5.5) 382 (5.5) 2 (6.9)

3+ 1016 (14.6) 1004 (14.5) 12 (41.4)

Missing 47 47 0

Karnofsky score 100 3714 (54.1) 3700 (54.2) 14 (48.3)

90 2164 (31.5) 2159 (31.6) 5 (17.2)

(Continued)
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TABLE 1 Continued

Total, 6995 No PH, 6966 (99.6) PH, 29 (0.4)

<=80 982 (14.3) 972 (14.2) 10 (34.5)

Missing 135 135 0

Conditioning regimen RIC/NMA 1793 (25.8) 1788 (25.8) 5 (17.2)

MAC-No TBI 2675 (38.4) 2662 (38.4) 13 (44.8)

MAC-TBI 2436 (35.0) 2425 (35.0) 11 (37.9)

No conditioning 57 (0.8) 57 (0.8) 0 (0.0)

Missing 34 34 0

ATG/Alemtuzumab conditioning Neither 2770 (50.5) 2760 (50.5) 10 (45.5)

ATG alone 2706 (49.3) 2694 (49.3) 12 (54.5)

Alemtuzumab alone 12 (0.2) 12 (0.2) 0 (0.0)

Missing 1507 1500 7

Graft type Bone marrow 4022 (57.5) 4009 (57.6) 13 (44.8)

Cord blood 1911 (27.3) 1898 (27.2) 13 (44.8)

Peripheral blood 1062 (15.2) 1059 (15.2) 3 (10.3)

HLA matching HLA-identical sibling 1860 (26.6) 1857 (26.7) 3 (10.3)

Well-matched unrelated (8/8) 1888 (27.0) 1885 (27.1) 3 (10.3)

Partially matched related 429 (6.1) 426 (6.1) 3 (10.3)

Partially matched unrelated 830 (11.9) 823 (11.8) 7 (24.1)

Cord blood 1911 (27.3) 1898 (27.3) 13 (44.8)

Missing 77 77 0

Sex matching Matched 2762 (39.5) 2756 (39.6) 6 (20.7)

Mismatch 2311 (33.1) 2301 (33.1) 10 (34.5)

Cord blood 1911 (27.4) 1898 (27.3) 13 (44.8)

Missing 11 11 0

Recipient CMV status, positive 3872 (56.3) 3852 (56.2) 20 (71.4)

Missing 116 115 1

GVH prophylaxis regimen CNI + MTX 3316 (47.4) 3308 (47.5) 8 (27.6)

CNI + MMF 2117 (30.3) 2103 (30.2) 14 (48.3)

CNI +/- others 1049 (15.0) 1044 (15.0) 5 (17.2)

TCD 349 (5.0) 347 (5.0) 2 (6.9)

Other/missing 164 (2.4) 164 (2.4) 0 (0.0)

Acute GVHD (max grade) None 3629 (51.9) 3609 (51.8) 20 (69.0)

Grade I 926 (13.2) 923 (13.3) 3 (10.3)

Grade II 1170 (16.7) 1167 (16.8) 3 (10.3)

Grade III 673 (9.6) 671 (9.6) 2 (6.9)

Grade IV 373 (5.3) 373 (5.4) 0 (0.0)

Present, grade unknown 214 (3.1) 214 (3.1) 0 (0.0)

Missing 10 9 1

Chronic GVHD (max grade) None 5035 (72.0) 5010 (71.9) 25 (86.2)

(Continued)
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critical illness, the prevalence of PH was 2.72% (95% CI 1.74–

3.69%). The median time from HCT to PICU admission with PH

was 3.77 months (IQR l.23–9.57 months) which was comparable to

the median time between HCT and PICU admission for non-PH

critical illness (p=0.17). Additional PICU-related characteristics of

the PH patients at the time of PH diagnosis are described in

Supplementary Table 2. The majority of patients were admitted

with a PRISM-3 score >10 (n=14, 51.9%), although some patients

had low PRISM-3 scores at the time of PICU admission (e.g. score

0–2 in n=7, 25.9%). Comorbidities observed during the PICU stays

included heart failure (n=5, 17.2%), pulmonary hemorrhage (n=7,

24.1%), thrombotic microangiopathy (n=1, 3.4%), hepatobiliary

failure (n=3, 10.3%), and renal failure (n=11, 37.9%). Infections

were relatively common (bacterial n=15, 51.7%; viral n=14, 48.3%;

and fungal n=5, 17.2%). Intubation was required in 21 patients

(72.4%) and renal replacement therapy occurred in 8 (27.6%).
Frontiers in Oncology 06192
Post-transplant mortality

During the study period, 16 of the 29 patients with PH died.

Most deaths occurred early, within 3 months after PH onset, and all

occurred during a PICU admission, with 15 of the 16 occurring in

the patient’s first post-HCT PICU admission. The overall survival at

6 months following diagnosis of PH was 51.7% (95% CI 32.5%-

67.9%, Figure 3). Death was attributed to primary disease in 5 cases,

organ failure or infection in 4 cases each, and GVHD, hemorrhage,

or other causes in 1 case each. Among the entire cohort, overall

survival at 6 months post-HCT was 84.1% (95% CI 83.2%-85.0%).
Discussion

Our findings provide new insight into the epidemiology, risk

factors, and prognosis of significant PH following pediatric HCT.

The incidence of significant post-HCT PH is low among the entire

allogeneic HCT population, estimated at 0.42% (95% CI 0.27%-

0.57%) at 60 months post-HCT. Among the patients requiring

PICU care post-HCT, PH was prevalent in 2.72%. Those who

developed PH had notable intensive care comorbidities and

required significant invasive interventions. Post-PH mortality was

significant and occurred early after diagnosis. These findings

provide an updated understanding of a rare post-HCT

complication and could serve as a benchmark for future studies.

Prior reports examining the overall incidence of post-HCT PH

have cited rates as high as 15–28% among children (5, 14, 15).

However, these studies focused only on subsets of the HCT

population who were transplanted for specific diseases, such as

osteopetrosis or CNS tumors. Studies including a wider breadth of

transplant recipients have primarily examined PH incidence among

those who have already developed cardiorespiratory symptoms and

thus represent an enriched population (4, 5, 16). As such, by

studying all allogeneic transplant recipients from the time of

transplant, our study found a significantly lower cumulative

incidence of post-HCT PH.

It is difficult to define a comprehensive pre-transplant risk

profile for PH with such a low incidence of disease. Nonetheless,

we were able to identify several factors associated with its

development. African American patients, patients with a poor

pre-HCT Comorbidity Index or Karnofsky/Lansky score, and
TABLE 1 Continued

Total, 6995 No PH, 6966 (99.6) PH, 29 (0.4)

Limited 759 (10.9) 757 (10.9) 2 (6.9)

Extensive 1180 (16.9) 1178 (16.9) 2 (6.9)

Present, grade unknown 2 (0.0) 0 (0.0) 0 (0.0)

Missing 19 19 0
Values represent n (%) unless otherwise indicated. RIC (Reduced Intensity Chemotherapy). NMA (Non-Myeloablative). TBI (Total Body Irradiation). ATG (Anti-Thymocyte Globulin). HLA
(Human Leukocyte Antigen). CNI (Calcineurin Inhibitor). MTX (Methotrexate). MMF (Mycophenolate Mofetil). TCD (T Cell Depletion). GVHD (Graft Versus Host Disease).
FIGURE 1

Cumulative incidence of pulmonary hypertension in the PICU
following stem cell transplant. The cumulative incidence of
pulmonary hypertension following HCT was 0.42% (95% CI 0.27%-
0.57%) at 60 months post-HCT. Death was treated as a competing
event in the cumulative incidence calculation.
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patients with metabolic disorders had increased risk for PH. Racial

differences in pediatric PH have been reported previously, including

one study finding that Black children demonstrate an increased

odds of lung disease-associated PH (17). PH has also been

previously associated with inborn errors of metabolism, primarily

those related to mitochondrial dysfunction, cobalamin C defects,
Frontiers in Oncology 07193
and mucopolysacchar idoses (18 , 19) . Pa t i en t s wi th

mucopolysaccharidoses carry an increased baseline risk of

developing pulmonary vascular disease due to the pathologic

deposition of glycosaminoglycans leading to obstructive airway,

restrictive lung, and valvular heart diseases (20). The exact reasons

underlying the increased risk of PH for these groups in our cohort
FIGURE 2

Hazard ratios for the development of pulmonary hypertension. Hazard ratios for the development of pulmonary hypertension were derived from
univariable Cox regression models. Factors associated with statistically significant increased risk for post-transplant pulmonary hypertension included
Black/African American race, metabolic disorders as the primary transplant indication, worse HCT comorbidity index and Karnofsky scores, partial
HLA matching in unrelated donors, cord blood transplants, and CNI + MMF GVH prophylaxis regimens. RIC (Reduced Intensity Chemotherapy). NMA
(Non-Myeloablative). TBI (Total Body Irradiation). ATG (Anti-Thymocyte Globulin). HLA (Human Leukocyte Antigen). CNI (Calcineurin Inhibitor). MTX
(Methotrexate). MMF (Mycophenolate Mofetil). TCD (T Cell Depletion). GVHD (Graft Versus Host Disease).
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cannot be elucidated due to the limitations of our data set.

Nonetheless, these factors may help guide future investigations.

The contribution of alloreactivity to post-HCT PH remains

uncertain. Although neither acute nor chronic GVHD were

associated with PH, PH was associated with both the use of

partially matched unrelated donors and the use of calcineurin

inhibitor and mycophenolate mofetil (CNI + MMF) for GVHD

prophylaxis (both of which are associated with greater rates of

GVHD (21)). Similar results have been reported previously (6). This

alludes to the possibility that GVHD-mediated injury may underlie

the endothelial dysfunction that contributes to PH in these rare

patients. Prior studies have reported that certain conditioning

agents may be associated with increased risk of endothelial

dysfunction and PH (1, 5). Unfortunately, we were unable to

examine the associations between specific agents and PH in this

data set. Further studies examining the mechanisms of endothelial

dysfunction and pulmonary vascular disease after HCT are needed

to better understand who will be at greatest risk for developing

these complications.

Patients with PH experienced notable comorbidities during

their PICU stays, including high rates of infection and multiple

different organ system failures that often required invasive

interventions. Interestingly, PRISM-3 risk of mortality scores for

critically ill patients did not universally reflect the severity of the

clinical course for all patients. Nine of the 29 patients were admitted

with PRISM-3 scores less than 5. The PRISM-3 score is an

established tool that has demonstrated excellent predictive power,

with an area under receiver operating curve of 0.95 for predicting

PICU mortality (8). In the pediatric HCT population, it is included

as one of five components of a focused mortality risk prediction

model that demonstrated improved performance in this unique

sub-population (9). Despite this, it failed to consistently predict the

significantly worse prognosis of those with PH in our cohort.

Failure to identify high risk patients early on is one of the major

limitations in a number of other studies examining this vulnerable

population (9, 22–24). Our findings enforce the need for

development of alternative prognostication models that
Frontiers in Oncology 08194
incorporate early features of disease, potentially including

echocardiographic or blood biomarkers, and transplant-related

factors to better identify early organ dysfunction and risk of

mortality among this unique subset of the PICU population. This

is particularly important in the setting of post-HCT PH, where early

PH identification and management has been demonstrated to

significantly improve outcomes for these children (5).

Our study has a number of strengths. A large, diverse population of

allogeneic transplant recipients from around North America was

included for analysis and the merging of VPS PICU data with

CIBMTR transplant data provides a valuable and unique level of

detail to the analyses. There were also several limitations to our

study. First, we were limited in our assessment of post-transplant PH

to cases that required PICU admission and specifically documented a

PH diagnosis. Detailed echocardiographic or catheterization data were

not available nor was there a uniform screening protocol to identify all

cases. Therefore, this report likely underestimates the true incidence of

post-HCT PH, and probably fails to take into account mild cases.

Lastly, the low incidence of disease limited our abilities to form a

comprehensive predictive model due to lack of statistical power.

In summary, we have found that the incidence of clinically

significant PH developing after pediatric allogeneic HCT is likely

low, though prospective studies employing a standardized screening

protocol are needed to confirm the true incidence rate. For those

who develop PH and require intensive care, there is a significant

burden of PICU morbidity and post-transplant mortality. Future

studies should continue to focus efforts on understanding the

clinical course and underlying pathophysiology of the rare but

serious post-HCT complication of PH.
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FIGURE 3

Survival following HCT and following diagnosis of post-HCT PH. Overall survival at 6 months following HCT was 84.1% (95% CI 83.2%-85.0%).
Overall survival at 6 months following diagnosis of PH was 51.7% (95% CI 32.5%-67.9%).
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summary report
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Maria Puerto-Torres4, Kim Prewitt1, Douglas A. Luke1,
Dylan E. Graetz4, Sara Malone1 and Asya Agulnik4

1Brown School, Washington University in St. Louis, St. Louis, MO, United States, 2Department of
Pediatrics, Hospital Infantil Teletón de Oncologı́a (HITO), Querétaro, Mexico, 3Rhodes College,
Memphis, TN, United States, 4Global Pediatric Medicine, Critical Care, St. Jude Children’s Research
Hospital, Memphis, TN, United States
Communication failures among clinicians in the ICU (intensive care unit) often

lead to worse patient outcomes. CritCom is a bilingual (English and Spanish) tool

to evaluate the quality of interdisciplinary communication around patient

deterioration for pediatric oncology patients. The use of reports, such as the

CritCom report, as dissemination methods lead to quicker knowledge translation

and implementation of research findings into policy. Nurses and physicians at

participating centers who care for patients at risk of deterioration completed the

CritCom survey and center-specific reports were generated to communicate

CritCom results. Focus groups were conducted with clinicians receiving CritCom

reports in both English and Spanish to evaluate report clarity and usability.

Participants found the reports to be useful and described the writing and

design as clear and specific. Participants provided feedback to improve report

design and requested actionable steps to improve communication at their

center. Feedback illustrated that the report was easy to interpret and a useful

way to disseminate information. Participants noted the utility of the report,

illustrating that the use of reports can be a useful method to disseminate

research findings back to participants in a way that is applicable to the local

context. Communicating research findings through reports can minimize the

significant time lag in knowledge translation and provide participants with

actionable steps to implement in their setting.
KEYWORDS

report, interdisciplinary communication, deterioration, pediatric oncology, critical care
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1 Introduction

Outcomes for critically ill patients improve when clinicians

work together and communicate effectively as a team (1–3).

Communication between clinicians is particularly important in

the care of children with cancer, who are at higher risk of

deterioration and subsequent mortality (2, 3). High-quality

interdisciplinary communication has been linked to earlier

recognition of adverse events and decreased mortality (4).

Communication failures, however, often impact clinicians

understanding of patient care plans (4), resulting in worse

patient outcomes by delaying treatment and causing injury

(5). Thus, enhancing interprofessional communication is

important to improve patient outcomes and quality of care

delivery (4, 6).

Barriers to teamwork and communication between clinicians

include feeling disempowered to speak up, issues with hierarchy,

and negative interpersonal communication (7). Few studies have

addressed the quality of team communication, especially in

resource-diverse settings. The CritCom tool, developed to fill this

gap, is a new reliable and valid bilingual survey to assess the

quality of interdisciplinary communication around patient

deterioration for pediatric oncology patients (8). CritCom is

an anonymous electronic provider survey that evaluates

communication between clinicians across six domains: actionable,

clarity, tone, collaboration and teamwork, leadership, and

empowerment. CritCom was initially piloted at 42 hospitals in

22 countries among clinicians who care for children with cancer

at risk of deterioration (9). For centers with three or more

participants, a center-specific report was created to summarize

responses and communicate results. This study explains the

development of the report, which includes the initial drafting,

review using focus groups, and revision of the report. This

study also evaluated the clarity and usability of the CritCom

center reports.

Recently, emphasis has been placed on creating dissemination

efforts that are adaptable to local contexts, engaging stakeholders

and encouraging continuing collaboration between researchers and

participants (10). The use of reports can aid in quicker knowledge

translation, closing the significant gap between research and

practice (11). Further, reports must be developed in a clear

manner, tailored to the stakeholder with clear and actionable

messages (12). If research findings are not disseminated, then the

research efforts themselves are largely considered a waste of effort

and resources (13).

Timely report development, publication, and dissemination

are important to quickly inform survey participants and hospital

administration of the strengths and weaknesses of communication

at their center, which can ultimately be used to implement policy

focused on interprofessional communication in critical care

settings, improving patient outcomes.
Frontiers in Oncology 02198
2 Methods

2.1 Report development

For centers with three or more participants, a report

summarizing all staff responses was generated (see Figure 1) in

English or Spanish based on prior experience with center-level

reports of staff assessments (14). The report described performance

in each domain (average and range), the overall communication

score (average of all domains), list of strengths and opportunities

(highest and lowest scoring items), detailed performance in

each survey item, and suggestions for next steps. This report

was modeled after another report created and used by this team

for a prior study (15). A first draft of the CritCom report was

drafted by the study team and reviewed by all study team

members. The CritCom report was distributed to all participants

at each center.
2.2 Report assessment

The CritCom report was assessed via focus groups consisting of

participants from various centers. Participants were recruited

among all individuals who completed the survey and received a

hospital-based report. Focus groups were organized by participant

profession (nurse vs. physician) and language (English vs. Spanish),

with a total of four focus groups. The focus groups were structured

using a facilitator guide to evaluate participant understanding about

their center-specific report, as well as communication in their

hospitals (see Additional File 1). The guide was initially

developed in English based on prior work (14). A pilot focus

group was conducted with five participants from St. Jude

representative of the target audience. The guide was then revised

based on feedback and translated to Spanish by bilingual team

members (JR and MPT).

Focus groups were held via the web-conferencing platform

Zoom. Participants were encouraged to participate with their

video and engage as during an in-person discussion. Two

individuals (PW and LC) who were not involved in CritCom

report development facilitated the English focus groups. Bilingual

members of the team (JR and MPT) facilitated the Spanish focus

groups. Focus groups were audio-recorded, then were translated

and transcribed by a professional service. Transcripts were

deidentified and uploaded into MAXQDA for thematic analysis

(16, maxqda.com). A codebook was developed from previous work

and iteratively revised through review of two transcripts (see

Additional File 1) (17). Two investigators (PW and LC) coded all

transcripts with discrepancies resolved by two adjudicators (AA and

SM). Thematic content analysis focused on participant experiences

with communication and CritCom report feedback. The

development and assessment process is depicted in Figure 2.
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3 Results

Focus groups consisted of 11 English-speaking participants

from five countries and 12 Spanish-speaking participants from

four countries; these were 57% physicians and 43% nurses with a

primary work area in the ward (65%) and intensive care unit (ICU)
Frontiers in Oncology 03199
(35%). Identified themes included experiences with communication

in their setting, report interpretation, and recommendations for

improvement (Table 1).

Participants noted multiple examples of poor communication

in their clinical settings: “Maybe with nurse and physicians is better,

but don’t think the multidisciplinary team we don’t have the same
FIGURE 1 (Continued)

\raster=":1:://MTCServer/LiveServer/FrontiersGraphics/Oncology/2024/fonc.2024.1384597/fonc-14-
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CRITCOM report.
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language for everyone.” They also reported instances of good

communication: “how we communicate with other people not only

because it is a doctor, a nurse, or staff member. We have to go all on

the side of good communication for us to have the results … well

positive to be able to assist the patient.” Poor and good
Frontiers in Oncology 05201
communication were noted to impact patient care: “Well, I

consider that if we take a long time to report on the patient’s

status, we also lengthen the patient’s treatment time.”

Overall, participants found the CritCom report to be clear,

specific, and helpful to the strengths and weaknesses of
frontiersin.org
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communication between clinicians at their center. “It’s very well

designed and the information is adequate, concrete and at the same

time extensive within two to three pages with a lot of graphics.”

Participants described the report scores and graphs easy to

interpret. “We just have to improve in the few points that we

failed and not drop points in those where we did well.”

Participants also recognized the utility of the report to develop

strategies to enhance communication within and between units:

“What we must work on and where we can continue to apply the

knowledge that we already have but only reinforce them and have

greater empowerment which is where we scored the lowest.”

Additionally, participants offered several recommendations to

improve the report, such as providing more information about

participant demographics. Many also noted a need to include

actionable steps: “It would also be good to add a box with

recommendations from their experience that they elaborated this

survey to improve that communication in at least the areas where the

scores were the lowest.”

4 Discussion

This study describes the evaluation of the CritCom report to

promote understanding of study findings by centers participating in

the CritCom assessment. Our findings demonstrate that

participants found the report to be clear, usable, and useful to

visualize and understand their results.

The time lag between research and implementing findings into

practice is too long (10, 18). Further, the percentage of research

results that are implemented into practice is low, at approximately

14% (13, 18). Dissemination of information is necessary to adopt

research findings into clinical practice (13).

Adapting research findings through the creation of reports is

helpful to minimize this time lag by quickly transferring
FIGURE 2

Report development and assessment process.
TABLE 1 Focus group feedback.

Focus group feedback

Theme Code Example quote

Experiences with communication in their setting Communication challenges “I also think that sometimes the other person to
whom we are sending that message, does not receive it
with the same importance in the way that we are
taking the deterioration of the patient and maybe on
those occasions is when the patient and the
communication is lost.”

Good communication “But most of all I feel that it is the trust and the
empowerment that one has on the tool to
communicate with the doctor.”

Impacts on patient care “That is where the patient could be a transfer from
intensive care when we could have performed actions
before in the service. I think that bad communication
between all would affect a lot.”

Other communication “And the focus area, because the communication
between health workers, physician, nurses, between
unit and the unit is very important.”
“We know when to talk when need to transfer

(Continued)
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TABLE 1 Continued

Focus group feedback

Theme Code Example quote

patients from one place to another there’s an adequate
amount of concern over the critical state of the patient
and all of those mechanisms are functioning well,
effective communication.”

Report interpretation Ease of interpretation “I think that the graphs are very clear and that the
extent of the report is obviously enough.”

Report or score interpretation “I would interpret that in general we are not doing
too bad but we can improve in many of the aspects
and go through the pages to see what we have to work
on to improve.”

Report use “I consider that the report is good. It gives us the
three … well it gives us the opportunities and
strengths and under opportunities, we can guide
ourselves or we can support ourselves from there to
make improvement projects and later if we do the
survey again to be able to measure how much we did,
what we worked on and in what other things we can
continue working.”

Seeking additional guidance “So, I’m not sure that we’ll be able to take specific
action without a little bit more guidance based on
these areas with room for improvement.”

Written material “I think that it’s very well written and summarized in
a form that is very quick and easy because it provides
us with all the information that has been collected in
the survey so I think that it’s okay and just as [Doctor
3] said the extent of it is correct.”

Domain graph “I think that the graphs are very clear and that the
extent of the report is obviously enough”

Strengths and opportunities “I think particularly the part that highlights the
strengths and opportunities with the highest and
lowest scores was helpful in just pulling that
information to the front, but then having the
opportunity to read and go deeper into the specific
questions for each domain was up with scores was
also helpful.”
“Yes, I agree. It is very well broken down in that each
item that we are evaluating or that they evaluated us
and where it tells us where we had the highest or
lowest score of each area … let’s say … team
collaboration is where we are not doing well. We get
to see each item where we were evaluated, and each
question is very well explained, and it gives us as the
idea of what we have to work. For me, it is
quite good.”

Second and third pages “It’s not only about the opportunities that are
highlighted two and three but also that we can break
down every single item and see what are the aspects
that we can also improve on.”

Other components “I believe, apart from everything that is being said,
that in regards to the images that appear at each of
the subtitles, I don’t know, maybe they should be a
little larger or in color.”

Overall report “To me I do not think that anything else is needed.
To me, it was complete and digestible.”

Recommendations for improvement Confusion with the survey details “Is it going to be for permanent staff or only for
rotating substitute personnel? I think it would also be
like specifying who the survey is addressed to.”

(Continued)
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information from the researchers back to the clinical setting. Clear,

easy to read, and descriptive reports describing communication can

help hospital administration and unit leaders pinpoint areas of

strength and weakness that can be targeted for intervention.

Feedback from this report illustrates that participants could use

the report to take actionable steps to improve communication at

their hospital.

Studies have found that simply publishing research findings

is often ineffective in actually changing practice, and thus the

gap remains between research and practice (11). Targeted

dissemination efforts, such as the CritCom report, are useful

methods of translating information back into the hands of clinicians.

This work represents an example of how research findings can

be made available to participants to promote local quality

improvement and actionable change. Clinicians, researchers, and

administrators can utilize the CritCom report to interpret CritCom

results and improve interdisciplinary communication and,

subsequently, patient outcomes. For example, the report can

inform center-specific trainings or other strategies to improve the

areas of communication that scored low. Providing clear and

contextually appropriate reports of research findings allows

participants to use study results to advocate to their hospital

administration for local change.

This study has several limitations. Only nurses and physicians

were invited to participate; members of the interprofessional team

(respiratory therapists, etc.) were not included, as these roles did not

exist at all centers. Additionally, this study was limited to English-

and Spanish-speaking participants. This limits the generalizability

of our findings regarding CritCom report usability to other

professions and languages; future work should include these groups.

In summary, participant feedback illustrates that the CritCom

report successfully provided clear and relevant findings regarding

communication quality at each center. Using dissemination

methods such as a summary report is useful to provide

participants timely and actionable research data to inform

strategies to improve team communication in their setting.
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Transplant-associated
thrombotic microangiopathy in
pediatrics: incidence, risk factors,
therapeutic options, and
outcome based on data
from a single center
Kinan Kafa* and Jessica I. Hoell

Department of Pediatric Hematology and Oncology, University Hospital Halle (Saale), Halle, Germany
Background: Transplant-associated thrombotic microangiopathy (TA-TMA) is a

critical complication of hematopoietic stem cell transplantation. Awareness

about TA-TMA has increased in recent years, resulting in the implementation

of TA-TMA screening in most centers.

Methods: Retrospective analysis of children who underwent autologous or

allogeneic hematopoietic stem cell transplantation at our center between

January 2018 and December 2022 was conducted to evaluate the incidence,

clinical features, and outcomes of TA-TMA following the administration of

different therapeutic options.

Results: A total of 45 patients comprised the study cohort, of whom 10

developed TA-TMA with a cumulative incidence of 22% by 100 days after

transplantation. Patients with and without TA-TMA in our cohort displayed an

overall survival of 80% and 88%, respectively (p = 0.48), and a non-relapse

mortality of 0% and 5.7%, respectively (p = 0.12), at 1 year after transplantation.

Risk factors for TA-TMA development included allogeneic transplantation and

total body irradiation-based conditioning regime. Among the 10 patients with

TA-TMA, 7 did not meet the high-risk criteria described by Jodele and

colleagues. Of these seven patients, two responded to calcineurin-inhibitor

withdrawal without further therapy and five developed multiorgan dysfunction

syndrome and were treated with anti-inflammatory steroids (prednisone), and all

responded to therapy. The three patients with high-risk TA-TMA were treated

with complement blockade or prednisone, and all responded to therapy.

Conclusion: TA-TMA is a multifactorial complication with high morbidity rates.

Patients with high-risk TA-TMA may benefit from complement blockade using

eculizumab. No consensus has been reached regarding therapy for patients who

do not meet high-risk criteria. Our analysis showed that these patients may

respond to anti-inflammatory treatment with prednisone.
KEYWORDS

transplant-associated thrombotic microangiopathy, hematopoietic stem cell
transplantation, eculizumab, multiorgan dysfunction syndrome, high-risk transplant-
associated thrombotic microangiopathy, calcineurin inhibitor
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Introduction

Transplant-associated thrombotic microangiopathy (TA-TMA)

is a serious complication of hematopoietic stem cell transplantation

(HSCT) with high mortality and chronic organ injury (1). TA-TMA

is a multifactorial complication characterized by endothelial

dysfunction or injury, which leads to microangiopathic Coombs-

negative hemolytic anemia, refractory thrombocytopenia, and

multiorgan damage (2). Multiorgan damage may manifest as

renal insufficiency, polyserositis, gastrointestinal bleeding,

pulmonary hypertension, and/or encephalopathy (2–7).

TA-TMA can range from mild TA-TMA, which may need no

therapy or only withdrawal of trigger medications [such as

calcineurin inhibitors or mammalian target of rapamycin

(mTOR) inhibitors], to severe TA-TMA, which has high

mortality rates (7–9).

Histological confirmation remains the gold standard for TA-

TMA diagnosis. The limited feasibility of invasive intervention after

HSCT necessitates the development of non-invasive diagnostic

criteria (1, 9–12). Most diagnostic criteria include elevated lactate

dehydrogenase (LDH), low haptoglobin, thrombocytopenia, and

the presence of schistocytes on peripheral blood smears (13).

The incidence of TA-TMA is unclear and varies from 0.5% to

76% according to the published literature (9). TA-TMA may

develop after both allogeneic and autologous HSCT. Multiple risk

factors mentioned in retrospective studies, including busulfan-

based and total body irradiation (TBI)-based myeloablative

conditioning, development of graft-versus-host disease (GvHD),

GvHD prophylaxis using calcineurin inhibitors or mTOR

inhibitors, and viral infection with cytomegalovirus, adenovirus,

and human herpes virus 6, are associated with TA-TMA

development (1, 8, 14–24).

The pathophysiology behind endothelial injury is still unclear.

Recent studies have proposed a three-hit hypothesis: an underlying

predisposition to compliment activation, toxic conditioning

regimen, and post-transplant factors (14). Conditioning regimen,

toxic medication, infections, and other transplant-related factors

may induce endothelial injury, leading to increased protein

inflammatory cytokine secretion that further promotes

endothelial injury and activates the complement cascade (14).

Therapeutic options for treating TA-TMA with variable efficacy

include plasma exchange, administration of rituximab, withdrawal

of calcineurin inhibitor, and complement blockade (7, 9, 14, 20, 25–

29). Newer published reports showed that patients have evidence of
Abbreviations: TA-TMA, transplant-associated thrombotic microangiopathy;

MODS, multiorgan dysfunction syndrome; GvHD, graft-versus-host disease;

HSCT, hematopoietic stem cell transplantation; VOD/SOS, hepatic veno-

occlusive disease (VOD) or sinusoidal obstruction syndrome (SOS); MDS,

myelodysplastic syndrome; SAA, severe aplastic anemia; BM, bone marrow;

pBSC, peripheral blood stem cell; CSA, ciclosporin A; CNI, calcineurin inhibitor;

OS, overall survival; Bu, busulfan; TBI, total body irradiation; MMF,

mycophenolate-mofetil; NRM, non-relapse mortality; CMV, cytomegalovirus;

mTOR, mammalian target of rapamycin; AKI, acute kidney injury; cys-c GFR,

cystatin c glomerular filtration rate; LDH, lactate dehydrogenase; MUD, matched

unrelated donor; MFD, matched family donor.
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complement dysregulation (7, 30). This might suggest that

complement blockade may be a therapeutic option for severe TA-

TMA (7, 31–34). In recent studies, inhibition of complement

activity has demonstrated promising results in selected patients

with TA-TMA. The monoclonal antibody eculizumab binds C5 and

inhibits terminal complement activation. Jodele and colleagues

established a protocol to identify high-risk patients with TA-TMA

(25). After administering eculizumab to the high-risk patients

identified, 64% of the patients showed partial response (PR) and

56% achieved complete remission. Therefore, Jodele et al.

recommend the early initiation of eculizumab and adjustment of

its dosing to improve response.

In addition to classical complement pathway activation, the lectin

complement pathway is activated by endothelial injury. Activation of

lectin pathway also triggers the coagulation cascade, which also leads

to the procoagulant phase, platelet adhesion, tissue injury, and finally

to organ damage (35). Narsoplimab is a human monoclonal antibody

that binds to mannan-binding lectin serine protease 2 (MASP2) and

thereby blocks lectin-mediated complement activation without

affecting the classical pathway. A phase II study administered

narsoplimab in adults with severe TA-TMA and achieved high

response rates (74%) in terms of laboratory markers and organ

function without serious adverse effects (35, 36). Nevertheless, the

lack of consensus on the standard treatment approach for TA-TMA

makes it challenging to treat this complication.

In this paper, we describe our clinical experience involving a

cohort of children who underwent transplantation at our center

between January 2018 and December 2022.
Methods

TA-TMA screening

In our cohort, we utilize a screening and diagnosis algorithm

according to evidence-based guidelines described in prior studies (1,

2, 9, 12, 30, 37–39) (Figure 1). The pediatric patients at our

institution were monitored for TA-TMA before conditioning

them and until day 100 after transplantation or until TA-TMA

resolves. The routine monitoring for TA-TMA in the first 30 days

post-transplant included daily blood count, renal function

parameters [creatinine, urea, and cystatin c glomerular filtration

rate (cys-c GFR)], blood pressure, LDH measured twice weekly,

haptoglobin, the presence of schistocytes, and random urine

protein/creatinine ratio in urine specimen. Complement

activation (C50, C5b-9, and Anti H) was checked only if TA-

TMA was suspected. The standard monitoring after day 30 post-

transplant included weekly complete blood count, LDH, cys-c GFR,

and the presence of schistocytes in blood smear. The laboratory

characteristics are shown in Table 1.
Definition of TA-TMA and risk stratification

We applied the diagnostic criteria published by Jodele et al. in 2014

and Dandoy et al. in 2020 (2, 12, 18, 25, 37, 39–41). TA-TMA was
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diagnosed either histologically based on biopsy of affected organs or

when four or more laboratory/clinical markers out of seven markers

were simultaneously present and confirmed in two consecutive tests.

These markers included (1) elevated LDH, (2) presence of schistocytes

in blood smear, (3) de novo thrombocytopenia (number of

thrombocytes < 50 × 109/L) or >50% decrease in platelet count, (4)

Coombs-negative hemolytic anemia or increasing need for blood

transfusion, and (5) hypertension > 99th percentile for age along

with the high-risk criteria: (6) evidence of kidney injury with

proteinuria (protein level in urine > 30 mg/dL) or random urine

protein/creatinine ratio > 2 mg/mg and (7) terminal complement

activation (C5b-9).

Patients were classified as high risk if they fulfilled both high-

risk criteria at diagnosis or one high-risk criteria with evidence of
Frontiers in Oncology 03208
multiorgan damage/dysfunction [multiorgan dysfunction

syndrome (MODS)] (2, 14, 25, 41–49).
Definition of multiorgan
dysfunction syndrome

TA-TMA affects a wide spectrum of organs and may result in

acute or chronic organ dysfunction. This includes renal injury,

hypertension, intestinal bleeding, encephalopathy, pulmonary

hypertension, and polyserositis (1, 2, 14, 25). Patients with TA-

TMA with MODS are critically sick and need prompt therapeutic

interventions although these patients do not always fulfill the high-

risk criteria for TA-TMA.
FIGURE 1

Screening and proposed therapy algorithm. LDH, lactate dehydrogenase; CBC, complete blood count. The patients were monitored for TA-TMA
before conditioning them and until day 100 after transplantation or until TA-TMA resolves. Monitoring for TA-TMA in the first 30 days post-
transplant included the evaluation of CBC, renal retention parameter (creatinine, urea, and cys-c GFR), blood pressure, LDH measured twice weekly,
haptoglobin, schistocytes, and random urine protein/creatinine ratio in the urine specimen. The standard monitoring after day 30 post-transplant
included weekly CBC, LDH, cys-c GFR, and schistocytes in blood smear. We applied the diagnostic criteria published earlier. TA-TMA was diagnosed
either histologically based on a biopsy of affected organs or when four or more out of seven laboratory/clinical markers were simultaneously present
and confirmed in two consecutive tests. These markers included elevated LDH, positive schistocytes, de novo thrombocytopenia, Coombs-negative
hemolytic anemia, hypertension, and two high-risk criteria: proteinuria >30 mg/dL or random urine protein/creatinine ratio >2 mg/mg and terminal
complement activation (c5b-9). Patients were classified as high risk if they fulfilled both high-risk criteria at diagnosis, or one high-risk criteria with
evidence of multiorgan damage/dysfunction. All patients with TA-TMA received supportive therapy to heal the underlying organ injury, including
antihypertensive therapy, minimized transfusion regimen, and management of acute infections and other transplant-related complications. GvHD
prophylaxis with calcineurin or mTOR inhibitors were stopped for all patients within 2 weeks after diagnosis considering GvHD risk and time point
post-HSCT with or without replacement therapy (mycophenolate-mofetil). High-risk patients with TA-TMA instantly received additional treatment
with complement blockade (eculizumab) or high doses of prednisone 1–2 mg/kg/d tapered over 4–6 weeks. All patients with non-high-risk TA-TMA
with multiorgan dysfunction syndrome (MODS) received anti-inflammatory therapy with prednisone 1–2 mg/kg/d followed by tapering over 4–6
weeks. Patients with non-high-risk TA-TMA without MODS were monitored closely without further therapy and received prednisone only if they did
not respond to withdrawal of calcineurin inhibitors.
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Patients and clinical data

All patients who underwent allogeneic and autologous HSCT at

our institution between January 2018 and December 2022 were

included in this cohort (n = 35 and n = 10, respectively). The

indication for autologous HSCT was high-risk neuroblastoma in

seven cases and relapsed Ewing sarcoma, germ-cell cancer, and

relapsed nephroblastoma in one case each. Patient data were

collected, including sex, transplant diagnosis, stem cell source,

conditioning regimen (50), GvHD prophylaxis, transplantation-

related complications, and outcome. GvHD was diagnosed

according to the Glucksberg clinical criteria (51). The clinical

characteristics are shown in Table 2. We divided the participants

with TA-TMA in our cohort according to the high-risk criteria into

three groups: (1) high-risk TA-TMA (2, 14, 25), (2) non-high-risk

TA-TMA with MODS (1, 14, 25), and (3) non-high-risk TA-TMA

without MODS.

The study was approved by the local ethics committee of

our institution.
Statistical analysis

SPSS statistical software, version 29 (IBM®, New York, USA)

was used to analyze the collected data. Pearson’s chi-squared test
Frontiers in Oncology 04209
was used to determine any association between age, gender, cell

source, HSCT type, conditioning, etc. as risk factors and TA-TMA

development. Moreover, t-test and one-factor analysis of variance

were used to test whether the average values of multiple clinical and

laboratory factors between the patients with and without TA-TMA

and among the TA-TMA groups are different. The results are

expressed as an odds ratio (OR) with a 95% confidence interval

(CI), and data were considered significant at p-value < 0.05.
Results

Cohort characteristics

We identified 45 pediatric patients who underwent allogeneic or

autologous HSCT at our institution from January 2018 to December

2022. The clinical characteristics are shown in Table 2. Malignant

diseases were the most common underlying diagnosis (n = 28, 62%).

Moreover, 35 subjects received allogeneic transplants (77.8%) from

9/10 or 10/10 matched unrelated donor (n = 30, 85.8%), matched

family donor (n = 2, 5.7%), or haploidentical donor (n = 3, 8.5%),

and the most frequent cell source was peripheral blood stem cells

(n = 37, 82%). Nearly all transplant recipients (95.5%) received

TBI-, busulfan-, or treosulfan-based myeloablative conditioning.

Ciclosporin A was the most frequently used GvHD prophylaxis (n =

32, 91.4%).

Ten of the 45 patients (22%) met the criteria for TA-TMA

diagnosis. High-risk TA-TMA was diagnosed in 6.6% of all HSCT

patients (n = 3), of which two cases occurred after allogeneic HSCT

and one case occurred after autologous HSCT with high-

risk neuroblastoma.

All affected patients developed this complication within the first

100 days after transplantation with a median of 49 (11–98) days.

Patients with high-risk TA-TMA were more likely to be older in

comparison to non-high-risk patients [median age, 14 (8–17) years

vs. 8.5 (2–17) years, respectively] and developed pericardial/pleural

effusions more frequently (p = 0.01). No patient in our cohort had

evidence of complement activation (C5b-9 range: 98–191 ng/mL).

Patients with or without high-risk TA-TMA showed no difference

in conditioning regimen (p = 0.098), GvHD rates (30% vs. 31%, p =

0.63), and documented infection (20% vs. 34.2%, p = 0.74). The

demographics and characteristics of patients with TA-TMA are

shown in Table 3.
Clinical monitoring

The number of erythrocyte and platelet transfusions was

documented for 100 days after transplantation. Red blood

transfusion was administered at a hemoglobin level < 7 g/dL and

platelet count < 20 × 109/L. Hypertension was defined when systolic

and/or diastolic values > 99th percentile for age. The number of

antihypertensive medications for each patient was also documented.

Cytomegalovirus, adenovirus, and Epstein–Barr virus screening via

polymerase chain reaction were performed at least once weekly.
TABLE 1 Laboratory characteristics and clinical risk factors in patients
with and without TA-TMA.

Patients
with TA-
TMA
N = 10

Patients
without TA-
TMA N = 35

p-value

Laboratory findings
during the first 100 d
after HSCT: LDH (U/L)

507
(287–867)

281 (180–374) p < 0.001

No. of platelet
transfusions in the first
100 d

11 (4–32) 10 (1–32) p = 0.071

No. of erythrocyte
transfusions in the first
100 d

8 (3–15) 6 (1–13) p = 0.087

Days to platelet
engraftment > 20 × 109/L

38 (12–150) 25 (11–120) p = 0.2

Days to platelet
engraftment > 50 × 109/L

49 (12–170) 30 (12–150) p = 0.098

AKI (doubling
of creatinine)

8 (80%) 7 (20%) p < 0.001

Clinical risk factors

aGvHD Grade II–IV 2 (20%) 12 (34.2%) p = 0.63

Viral infection 3 (30%) 11 (31.4%) p = 0.74

VOD/SOS 0 4 (11.4%) p = 0.26
TA-TMA, transplant-associated thrombotic microangiopathy; aGvHD, acute graft-versus-
host disease; HSCT, hematopoietic stem cell transplantation; VOD/SOS, hepatic veno-
occlusive disease (VOD) or sinusoidal obstruction syndrome (SOS); AKI, acute kidney
injury; LDH, lactate dehydrogenase (reference 100–250 U/L).
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A diagnosis of acute kidney injury was reached if the creatinine

values were doubled compared to the baseline value before

transplantation (2, 40, 52).

The occurrences of MODS, GvHD, and transplantation-related

complications were noted for the first 100 days after transplantation.
Frontiers in Oncology 05210
Risk factors for TA-TMA

Among the 45 subjects, TA-TMA was more likely to develop

after allogeneic HSCT than after autologous HSCT (25.7% vs. 10%,

respectively, p = 0.29). All TA-TMA cases that developed after

allogeneic HSCT were seen in patients who received transplants

from matched unrelated donors. No statistical difference in TA-

TMA rates was seen between allogeneic transplantations from 9/10

or 10/10 unrelated donors (40% vs. 24%, p = 0.4). The risk was

slightly higher in patients with non-malignant disease in

comparison to those with malignant diseases in the whole cohort

(29.4% vs. 17.8%, p = 0.46) and in the allogeneic HSCT (29.4% vs.

22.2%, p = 0.46) both without statistical significance. As a cell

source, only bone marrow showed a significant difference (50% vs.

18.9%, p = 0.037), although the results should be considered

carefully considering the low patient numbers in our cohort.

Notably, the risk of developing TA-TMA was higher in older

patients (>10 years old), but without statistical significance. Out of 12

patients in our cohort who were older than 10 years, 4 developed TA-

TMA, compared to 6 out of 33 who were younger (33.3% vs. 18%, p =

0.24). GvHD prophylaxis with ciclosporin A was not an independent

risk factor for TA-TMA (33.3% vs. 25%, p = 0.75), given that it was

used in all cases and there was no comparison group.

Nearly all subjects received myeloablative conditioning (95.5%).

We observed that patients who received TBI-based conditioning

were more likely to develop TA-TMA (60% vs. 17.5%, p = 0.031).

Busulfan- and treosulfan-based regimens did not appear to be a

significant risk factor for TA-TMA development (16.6% vs. 24.2, p =

0.7 and 26% vs. 18.2%, p = 0.72, respectively).

Severe acute GvHD (Grades III and IV) was not a significant

risk factor for TA-TMA development (30% vs. 31%, p = 0.63), and

infections in the first 100 days after transplantation were similarly

not associated with an increased risk for TA-TMA. Our cohort of

patients who developed other types of angiopathy complications

(hepatic veno-occlusive disease or sinusoidal obstruction

syndrome) do not exhibit a significantly increased risk of

developing TA-TMA (0% vs. 11.4%, p = 0.26).
Treatment of TA-TMA

Recent studies have tried to develop treatment strategies based

on TA-TMA pathophysiology (2, 14, 25, 53). Several have reported

that calcineurin inhibitors such as ciclosporin and tacrolimus and

mTOR inhibitors such as sirolimus might be probable causal factors

for endothelial injury in patients with TA-TMA (1, 8, 9, 23, 54, 55).

All patients with TA-TMA at our institution received

supportive therapy to heal the underlying organ injury, which

included antihypertensive therapy, minimized transfusion

regimen (2, 14, 25, 39), and management of acute infections and

other transplant-related complications.

GvHD prophylaxis with calcineurin or mTOR inhibitors were

stopped in all patients within 2 weeks after diagnosis considering

GvHD risk and the time point after administering HSCT with or
TABLE 2 Baseline clinical characteristics of patients who underwent
HSCT between January 2018 and December 2022.

Patients with
TA-TMA
N = 10

Patients
without
TA-TMA
N = 35

p-
value

Male sex 5 (50%) 21 (60%) 0.46

Age, years 11 (2–17) 6 (1–17)

Age 0.24

>10 years 4 (40%) 8 (22.8%)

<10 years 6 (60%) 27 (77.2%)

Initial diagnosis 0.46

Malignancy 5 (50%) 23 (65.7%)

Bone marrow failure
(MDS, SAA)

3 (30%) 5 (14%)

Immunodeficiency/
metabolic disease

1 (10%) 4 (11.4%)

Benign
hematologic disease

1 (10%) 3 (8.5%)

HSCT-Typ 0.29

Allogeneic 9 (90%) 26 (74.3%)

MUD (9 or 10/10) 8 (89%) 21 (80.7%)

MFD 0 2 (7.7%)

MMFD
(haploidentical)

1 (11%) 3 (11.5%)

Autologous 1 (10%) 9 (25.7%)

Stem cell source 0.037

BM 4 (40%) 4 (11.4%)

PBSC 7 (70%) 30 (85.7%)

Conditioning regimen 0.098

Bu-based regimen 2 (20%) 10 (28.5%)

TBI-based regimen 3 (30%) 2 (5.7%) 0.031

Other 5 (50%) 23 (65.7%)

GvHD prophylaxis 0.75

CSA-
based prophylaxis

8 (80%) 24 (68.6%)

MMF-
based prophylaxis

1 (10%) 2 (5.7%)
TA-TMA, transplant-associated thrombotic microangiopathy; GvHD, graft-versus-host
disease; HSCT, hematopoietic stem cell transplantation; MDS, myelodysplastic syndrome;
SAA, severe aplastic anemia; BM, bone marrow; pBSC, peripheral blood stem cell; CSA,
ciclosporin A; Bu, busulfan; TBI, total body irradiation; MMF, mycophenolate-mofetil.
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without replacement therapy (mycophenolate-mofetil) (8, 9, 23, 54,

56, 57). Patients with high-risk TA-TMA instantly received

additional treatment with complement blockade (eculizumab) (7,

14, 18, 25, 27–29, 58, 59) or high doses of prednisone 1–2 mg/kg/d

and tapering over 4–6 weeks.

All patients with non-high-risk TA-TMA with MODS received

anti-inflammatory therapy with prednisone 1–2 mg/kg/d followed

by tapering over 4–6 weeks (14). Patients with non-high-risk TA-

TMA without MODS were monitored closely without further

therapy and received prednisone only if they did not respond to

calcineurin inhibitor withdrawal.
Classification of treatment response

Response to therapy was evaluated once a week during the

therapeutic regimen and after it ended. Overall survival was
Frontiers in Oncology 06211
evaluated at 3, 6, and 12 months after transplantation. Patients were

defined as displaying complete response (CR) if MODS, transfusion-

dependent anemia, and thrombocytopenia resolved completely (25).

Patients with no response (NR) still have active disease with MODS or

still need transfusion of erythrocytes and/or thrombocytes. All other

patients, who did not meet NR or CR criteria or who had relapsed after

therapy stopped, were defined as having PR.
Complications of TA-TMA and
therapeutic response

Our cohort showed variability in the clinical presentation and

disease management of TA-TMA. Patient demographics and

disease characteristics are shown in Table 3.

Renal impairment and chronic kidney disease were the most

frequent complications in patients with TA-TMA (n = 8, 80%),
TABLE 3 Demographics and disease characteristics of patients with TA-TMA.

High-risk TA-TMA Non-high-risk TA-TMA

Patients No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 No. 7 No. 8 No. 9 No. 10

Age at SCT, years <10 >10 >10 <10 <10 >10 <10 <10 <10 >10

Diagnosis M B M M M B B B M B

Stem cell source pB pB pB BM BM BM pB pB BM pB

Conditioning
regimen

TBI/VP16 Treo/Fl/TT Bu/Mel TBI/VP16 TBI/VP16 Fl/Cy Bu/Fl/Mel Treo/Fl Treo/
Fl/TT

Treo/Fl

Days after SCT
at diagnosis

92 43 16 21 100 11 47 17 54 98

Cys c-GFR mL/
min/1.73 m²

49 62 83 50 91 59 108 66 90 42

Proteinuria
(protein level in
urine > 30 mg/dL)
or protein-
creatinine ratio > 2
mg/mg

31 mg/dL 26 mg/dL,
P/C ratio:
3.3 mg/mg

30
mg/dL

No No 6 mg/dL 14 mg/dL 5 mg/dL 11 mg/dL 26 mg/dL

Transplant-
related
complication

Serositis Serositis Serositis Serositis,
encephalopathy

Serositis Serositis PHT Intestinal
bleeding,
serositis

No No

Complement C5b-9
(ng/mL)

150 125 191 121 170 156 107 133 98 188

Biopsy Kidney ND ND ND ND ND ND Colon ND ND

GvHD stage, organ Grade
I, skin

Grade
I, skin

NA Grade II, skin No Grade
II, skin

No No No No

Infections No Herpes
simplex

No EBV/CMV No EBV No No No No

Therapy Eculizumab
CNI
withdrawal

Eculizumab
+ Pred +
CNI
withdrawal

Pred CNI
withdrawal
+ Pred

CNI
withdrawal
+ Pred

CNI
withdrawal
+ Pred

CNI
withdrawal
+ Pred

CNI
withdrawal
+ Pred

CNI
withdrawal

CNI
withdrawal

Response CR PR CR CR PR CR CR CR CR CR
fro
M, malignant; B, benign; NA, not applicable; ND, not done; CR, complete response; PR, partial response; BM, bone marrow; pB, peripheral blood stem cells; CNI, calcineurin inhibitor; TBI, total
body irradiation; VP16, etoposide; Bu, busulfan; Treo, treosulfan; Flu, fludarabine; Mel, melphalan; Cy, cyclophosphamide; Pred, prednisone; GvHD, graft-versus-host disease; complement C5b-
9, reference 58–239 ng/mL; PHT, pulmonary hypertension; P/C ratio, protein/creatinine ratio in spontaneous urine sample.
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followed by (poly)serositis that resulted in pleural and pericardial

effusion and ascites (n = 7, 70%). Pulmonary hypertension (n = 1,

10%), gastrointestinal bleeding (n = 1, 10%), and encephalopathy (n

= 1, 10%) were also documented. No patient in our study showed

complement activation at TA-TMA diagnosis. The cys-c GFR of

most patients with significant renal injury were still below the

pretransplantation cys-c GFR after the patients recovered from TA-

TMA (n = 6, 60%) and needed long-term follow up.

Cessation of immunosuppression by withdrawing calcineurin

inhibitors or switching to mycophenolate-mofetil was the first

therapeutic strategy employed in all patients with TA-TMA.

Patients with TA-TMA also received adjunct therapy such as

complement blockade with eculizumab or anti-inflammatory agents

with prednisone according to high-risk stratification or existing

critical organ damage/dysfunction as seen in MODS. Patients with

high-risk TA-TMA (n = 3, 30%) were treated with eculizumab (n =

1, 10%) and prednisone (n = 2, 20%). Two patients achieved CR

(66%), while one patient showed PR (33%) to therapy with

prednisone and was switched to eculizumab. The number of

eculizumab doses was 11, and the duration of therapy was 113

days. Therapy was well tolerated without any significant side effects.

Response to therapy is described in Table 4.

Patients who did not meet the high-risk criteria were divided

into critically sick patients with MODS who received therapy with

prednisone (n = 5, 50%) and patients without MODS who did not

receive adjunct treatment (n = 2, 20%). All patients with non-high-

risk TA-TMA with MODS showed CR to prednisone therapy with a

median treatment duration of 38 (30–48) days (Figure 1).

It is worth mentioning that withdrawal of calcineurin inhibitors

was initiated in many patients concurrently with the initiation of

corticosteroid administration (6/10 patients with TA-TMA, 60%, 1

with high-risk TA-TMA and 5 with non-high-risk TA-TMA)

(Table 3). Therefore, it is not clear whether the withdrawal of

calcineurin inhibitors by itself possibly resolved TA-TMA without

the addition of steroids.

TA-TMA in all patients without MODS (n = 2, 20%) resolved

spontaneously approximately 14 (12–21) days after ceasing

immunosuppression without adjunct treatment.

The adjusted analysis showed that hematologic resolution

occurred in 77 (36–105) days and 77 (26–150) days in high-risk

and non-high-risk TA-TMA, respectively.

Eight of 10 patients with TA-TMA in our cohort were alive 1

year after diagnosis with an overall survival of 80% and non-relapse

mortality of 0% (Figure 2).
Discussion

In this paper, we report our experience in the diagnosis and

management of patients with newly diagnosed TA-TMA after

HSCT. The cohort had 45 pediatric transplant recipients who

underwent allogeneic or autologous HSCT. The overall incidence

of TA-TMA reported in the literature varies widely from 0.5% to

76%. This wide range may be attributed to the fact that most recent

studies are retrospective observations; moreover, mild TA-TMA

cases may have remained undiscovered (2, 12, 17, 60).
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In our cohort, TA-TMA was documented in 22% (n = 10) of all

patients based on currently published diagnostic criteria. All cases

occurred within 100 days after transplantation with a median time

of 49 (11–98) days.

Several studies have observed a high risk of TA-TMA following

autologous HSCT in children (2, 7, 61). In our study, only 1 patient

out of 10 autologous HSCTs with high-risk neuroblastoma

developed TA-TMA, giving rise to a TA-TMA incidence of 10%.

A single-centered study by Schoettler et al. described pediatric TA-

TMA following autologous HSCT. The incidence of TA-TMA was

3.7%, which occurred most frequently in patients with

neuroblastoma (78%), all of whom were conditioned with

carboplatin, etoposide, and melphalan. Consistent with our

observations, TA-TMA was diagnosed within the first 100 days

after transplantation. Most of these patients had normal levels of

complement and had renal involvement at presentation. In the

study by Schoettler et al., the prevalence of TA-TMA in patients

with neuroblastoma was 6%, which is low compared to 14% (1 of 7)

in our study and significantly lower than that mentioned in the

literature (30%). Considering that all the patients with

neuroblastoma in our cohort were conditioned with busulfan and

melphalan, we believe that patients with neuroblastoma may have

additional risk factors related to the disease itself. These factors may

include endothelial injury caused by the initially high levels of

catecholamine in combination with standard chemotherapy apart

from conditioning regimen (62).

When examining the risk factors associated with TA-TMA, we

found a higher incidence of TA-TMA among patients who received

a conditioning regimen with TBI (60 vs. 17.5%, p = 0.031), were

older than 10 years (33.3 vs. 18%, p = 0.24), and had non-malignant

diseases (29.4% vs. 17.8%, p = 0.46) (2); however, GvHD

prophylaxis with calcineurin inhibitors did not seem to be an

independent risk factor for TA-TMA development (33.3% vs.

25%, p = 0.75). Similar results were reported by Higham et al. in

2021, who described a retrospective analysis of TA-TMA with 257

pediatric patients who underwent 292 allogeneic HSCTs (63). They

showed higher incidence of TA-TMA in patients aged >10 years

than in those aged <10 years (9.8% vs. 3.1%, p = 0.4) and in patients

who received TBI-based myeloablative conditioning regimens

compared with non-TBI-based regimens (12.2% vs. 5.7%, p =

0.17) with no impact from the stem cell source.

Contrary to our results, severe aplastic anemia as an underlying

disease was found to be a clear risk factor compared with patients

with malignancy or other non-malignant diagnoses (17.6% vs. 8.3%

vs. 0%, p = 0.006). However, we detected higher rates of TA-TMA in

patients with bone marrow failure, including severe aplastic anemia

and myelodysplastic syndrome, who underwent allogeneic HSCT

compared to malignant or other non-malignant diseases (37.5% vs.

22.2% vs. 22.2%, p = 0.68) (63).

Patients who met the criteria of TA-TMA have a high risk of

post-transplant morbidity and may develop multiple clinically

significant complications including pulmonary hypertension,

severe gastrointestinal bleeding, and pleural and pericardial

effusion. This supports the observations of previous studies that

TA-TMA may lead to multiorgan damage/dysfunction, which

coexist with other HSCT complications (2, 14, 64–69).
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The TA-TMA severity in our cohort ranged from mild, self-

limiting TA-TMA to severe, high-risk TA-TMA with proteinuria,

renal injury, multiorgan damage, and high risk of morbidity and

admission to intensive care unit (2). Mild cases resolved with

supportive care only, including antihypertensive therapy,

minimization of transfusions, and withdrawal of calcineurin

inhibitors (9, 14). High-risk TA-TMA has successfully been

treated with different medications. Based on recent studies on the

efficacy and safety of complement blockade in patients with high-

risk TA-TMA, one patient was treated with eculizumab while the

other two patients were treated with prednisone in the present study

(9, 14, 25, 39, 53, 70, 71). TA-TMA was resolved in one of the two

patients who received prednisone; however, prednisone therapy had

to be switched to eculizumab therapy in the other patient due to

relapse after initial response. This patient showed PR to eculizumab

and developed chronic renal insufficiency. It remains unknown why

the two patients showed a clinical response with complement
Frontiers in Oncology 08213
blockade despite no evidence of complement activation being

detected in the laboratory.

In our cohort, we observed a group of patients with non-high-

risk TA-TMA (n = 5, 50% of all patients with TA-TMA), who were

critically sick with MODS and TA-TMA-related complications. To

our knowledge, no consensus exists regarding therapy for these

types of patients.

Recent publications examining TA-TMA pathophysiology,

which hypothesized that endothelial injury leads to an increase in

proinflammatory cytokine, procoagulant factors, and adhesion

molecules, led us to consider interrupting the inflammatory

cascade with prednisone. Since the stimulation of endothelial

injury in most cases is temporary, we tapered prednisone over 4–

6 weeks (14, 25).

All five patients responded to therapy with hematological and

MODS resolution in 65 (26–120) days. Most patients with TA-

TMA with significant renal injury still exhibited a cys-c GFR that
TABLE 4 Response to therapy.

High-risk TA-TMA
n=3

Non-high-risk TMA
MODS+ n=5

Non-high-risk TMA
MODS− n=2

p-value

Age, years 14 (8–17) 7.8 (2–17) 10.5 (4–17) p = 0.43

Time until normalization of LDH, d 23.6 (7–44) 27.8 (11–74) 94 (48–140) p = 0.095

Time until normalization of
haptoglobin, d

98 (14–225) 99.6 (78–230) 115 (80–150) p = 0.922

Time until disappearance of
schistocytes, d

45 (12–75) 19.6 (14–30) 96.5 (43–150) p = 0.078

Time until platelets were recovered to >20
× 109/L

25.3 (12–40) 35.2 (12–80) 37.5 (30–45) p = 0.8

Time until TA-TMA resolution, d 65.8 (36–105) 65.8 (26–120) 105 (60–150) p = 0.54
TA-TMA, transplant-associated thrombotic microangiopathy; MODS, multiorgan dysfunction syndrome; MODS+, with MODS; MODS−, without MODS; LDH, lactate dehydrogenase; d, days;
Y, years.
FIGURE 2

Analysis showing survival in patients with and without TA-TMA. hR, high risk; HSCT, hematopoietic stem cell transplantation; TA-TMA, transplant-
associated thrombotic microangiopathy. We compared the overall survival (OS) and non-relapse mortality (NRM) 1 year after stem cell
transplantation. Patients with and without TA-TMA in our cohort exhibited an OS (p = 0.48) of 80% and 88%, respectively, and an NRM (p = 0.12) of
0% and 5.7%, respectively, at 1 year after transplantation.
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was below the pretransplantation value after TA-TMA recovery and

required long-term follow up.

Here, we describe our experience with the risk factors, outcome,

and impact of TA-TMA treatment on subsequent transplant outcomes.

We recognize several limitations of our analysis. First, the study

represents a small number of patients with TA-TMA with a

relatively small total sample size, making it difficult to interpret

the results and their significance and to draw definite conclusions.

Second, the retrospective design of the cohort may lead to

underreporting less severe TA-TMA cases. Furthermore,

opportunities for histological confirmation of the TA-TMA

diagnosis in this vulnerable population of patients after HSCT

with high bleeding risk were limited.

Despite limitations, this retrospective study provides crucial

data showing that TA-TMA impairs the quality of life of a

significant proportion of pediatric transplant recipients.

Additionally, patients undergoing HSCT should have a routine

scheduled screening program to identify suspected cases early to

prevent lasting organ damage.

Multicenter prospective studies will be needed to construct a

consensus recommendation for early recognition and monitoring of

children with this common post-transplant complication and for

developing a therapeutic approach tailored according to risk.
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