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Background

Pediatric hematopoietic cell transplant (HCT) recipients who require intensive care unit (PICU) admission historically have high mortality rates. The HCT landscape is rapidly changing with the incorporation of novel graft versus host disease (GVHD), infection prevention strategies, and diagnosis and treatment of endothelial disorders—all potentially impacting the risk factors for morbidity and outcomes of critically ill pediatric HCT recipients.





Methods

This IRB-approved single-center, retrospective cohort included all allogeneic recipients from 2019 to 2023 who required ICU admission in the first year post-HCT.





Results

A total of 91 unique PICU admissions in 56 HCT patients were identified. The median age at HCT was 8.4 years; 30 (54%) were female. Moreover, 34 (61%) developed early endotheliopathy syndrome: 27 (48.2%) TA-TMA (all treated with eculizumab), 21 (37.5%) SOS (all treated with defibrotide), and 14 (25%) both TA-TMA and SOS. A total of 40 admissions (44%) required IMV. The risk factors (RF) for IMV included younger age, TA-TMA, SOS, RRT, and PICU length of stay ≥14 days. Of those requiring IMV, 15 patients (37.5%) failed extubation; no HCT or clinical features predicted extubation failure. Furthermore, 23 admissions (25.3%) required renal replacement therapy (RRT). The RF for RRT included TA-TMA, SOS, PICU LOS, and weight gain of ≥5% from dry weight at the time of PICU admission. The duration that weight exceeded 10% of the dry weight before RRT was associated with the inability to come off RRT. The 100-day PICU-related mortality was 25% (95% CI: 14–37), though the 1-year NRM from first ICU admission was 41% (95% CI: 31–51). RF for non-relapse-related mortality (NRM) included TA-TMA and required RRT. Grade 3–4 acute GVHD was not a risk factor for ICU morbidity nor mortality. Infection was also not a risk factor, but the very high proportion of infection in the cohort limits the analysis.





Discussion

In this contemporary cohort with a high prevalence of infection, the NRM of critically ill allogeneic HCT recipients was lower than the historic rates, and 62.5% of children requiring IMV were successfully extubated. SOS and TA-TMA were risk factors for highly morbid ICU complications and death despite early intervention. Alternative approaches to these diseases and their drivers and initiation of early RRT may avert death.
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Introduction

Hematopoietic cell transplantation (HCT) offers curative therapy for children with malignant and non-malignant diseases (1). However, toxicities, including the development of organ failure, are a major barrier to HCT success and account for ~33% of early deaths post-HCT (<100 days) (2, 3). Approximately 15%–40% of pediatric HCT recipients require intensive care unit (PICU) admission and support. Previously described risk factors for PICU admission in HCT patients include allogeneic HCT, HCT indication including inborn errors of metabolism, and severe acute GVHD (2, 4, 5). Historically, the mortality rates of critically ill HCT recipients have exceeded 50% (6–8). Prior described risk factors for death in this cohort include respiratory failure requiring invasive mechanical ventilation (IMV), severe acute graft versus host disease (GVHD), longer duration of non-invasive positive pressure (NIPPV) prior to IMV, fluid overload, and renal failure requiring renal replacement therapy (RRT) (9–12).

While these prior risk factors and poor outcomes were evident over several decades, contemporary HCT practices are rapidly changing. The adoption of novel GVHD prophylaxis approaches including post-transplant cyclophosphamide and abatacept (13–15), infection prophylaxis strategies including cytomegalovirus prophylaxis (16), diagnostic criteria for sinusoidal obstructive syndrome (17), use of prophylactic defibrotide (18, 19), and novel diagnostic, risk stratification, and early intervention approaches of transplant-associated thrombotic microangiopathy (TA-TMA) (20, 21) could all alter the previously identified risk factors among allogeneic HCT recipients. A recent study demonstrated that prolonged non-invasive ventilation led to high rates of intubation, peri-intubation arrest, and mortality, suggesting that early IMV may be beneficial in this particularly vulnerable population (6). These findings and possible practice-changing approaches highlight a novel endpoint, successful extubation from IMV and risk factors for IMV failure, for which data are scant.

We hypothesized that improvements in supportive care and implementation of newer approaches have led to improved outcomes in critically ill pediatric HCT recipients and altered the previously identified risk factors for PICU-associated morbidity and death. The objective of this study was to describe the risk factors and outcomes of ICU events in allogeneic HCT patients requiring PICU care, including IMV, IMV extubation failure, RRT, and mortality.





Patients and methods




Data source

In this Institutional Review Board-approved, single-center, retrospective single study, data were extracted from the electronic medical record (EMR) of consecutive allogeneic HCT recipients who received an HCT between April 2019 and December 2023 and were admitted to the PICU within 1 year of HCT. The patients were identified using an internal HCT database. Data extracted included patient and transplant characteristics, unique PICU admission(s), PICU course(s), and survival. All TA-TMA, SOS, acute GVHD, and causes of death were adjudicated by authors MLS, KMW, and PK in addition to 20% of random data fields. Any discrepancies in data were validated by additional members of the research team prior to analysis. Patients were excluded from the analysis if they had a do not resuscitate (DNR) or do not intubate (DNI) order in place at the time of PICU admission.





Outcome measures/diagnostic criteria/definitions

Primary endpoints included IMV, IMV extubation failure, PICU-related mortality, and non-relapse-related mortality (NRM). Failed extubation from IMV was defined as reintubation within 72 h of extubation or death prior to an extubation attempt. PICU-related mortality was defined as death during the first PICU admission. NRM was defined as death of any cause other than relapse, which was treated as a competing risk. Sinusoidal obstruction syndrome (SOS) was diagnosed using European Bone Marrow Transplant criteria (17). Transplant-associated thrombotic microangiopathy (TA-TMA) was diagnosed using Jodele criteria (22), though all patients also met later published consensus criteria (20). Patients with either TA-TMA or SOS were considered to have an “early endotheliopathy syndrome”. Acute GVHD (aGVHD) was graded and staged using MAGIC criteria (23). Acute kidney injury (AKI) was defined as an increase in creatinine by >0.3 mg/dL in 48 h or an increase in serum creatinine >1.5 times against baseline values per KDIGO guidelines (24). Fluid overload was defined as weight gain from dry weight to time of ICU admission, and in those who required renal replacement, weight at the time of RRT initiation. Dry weight is defined per institutional policy. Early post-HCT, the day 0 weight is considered the dry weight. Patients readmitted or admitted to the PICU later in their HCT course have an expected dry weight calculated by the nutritionists, which accounts for expected growth. Infections that occurred during any PICU admission(s) were captured. Infections were identified via positive culture (bacteria, virus, or fungus) in blood and tissue culture and PCR testing. Next-generation sequencing (Karius®) tests were also included if the clinical team used these data to determine treatments.

The indication for PICU admission was abstracted from documentation at the time of transfer. Etiology of respiratory failure, if present, was abstracted from the indication listed in the intubation procedure documentation. Primary and secondary causes of death, where applicable, were abstracted from the death summary and autopsy if available, and attribution was assigned using previously described methods (25).





Statistical analysis

Descriptive statistics were used to summarize patient characteristics. Fishers exact test and Wilcoxon rank sum test were used for between-group comparisons in the analysis of categorical and continuous variables, respectively. Mixed models were used to assess risk factors for IMV, RRT, and death, which account for repeated ICU admissions by treating patients as a random effect and reporting robust standard errors for hypothesis testing (26). Logistic regression models were used to determine risk factors for the first IMV extubation failure. TA-TMA, SOS, endotheliopathy syndromes, acute GVHD, IMV, and RRT were treated as time-dependent variables in all models. Due to sample size restrictions and multiple co-linear variables, a multivariable analysis was not performed. Survival from IMV, RRT, and PICU were estimated from the day of first ICU admission using Kaplan–Meier methods. NRM was estimated from the day of first ICU admission treating relapse as a competing risk. Statistical significance was defined as p <0.05. R (v.4.3.2) was used for all statistical analyses.






Results




Patient and transplant characteristics

A total of 91 unique PICU admissions in 56 HCT patients were identified in the study period. The median age at HCT was 8.4 years (IQR, 2.6 to 15.1 years); 30 (54%) were female, 25 (45%) were White non-Hispanic, and 4 (7.1%) received second HCT prior to ICU admission. The most common indication for HCT was hematologic malignancy (n = 32, 57%), followed by immune deficiency/dysregulation (n = 14, 25%). Most patients received a bone marrow cell source (n = 37, 66%), an unrelated donor (n = 36, 64%), and an HLA match 8/8 (n = 39, 78%, Table 1). A total of 16 (29%) patients had a maximum acute GVHD grade 1–2 and 18 (32%) had grade 3 - 4.


Table 1 | Demographics and HCT characteristics.
	Characteristic
	N = 56 N (%)



	Age at HCT (median, IQR)
	8.4 (2.6, 15.1)


	Sex


	 Female
	30 (54%)


	 Male
	26 (46%)


	Race


	 Black
	13 (23%)


	 Other
	9 (16%)


	 White
	34 (61%)


	Ethnicity


	 Hispanic
	9 (16%)


	 Non-Hispanic
	47 (84%)


	HCT number


	 1
	52 (93%)


	 2
	4 (7.1%)


	Transplant indications


	 Hematologic malignancy
	32 (57%)


	 Hematologic non-malignancy
	7 (13%)


	 Immunologic
	14 (25%)


	 Metabolic disease
	3 (5.4%)


	Conditioning regimen


	 Myeloablative
	41 (73%)


	 Reduced toxicity/intensity
	15 (27%)


	Source of transplant


	 Bone marrow
	37 (66%)


	 Cord blood
	2 (3.6%)


	 PBSC
	17 (30%)


	Matched related donor


	 Related
	20 (36%)


	 Unrelated
	36 (64%)


	HLA match


	 8/8
	39 (71%)


	 7/8
	11 (20%)


	 ≤6/8
	5 (9.1%)


	SOS
	21 (38%)


	 Defibrotide treatmenta
	21 (38%)


	 Defibrotide prophylaxis
	5 (8.9%)


	TA-TMA
	27 (48%)


	Maximum acute GVHD


	 Grade 0
	22 (39%)


	 Grade 1–2
	16 (29%)


	 Grade 3–4
	18 (32%)


	Infection
	45 (80%)


	Primary graft failure
	3 (5.4)


	Engraftment by time of PICU admission
	28 (50%)


	Days between neutrophil engraftment and PICU admission (median, IQR)
	69 (39, 186)






a Of those who received defibrotide for SOS treatment, five were already on defibrotide for prophylaxis, but the course was extended for treatment.



SOS, sinusoidal obstruction syndrome; TA-TMA, transplant-associated thrombotic microangiopathy; GVHD, graft versus host disease; PBSC, peripheral blood stem cell.







Early endothelial complications

There were 34 (61%) patients who had an early endotheliopathy syndrome. Twenty-seven (48%) had a diagnosis of TA-TMA, which occurred at a median of 47.5 days post-HCT (IQR, 22.8 to 73.8). All received TA-TMA-directed therapy with eculizumab; complement inhibition was achieved and confirmed using total complement and soluble C5b-9. Twenty one (38%) developed SOS at a median of 12 days post-HCT (IQR, 9 to 20). All were treated with defibrotide. All patients received ursodiol prophylaxis, and five (24%) received defibrotide prophylaxis. Among the five who received defibrotide prophylaxis, all developed SOS, though they had known SOS risk factors including osteopetrosis (n = 2), liver failure prior to HCT (n = 1), and inotuzumab prior to HCT (n = 2). In addition, 14 (25%) patients had both SOS and TA-TMA (Figure 1).
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Figure 1 | Swimmer plot of children with endotheliopathy syndrome. The clinical course from HCT to 1-year post-HCT of all patients with endotheliopathy syndrome is summarized. TA-TMA, transplant-associated thrombotic microangiopathy; SOS, sinusoidal obstructive syndrome; PICU, pediatric intensive care unit.





Infections

A total of 66 (72.5%) admissions were complicated by one or more identified infections; many patients had more than one organism/infection and site involved. Viral infections were the most common (n = 54), with most detected in the blood (n = 26), nasopharyngeal swab (n = 14), and lungs via bronchoscopy (n = 3). The most frequently identified viral infections included adenovirus (n = 11), human polyoma virus 1 (BK virus, n = 8), and cytomegalovirus (n = 7). Among bacterial infections (n = 40), the majority were detected in the blood (n = 27), gut (n = 4), and lungs (n = 3). The most frequently identified organisms included Staphylococcus (n = 13), Streptococcus (n = 4), and Clostridium difficile (n = 4). Fungal infections were the least common (n = 6), though Aspergillus was identified in the lungs (n = 3) and CNS (n = 1) and Candida in the blood (n = 2, Supplementary Figure S1).





ICU characteristics

There were 34 patients admitted to the PICU once, 14 patients twice, and eight patients ≥3 times. Re-admissions were for the same indication in nine (41%) patients. The median time from HCT to the first PICU admission was 33 days (IQR, 9.8 to 96). The median length of stay of the first PICU admission was 3.4 days (IQR, 1.7 to 8.3), and the median total length of all PICU stays was 7.3 days (IQR, 3 to 28.3). Increased work of breathing or hypoxia was the most common indication for PICU admission (n = 47, 51.6%), followed by hypotension (n = 18, 19.8%) and neurologic change (n = 13, 14.3%). A diagnosis of renal injury was common—37 (40.7%) admissions had documented AKI prior to PICU admission, and 23 (25.3%) required RRT. Vasopressors were required in 28 admissions (30.8%%), and eight (8.8%) ICU admissions were complicated by cardiac arrest.





Characteristics and risk factors for intubation and mechanical ventilation

Of the 91 PICU admissions, 40 (44%) required intubation and mechanical ventilation (IMV). Increased work of breathing or hypoxia was the most common indication for ICU admission in those requiring IMV (n = 29, 73%), followed by altered mental status (n = 4, 10%). One patient was initially intubated for procedural sedation but remained in the PICU due to the development of post-operative complications requiring ongoing IMV. The median time from PICU admission to the first IMV was 0 days (IQR, 0 to 1), and it occurred with a median of 54 days from HCT (IQR, 14 to 104 days). Prior to IMV, 20 (50%) patients were supported with high-flow nasal cannula (HFNC) for a median of 13.5 h (IQR, 5.7 to 31.7). Moreover, 10 (25%) required non-invasive positive pressure ventilation (NIPVV) and received this support for a median of 5.9 h (IQR, 2.9 to 27.1) prior to IMV.

On univariable analysis, the risk factors for IMV included TA-TMA (HR 2.58, 95% CI: 1.39–4.77), SOS (HR 2.08, 95% CI: 1.12–3.87), RRT (HR 4.79, 95% CI: 2.7–8.49), and PICU LOS ≥14 days (ref: <5 days, HR 6.55, 95% CI: 2.94–14.58). Age at time of PICU admission was also a risk for IMV—for every increase in 1 year of age, the HR of IMV was 0.95 (95% CI: 0.9–0.99); thus, the risk of IMV was highest in younger patients. Grade 3–4 acute GVHD, infections, and day post-HCT of admission to the PICU were not risk factors for IMV (Table 2).


Table 2 | Risk factors for intubation and mechanical ventilation.
	Characteristic
	No intubation, N = 51
	Intubation, N = 40
	HR (95% CI)
	P-value



	Age at admission
	10.3 (2.4, 15.9)
	3.7 (1.6, 10.6)
	0.95 (0.9, 0.99)
	0.02


	SOS
	11 (22%)
	19 (48%)
	2.08 (1.12, 3.87)
	0.02


	Grade 3–4 acute GVHDa
	19 (37%)
	17 (43%)
	1.16 (0.61, 2.19)
	0.65


	TA-TMA
	13 (25%)
	23 (58%)
	2.58 (1.39, 4.77)
	0.003


	RRT
	2 (3.9%)
	21 (53%)
	4.79 (2.7, 8.49)
	<0.001


	Infection
	36 (71%)
	30 (75%)
	1.36 (0.74, 2.51)
	0.32


	Relapse
	15 (29%)
	9 (23%)
	0.74 (0.36, 1.53)
	0.42


	Graft failure
	3 (5.9%)
	0 (0%)
	–
	 


	HCT day at admission
	56 (11, 179)
	54 (14, 104)
	1.00 (0.99, 1.00)
	0.09


	PICU LOS (days)


	 <5 days
	38 (75%)
	12 (30%)
	Ref
	 


	 ≥14 days
	2 (3.9%)
	20 (50%)
	6.55 (2.94, 14.58)
	<0.001


	 5–14 days
	11 (22%)
	8 (20%)
	1.93 (0.75, 4.91)
	0.17


	PICU indicationb


	 Hypotension
	15 (29%)
	3 (7.5%)
	 
	 


	 Increased WOB/hypoxia
	18 (35%)
	29 (73%)
	 
	 


	 Neurologic (AMS, seizure)
	9 (18%)
	4 (10%)
	 
	 


	 Other
	8 (16%)
	3 (7.5%)
	 
	 


	 Procedural
	1 (2.0%)
	1 (2.5%)
	 
	 


	HFNC
	20 (39%)
	20 (50%)
	1.28 (0.71, 2.29)
	0.41


	NIPPV
	7 (14%)
	10 (25%)
	1.36 (0.72, 2.58)
	0.34


	Weight change (category)


	 <-5%
	4 (7.8%)
	0 (0%)
	–
	 


	 -5% to 0% (0% not included)
	12 (24%)
	8 (20%)
	0.97 (0.42, 2.25)
	0.95


	 0% to 5% (5% not included)
	23 (45%)
	15 (38%)
	Ref
	 


	 ≥5%
	12 (24%)
	17 (43%)
	1.73 (0.87, 3.45)
	0.12


	Transplant indications


	 Hematologic malignancy
	35 (69%)
	21 (53%)
	 
	 


	 Hematologic non-malignancy
	3 (5.9%)
	4 (10%)
	 
	 


	 Immunologic
	12 (24%)
	12 (30%)
	 
	 


	 Metabolic
	1 (2.0%)
	3 (7.5%)
	 
	 


	Engraftment by time of PICU admission
	31 (61%)
	30 (75%)
	1.57 (0.78, 3.16)
	0.20





SOS, sinusoidal obstruction syndrome; TA-TMA, transplant-associated thrombotic microangiopathy; GVHD, graft versus host disease; PBSC, peripheral blood stem cell; RRT, renal replacement therapy; LOS, length of stay; PICU, pediatric intensive care unit; WOB, work of breathing; AMS, altered mental status; HFNC, high-flow nasal cannula; NIPPV, non-invasive positive pressure ventilation.Bolded values indicate statistically significant risk factors.


a Maximum acute GVHD grade.

b Due to no exposure in one or more comparison groups, the hazard ratio could not be reliably estimated.




The estimated 100-day survival from IMV was 40% (95% CI: 27.7–57.8, Figure 2). A total of 25 (62.5%) IMV episodes resulted in a successful extubation on the first attempt. Of the 15 (37.5%) with failed first IMV extubation attempt, 12 (80%) died without attempting extubation, and three (20%) required re-intubation within 72 h. Among the three patients re-intubated within 72 h, all had successfully passed a prior CPAP trial. One patient was later successfully extubated and survived to PICU discharge. There were no statistically significant risk factors for first IMV extubation failure (Supplementary Table S1).
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Figure 2 | Overall survival of pediatric HCT recipients requiring IMV. The estimated 100-day and 1-year OS of pediatric HCT recipients who required intubation and mechanical ventilation (IMV) from day of first MIV was 40.0% (95% CI: 27.7%–57.8%) and 21.4% (95% CI: 10.6%–43.1%), respectively.





Cardiac arrests

Eight patients (14.3%) had at least one cardiac arrest during their individual admission. Five had a cardiac arrest during intubation, with return of spontaneous circulation achieved in all, though none survived to ICU discharge. Of the two patients who received NIPPV prior to intubation and cardiac arrest, both received NIPPV for <6 h prior to intubation. No patient received ECMO. The estimated 100-day survival from first cardiac arrest was (12.5%, 95% CI: 2.0–78.2%, Supplementary Figure S2). However, this single survivor died shortly after day 100, and there were no long-term survivors.





Characteristics and risk factors for renal injury and renal replacement therapy

Acute kidney injury (AKI) was present at the time of PICU admission in 37 patients (40.7%). Furthermore, 23 (25.3%) PICU admissions required RR; among them, there were 25 discrete courses of RRT. The risk factors for requiring RRT included TA-TMA (HR 3.95, 95% CI: 1.78–8.75), SOS (HR 3.54, 95% CI: 1.57–7.98), PICU LOS 5–14 days (ref: <5 days, HR 7.16, 95% CI: 1.33–38.7), PICU LOS ≥14 days (ref: <5 days, HR 28.07, 95% CI: 6.51–121.08), requiring NIPPV (HR 2.74, 95% CI: 1.3–5.76), and weight gain of ≥5% from dry weight (HR 2.6, 95% CI: 1.07–6.3, Table 3). A total of 21 patients placed on RRT also required IMV; 20 required IMV prior to RRT and one after RRT. RRT was initiated at a median of 1.5 days following ICU admission (IQR, 1 to 4.3 days). The patients had a median increase of 6.8% in weight from dry weight at the time of RRT initiation (IQR, 1.7 to 18.4%). Of those who gained 5%–10% of body weight prior to RRT (n = 15, 60%), the patients’ weight exceeded ≥5% of the baseline at a median of 8 days (IQR, 5 to 16 days). Of those who gained >10% of baseline weight before RRT was initiated (n = 9, 36%), the median number of days that the patients had ≥10% weight gain was 7 days (IQR, 5.5 to 13 days). The patients remained on RRT for a median of 14 days (IQR, 6.3 to 28 days).


Table 3 | Risk factors for renal replacement therapy.
	Characteristic
	No RR, N = 68
	RR, N = 23
	HR (95% CI)
	P-value



	Age at admission
	6.7 (2.4, 15.5)
	6.1 (1.3, 13.9)
	0.97 (0.92, 1.03)
	0.34


	SOS
	17 (25%)
	13 (57%)
	3.54 (1.57, 7.98)
	0.002


	Grade 3–4 acute GVHDa
	27 (40%)
	9 (39%)
	0.86 (0.37, 1.99)
	0.72


	TA-TMA
	20 (29%)
	16 (70%)
	3.95 (1.78, 8.75)
	<0.001


	Infection
	47 (69%)
	19 (83%)
	1.93 (0.61, 6.1)
	0.26


	Relapse
	18 (26%)
	6 (26%)
	1.01 (0.44, 2.33)
	0.99


	Graft failure
	3 (4.4%)
	0 (0%)
	–
	 


	HSCT day at admission
	56 (13, 123)
	48 (12, 112)
	1.00 (1.00, 1.00)
	0.76


	PICU LOS (days)


	 <5 days
	48 (71%)
	2 (8.7%)
	Ref
	 


	 5–14 days
	14 (21%)
	5 (22%)
	7.16 (1.33, 38.7)
	0.02


	 ≥14 days
	6 (8.8%)
	16 (70%)
	28.07 (6.51, 121.08)
	<0.001


	PICU indication


	 Hypotension
	17 (25%)
	1 (4.3%)
	 
	 


	 Increased WOB/hypoxia
	30 (44%)
	17 (74%)
	 
	 


	 Neurologic (AMS, seizure)
	11 (16%)
	2 (8.7%)
	 
	 


	 Other
	9 (13%)
	2 (8.7%)
	 
	 


	 Procedural
	1 (1.5%)
	1 (4.3%)
	 
	 


	Maximum ventilatory support


	 None
	28 (41%)
	0 (0%)
	Ref
	 


	 HFNC
	15 (22%)
	0 (0%)
	–b
	 


	 NIPPV
	6 (8.8%)
	1 (4.3%)
	–b
	 


	 IMV
	19 (28%)
	22 (96%)
	–b
	 


	Weight change (category)


	 <-5%
	4 (5.9%)
	0 (0%)
	–b
	 


	 -5% to 0% (0% not included)
	16 (24%)
	4 (17%)
	1.03 (0.32, 3.31)
	0.96


	 0% to 5% (5% not included)
	31 (46%)
	7 (30%)
	Ref
	 


	 ≥5%
	17 (25%)
	12 (52%)
	2.6 (1.07, 6.3)
	0.03


	Transplant indications


	 Hematologic malignancy
	40 (59%)
	16 (70%)
	 
	 


	 Hematologic non-malignancy
	6 (8.8%)
	1 (4.3%)
	 
	 


	 Immunologic
	18 (26%)
	6 (26%)
	 
	 


	 Metabolic
	4 (5.9%)
	0 (0%)
	 
	 


	Had neutrophil engraftment by PICU admission
	46 (68%)
	15 (65%)
	0.92 (0.42, 2.04)
	0.84





SOS, sinusoidal obstruction syndrome; TA-TMA, transplant-associated thrombotic microangiopathy (TA-TMA); GVHD, graft versus host disease; PBSC, peripheral blood stem cell; RRT, renal replacement therapy (RRT); LOS, length of stay; PICU, pediatric intensive care unit; WOB, work of breathing; AMS, altered mental status; HFNC, high-flow nasal cannula; NIPPV, non-invasive positive pressure ventilation.Bolded values indicate statistically significant risk factors.


a Maximum acute GVHD grade.



bDue to no exposure in one or more comparison groups, the hazard ratio could not be reliably estimated.



There were 19 (82.6%) patients who died while on RRT, and three (13%) survived discharge from the PICU (Supplementary Table S2). One patient is alive but remains RRT dependent more than 2 years later, one died of relapsed leukemia, and one patient is alive with recovered renal function at the last follow-up. The number of days that the weight was >10% above dry weight at CRRT initiation was inversely associated with the successful cessation of RRT (0.98, 95% CI: 0.83–1.08). All patients who gained ≥10% of body weight prior to starting renal replacement died, though survival after RRT in the entire cohort was poor, with an estimated day-100 survival from initiating RRT of 34.8% (95% CI: 19.2–62.9, Figure 3).

[image: Kaplan-Meier survival curve depicting overall survival in percentage over 12 months following initiation of renal replacement. The curve reveals a decline from 100% survival to 0%. Below, a risk table indicates the number of individuals at risk and events for each month, decreasing from 23 individuals with no events at the start to no individuals at risk by month twelve.]
Figure 3 | Overall survival of patients requiring renal replacement therapy. The estimated 100-day OS of pediatric HCT recipients who required renal replacement therapy (RRT) from day of first RRT was 34.8% (95% CI: 19.2%–62.9%).





Characteristics and risk factors for NRM

The estimated PICU mortality (death prior to the first PICU discharge) 100 days from the first PICU admission was 25% (95% CI: 14–37, Supplementary Figure S3). The median time to death from PICU admission in those who died during the first admission was 67 days (IQR, 31 to 138). However, the 1-year NRM from all ICU admission was 41% (95% CI: 31–51, Figure 4). The most common causes of death included organ failure (n = 17, 53.1%), infection (n = 20, 62.5%), and relapsed disease (n = 11, 35.5%, Supplementary Table S3). The univariable risk factors for NRM included TA-TMA (HR 4.41, 95% CI: 1.58–12.34) and RRT (HR 2.11, 95% CI: 1.07–4.15) (Table 4). Neither grade 3–4 acute GVHD nor infections were risk factors for NRM.

[image: Kaplan-Meier survival curve depicting non-relapse mortality over 12 months since the first Pediatric Intensive Care Unit (PICU) admission. The x-axis represents time in months, and the y-axis represents the percentage of non-relapse mortality. Data indicate an increase in mortality over time, reaching nearly 50% by the end of the period. Numbers at risk and events are listed below the graph for each month.]
Figure 4 | NRM of HCT recipients requiring PICU care (including all admissions). The estimated 100-day and 1-year PICU non-relapse-related mortality (NRM) from day of PICU admission was 30% (95% CI: 21%–39%) and 41% (95% CI: 31%–51%), respectively.


Table 4 | Risk factors for non-relapsed related mortality (NRM).
	Characteristic
	Non-NRM, N = 53
	NRM, N = 38
	HR (95% CI)
	P-value



	Age at admission
	6.8 (2.1, 15.8)
	4.8 (1.3, 13.9)
	0.97 (0.88, 1.08)
	0.60


	SOS
	14 (26%)
	16 (42%)
	2.27 (0.94, 5.47)
	0.07


	Grade 3–4 acute GVHDa
	21 (40%)
	15 (39%)
	1.25 (0.54, 2.88)
	0.60


	TA-TMA
	16 (30%)
	20 (53%)
	4.41 (1.58, 12.34)
	0.005


	RRT
	8 (15%)
	15 (39%)
	2.11 (1.07, 4.15)
	0.03


	Infection
	37 (70%)
	29 (76%)
	0.51 (0.2, 1.29)
	0.15


	Graft failure
	2 (3.8%)
	1 (2.6%)
	2.12 (0.27, 16.74)
	0.48


	HCT day at admission
	59 (19, 124)
	51 (12, 112)
	1 (1, 1.01)
	0.44


	PICU LOS (days)


	 <5 days
	33 (62%)
	17 (45%)
	Ref
	 


	 5–14 days
	13 (25%)
	6 (16%)
	1.37 (0.54, 3.5)
	0.51


	 ≥14 days
	7 (13%)
	15 (39%)
	0.32 (0.1, 1.06)
	0.06


	PICU indication


	 Hypotension
	12 (23%)
	6 (16%)
	 
	 


	 Increased WOB/Hypoxia
	23 (43%)
	24 (63%)
	 
	 


	 Neurologic (AMS, seizure)
	9 (17%)
	4 (11%)
	 
	 


	 Other
	9 (17%)
	2 (5.3%)
	 
	 


	 Procedural
	0 (0%)
	2 (5.3%)
	 
	 


	Maximum ventilatory support


	 None
	21 (40%)
	7 (18%)
	Ref
	 


	 HFNC
	8 (15%)
	7 (18%)
	0.29 (0.07, 1.26)
	0.10


	 NIPPV
	5 (9.4%)
	2 (5.3%)
	0.73 (0.22, 2.46)
	0.61


	 IMV
	19 (36%)
	22 (58%)
	0.45 (0.15, 1.33)
	0.15


	Weight change (category)


	 <-5%
	3 (5.7%)
	1 (2.6%)
	2.12 (0.23, 19.16)
	0.50


	 -5% to 0% (0% not included)
	13 (25%)
	7 (18%)
	1.34 (0.52, 3.44)
	0.54


	 0% to 5% (5% not included)
	22 (42%)
	16 (42%)
	Ref
	 


	 ≥ 5%
	15 (28%)
	14 (37%)
	0.88 (0.3, 2.58)
	0.81


	Transplant indications


	 Hematologic malignancy
	35 (66%)
	21 (55%)
	 
	 


	 Hematologic non-malignancy
	7 (13%)
	0 (0%)
	 
	 


	 Immunologic
	11 (21%)
	13 (34%)
	 
	 


	 Metabolic
	0 (0%)
	4 (11%)
	 
	 





SOS, sinusoidal obstruction syndrome; TA-TMA, transplant-associated thrombotic microangiopathy; GVHD, graft versus host disease; PBSC, peripheral blood stem cell; RRT, renal replacement therapy; LOS, length of stay; PICU, pediatric intensive care unit; WOB, work of breathing; AMS, altered mental status; HFNC, high-flow nasal cannula; NIPPV, non-invasive positive pressure ventilation.Bolded values indicate statistically significant risk factors.


a Maximum acute GVHD grade.









Discussion

In a contemporary pediatric HCT cohort, the 100-day PICU mortality was low at 25%. This is in stark contrast from historical data in which ICU-associated mortality exceeded 60% (2, 27–29). However, many patients were re-admitted to the PICU and NRM in the cohort 1 year from the first PICU admission, increased to 41%, similar to other recent HCT studies (2). Nearly one-third of deaths in this critically ill cohort were ultimately due to relapsed disease as expected from national cohorts. Thus, we focused on reporting the risk factors for NRM. Previously reported risk factors, including RRT, remained associated with increased NRM in this study (2, 11, 30, 31). However, we also found that endotheliopathy syndromes, particularly TA-TMA and SOS, were risk factors for both ICU morbidity, mechanical ventilation and RRT, and NRM despite early treatment of both complications with best available therapy per expert consensus (eculizumab and defibrotide, respectively) (32, 33). Given that endotheliopathy syndromes contribute to leaky vessels that compromise pulmonary function and renal injury, it is not surprising that this comorbidity was linked to requiring increased respiratory and renal support. All patients received SOS prophylaxis with urosodiol, and five (24%) patients received defibrotide prophylaxis. Our center has a standard approach to only offer defibrotide prophylaxis to the highest-risk patients. While all patients on prophylaxis developed SOS, this cohort was enriched for risk factors including osteopetrosis as an HCT indication and prior liver failure. An early alternative treatment of early endothelial complications may offer an opportunity to avert some organ failure after HCT, leading to even greater improvements in survival.

Respiratory distress was the most common cause of PICU admission, and 44% of admissions required IMV. In this cohort, 62.5% of children were successfully extubated after requiring IMV—again demonstrating stark improvements compared to historical data (34). We were unable to identify the risk factors for extubation failure, perhaps due to sample size or cohort heterogeneity. Recent data indicate that the use of NIPPV for more than 6 h before intubation was associated with an increased risk of cardiac arrest and PICU mortality in the HCT population (6, 7, 9). Experts have subsequently proposed that early intubation may be beneficial in this cohort (6, 9). These studies were published during the study period and may have influenced the treatment strategies in this cohort. Notably, in contrast to prior studies, the patients who had a cardiac arrest at the time of intubation were supported with NIVV for less than 6 h prior to intubation. Also in contrast to prior studies, neither the use of HFNC nor NIVV was a statistically significant risk factor to require IMV, and IMV was not a risk factor for NRM. During the study period, our institutional practice has largely moved toward early intubation in recipients with significant cardiorespiratory disease, as opposed to trialing or escalating non-invasive support. This change in practice may have contributed to why neither HFNC nor NIPPV use was associated with IMV need and why IMV was not a risk factor for NRM. While additional studies are needed to determine whether adopting an early intubation approach impacts survival after HCT, these data and others support early intubation and the aggressive management of acute respiratory failure in HCT recipients.

Acute kidney injury is a well-described complication of pediatric HCT and is associated with increased mortality, particularly renal failure requiring RRT (2, 11, 27). In this contemporary cohort, 23% of PICU admissions required RRT, nearly twice the incidence reported in other cohorts (5, 27). Furthermore, survival was poor in this cohort with an estimated survival 100 days from RRT initiation of 34.8%. Similar cohorts have reported mortality rates after RRT ranging from 55% to 65% (35, 36). We attribute the high incidence of renal replacement in this cohort in part to the high incidence of endotheliopathy syndromes, SOS, and TA-TMA. Both diseases were risk factors for requiring RRT in this study, and TA-TMA is a described risk factor for RRT in prior studies (37, 38).

Prior studies have reported that early fluid overload is independently associated with PICU mortality (39, 40). While there are limited data on the impact of timing of initiation of RRT in this specific cohort, data suggest that early RRT is beneficial in other cohorts with renal failure (41, 42). In this cohort, 52% of patients who required RRT had evidence of fluid overload at the time of initiation (≥5% weight gain). Furthermore, all five patients with ≥10% increase in weight from baseline at the time of initiating RRT died. Among those with ≥10% weight, all had a diagnosis of SOS. Our data suggest that increased weight is a proxy for more severe renal injury. This may reflect that RRT was initiated later in the disease course that led to primary (e.g., TA-TMA) or secondary renal injury (e.g., septic shock), decreasing the likelihood of salvaging renal function. More studies are needed to determine if early RRT in critically ill HCT recipients could improve the outcomes. However, our data add to a body of literature supporting vigilant fluid management post-HCT with liberal use of diuretics and early RRT in critically ill HCT recipients who are refractory to diuresis (43–45).

It was unexpected that grade 3–4 acute GVHD was not a risk factor for IMV, extubation failure, nor death. While improvements in acute GVHD prevention could have decreased the incidence of this complication, our population was more enriched for aGVHD than other larger studies (5, 27). Survival after severe GVHD is improving over time, perhaps due to novel agents to treat severe and refractory GVHD (46). Improved survival and outcomes in this cohort may result in the diminished risk for ICU-related morbidity and mortality. It is also possible that aGVHD remained a risk factor for IMV, extubation failure, and death, but our small sample size impeded our ability to detect a true association. In contrast to a prior study (47), neutrophil engraftment was not a risk factor for IMV or IMV extubation failure. Most patients (n = 30, 75%) in this study had neutrophil engraftment at the time of first IMV, perhaps precluding this analysis.

While infections were not identified as a risk for poor outcomes in our analysis, the high prevalence in the cohort limits this statistical analysis. Furthermore, to ensure reproducibility, we included only patients with documented infections. Patients with culture-negative septic shock and infections documented on imaging (i.e., chest computed tomography that demonstrates pneumonia) were not included in the analysis. Notably, the rate is similar to, though higher than, prior data in which the coincidence of infections with other co-morbidities was high in HCT recipients requiring ICU (5, 27). The high rate of infections in those admitted to the ICU in both studies and the high rate of infectious-related NRM in our data suggest that this is an important driver of morbidity in critically ill patients. Furthermore, the data suggest that we may not even be capturing all of the infections contributing to IMV; underdiagnosis of lung infections (and thus lack of treatment) has previously been linked to death in HCT recipients (48). It is possible that the infectious risks may be higher in our modern cohort due to impaired immunity in the setting of novel pre-HCT therapies (e.g., newer leukemia therapies, prior immune suppression in patients with immune dysregulation) and novel acute GVHD prophylaxis approaches. Since aGVHD and infections are major drivers of TA-TMA, a significant contributor to poor outcomes, it is probable that infections play a key role in vulnerable HCT recipients. In the future, studies designed to mitigate infectious risk could better evaluate the impact of infection on outcomes in critically ill pediatric HCT recipients.

There were several limitations to this study. This is a single-center, retrospective review with a limited sample size. However, we had robust, granular data of 91 PICU admissions in a diverse pediatric HCT cohort. Our institution previously had no clinical guidelines nor standard approaches for the escalation of respiratory support or RRT, contributing to heterogeneity in this study. Although many of our results aligned with those from large multi-center reports, additional future studies across multiple institutions are needed to validate our results.

In summary, we described in detail a contemporary cohort of HCT recipients who required ICU admission and identified endotheliopathy syndrome as a novel risk factor for IMV, RRT, and mortality in this cohort. Our data support that survival may be improving in those who require IMV. While outcomes were poor in those requiring RRT in this cohort, it is possible this is due to the late initiation of RRT in the setting of severe fluid overload and TA-TMA. The impact of early renal replacement and alternative TA-TMA-directed therapy bears additional investigation as does the role of infection. Additional multi-institutional studies are needed to validate these findings.
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