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Key Points
c The incidence of AKI while undergoing ECMO in pediatric patients is high and independently increases mortality.
c Laboratory markers consistent with intravascular hemolysis increase the hazard of a composite outcome of AKI or
RRT while undergoing ECMO.

c Further research into appropriate monitoring or treatment of ECMO-associated hemolysis may lead to important
interventions to prevent AKI.

Abstract
BackgroundAKI is common in patients requiring extracorporeal membrane oxygenation (ECMO), with a variety
of proposed mechanisms. We sought to describe the effect of laboratory evidence of ECMO-associated in-
travascular hemolysis on AKI and RRT.

Methods This retrospective cohort study included patients treated with ECMO at a single center over 10 years.
The primary outcome was a composite of time to RRT or AKI (by creatinine-based Kidney Disease Improving
Global Outcomes criteria) after ECMO start. Serum creatinine closest to ECMO start time was considered the pre-
ECMO baseline and used to determine abnormal kidney function at ECMO start. The patient’s subsequent
creatinine values were used to identify AKI on ECMO. Multivariable cause-specific Cox proportional hazards
models were used to assess the effect of separate markers of intravascular hemolysis on the time to the composite
outcome after controlling for confounders.

Results Five hundred and one children were evaluated with a median age 1.2 years, 56% male. Four separate
multivariable models, each with a different marker of hemolysis (plasma-free hemoglobin, lactate dehydro-
genase (LDH), minimum platelet count, and minimum daily hemoglobin), were used to examine the effect on the
composite outcome of AKI/RRT. An elevated plasma-free hemoglobin, the most specific of these hemolysis
markers, demonstrated an almost three-fold higher adjusted hazard for the composite outcome (hazard ratio
[HR], 2.9; P value, 0.01; 95% confidence interval [CI], 1.4 to 5.6). Elevated LDHwas associated with an adjusted
HR of 3.1 (P value , 0.01; 95% CI, 1.7 to 5.5). Effect estimates were also pronounced in a composite outcome of
only more severe AKI, stage 21 AKI/RRT: HR 6.6 (P value , 0.01; 95% CI, 3.3 to 13.2) for plasma-free
hemoglobin and 2.8 (P value , 0.01; 95% CI, 1.5 to 5.6) for LDH.

Conclusions Laboratory findings consistent with intravascular hemolysis on ECMO were independently as-
sociated with a higher hazard of a composite outcome of AKI/RRT in children undergoing ECMO.
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Introduction
The incidence of AKI is high in pediatric patients
who receive extracorporeal membrane oxygenation
(ECMO), with reported rates of 60%–74%,1 and evidence
shows that AKI is independently associated with morbidity
and mortality.2 Typical conditions for neonatal patients in
the intensive care unit who require ECMO include congen-
ital diaphragmatic hernia, meconium aspiration, primary
pulmonary hypertension, and congenital heart disease.1

Older pediatric patients in the pediatric intensive care unit
or cardiac intensive care unit (CICU) have common indi-
cations, including acute respiratory failure, cardiac failure,
and sepsis.3

Multiple etiologies have been considered for the high
incidence of AKI associated with ECMO. Potential mecha-
nisms include hemodynamic instability secondary to car-
diac or respiratory failure and circuit-specific factors, such
as the nonpulsatile flow of venoarterial (VA) ECMO or
mechanically induced intravascular hemolysis.4–7 Although
free hemoglobin deposition is a well-established risk factor
for acute tubular injury in a range of clinical contexts,6,8–10

less is known about the effect of hemolysis on AKI in
children receiving ECMO.
The objectives of this study were to assess the incidence of

AKI and RRT while undergoing ECMO and examine the
association between laboratory markers of intravascular
hemolysis on these outcomes. We hypothesized that there
would be a high incidence of patients whose kidney func-
tion worsened after ECMO initiation and that there would
be a correlation with laboratory markers of intravascular
hemolysis and AKI/RRT.

Methods
Study Population
This was a retrospective cohort study of patients treated

with ECMO from January 2011 through December 2019 at a
single pediatric center with a high-volume ECMO program.
The initial cohort was identified using data collected for the
Extracorporeal Life Support Organization (ELSO) registry.
The ELSO registry is a leading source of data on patients
treated with ECMO because it compiles data from hundreds
of international centers that provide extracorporeal ther-
apy.11 Once eligible patients were identified from the ELSO
cohort, study data were extracted from the electronic med-
ical record (EMR). Only patients who underwent ECMO
after their respective hospital units were fully transitioned
to the EMR and were included in the study. Patients were
excluded if they were transferred to our center already on
ECMO (n52). If patients underwent multiple ECMO runs
(n514), only the first ECMO run was included in the
primary analysis. This study was reviewed by the Institu-
tional Review Board at the Children’s Hospital of Philadel-
phia and determined to meet the criteria for exemption per
45 Code Federal Regulations 46.104(d) 4(iii) because of the
use of existing clinical data.

Outcomes
The primary outcome of interest was a composite of time

from ECMO start to AKI or RRT. A time-to-event analysis
was used to consider the association with laboratory

markers of hemolysis preceding the AKI/RRT only. Com-
posite outcomes were used given the relatively low number
of patients requiring RRT. Models were fit using two com-
posite outcomes: (1) any stage AKI or RRT and (2) stage $2
AKI or RRT. Time from ECMO start to death was
considered a secondary outcome and was not included in
the primary composite outcome, given the high mortality in
this population, which may be unrelated to kidney dys-
function. For the primary outcome of AKI or RRT, patients
were excluded if they were receiving RRT at ECMO start
(n55); however, these patients were included in the anal-
ysis of mortality.
For all AKI definitions, the serum creatinine–based

Kidney Disease Improving Global Outcomes criteria
was used with the neonatal supplement.12 All serum
creatinine values were extracted from the EMR. Urine
output criteria were not considered, given the lack of
consistently available data in the EMR. A binary indica-
tor (yes/no) of abnormal kidney function at the start of
ECMO was defined by first identifying the creatinine
value drawn within 72 hours before and closest to the
ECMO start time, which was considered the pre-ECMO
baseline creatinine. If no creatinine value was obtained
within this time window before ECMO start (n565), the
earliest value within their ECMO run was used as this
baseline creatinine. To define abnormal creatinine at
ECMO start, the value was compared with pediatric
normative values that were validated in an intensive
care population.13 For patients older than 18 years, a
creatinine value of 0.8 mg/dl was used as an expected
reference. A patient was considered to have abnormal
kidney function at ECMO start if their baseline creatinine
value was 0.3 mg/dl higher or 1.5-fold greater than the
published reference value.13 Published reference values
were used to standardize this variable across the cohort
because 76% of patients did not have a creatinine value
available before their admission.
Given that the aim of the study was to determine whether

kidney function worsened while undergoing ECMO ther-
apy, this pre-ECMO baseline creatinine value was used, and
to meet Kidney Disease Improving Global Outcomes crite-
ria for AKI, the creatinine had to rise 0.3 mg/dl higher or
1.5-fold greater than this baseline level before censoring.
Patients were censored 24 hours after the ECMO run ended
or at time of death for all outcomes. RRT was identified
using billing data, and start times were obtained through
chart review. All patients who met criteria for RRT un-
derwent continuous RRT after ECMO start and before
censoring. The earliest of creatinine-based AKI or RRT
initiation was used to define the time to the composite
outcome.

Primary Exposures
Intravascular hemolysis was the exposure of interest for

the primary outcome, and laboratory values that clinically
reflect hemolysis were extracted from the EMR. The highest
daily plasma-free hemoglobin (mg/dl), highest daily lactate
dehydrogenase (LDH) (units/L), lowest daily hemoglobin
(g/dl), lowest daily platelet count (103/ul), and lowest daily
haptoglobin (mg/dl) were extracted for all days during
which the patient was on ECMO. Haptoglobin was not
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included in the final analyses given the sparsity of available
values.
Plasma-free hemoglobin and LDH were categorized

given the frequency in which they were unmeasured daily.
Unmeasured plasma-free hemoglobin or LDH was used as
the reference group because an unmeasured value was
believed to reflect low clinical suspicion of hemolysis.
The cutoffs for high and low were chosen on the basis of
clinical relevance and the distribution of the data. A cutoff
of 50 mg/dl for plasma-free hemoglobin was used because
this is well established in the ECMO literature.6,11,14,15 For
LDH, 2500 units/L was chosen because there were no
values ,600 units/L when LDH was measured, and
2500 units/L was the upper limit of the lowest tertile of
results. Hemoglobin and platelet counts were treated as
continuous variables. For the secondary analyses of mor-
tality, the primary exposure of interest was AKI while on
ECMO, as defined above.

Covariates
Time-varying covariates were similarly collected for each

day of the ECMO run. These included average daily lactate
(mmol/L), average daily pH, median mean arterial pres-
sure (mm Hg through an arterial line or cuff), and daily
administered pressor medication count. Lactate and pH
values were carried forward from the previous day if
missing for a given day (n520) to conserve as much data
as possible. Other potential risk factors for AKI included
daily administered nephrotoxic medication count and daily
ECMO mode ([VA] versus venovenous). Nephrotoxic med-
ications were defined using the amended nephrotoxic
medication list from the “Nephrotoxic Injury Negated by
Just-in-Time Action” program.16 Fixed covariates included

age at start of ECMO, sex, and hospital unit (neonatal
patients in the intensive care unit, pediatric intensive care
unit, and CICU). If a patient was transferred between
hospital units, the ECMO run was assigned to a single unit
on the basis of where most time was spent on ECMO. For
descriptive purposes, all diagnoses associated with the in-
dex hospital admission were extracted from the EMR and
categorized on the basis of common indications for ECMO
therapy and other relevant underlying diseases or comor-
bidities. The presence of cardiac arrest was included as a
descriptive diagnosis in a similar fashion and not included
in the models because EMR data were not consistently
accurate for this variable (Supplemental Table 1). ECMO
pump type (centrifugal versus roller) was collected as well
and used for descriptive purposes given little effect on
model outcomes.

Statistical Analyses
Descriptive statistics included median and interquartile

range for continuous variables and counts and percentages
for categorical variables. Cause-specific Cox proportional
hazards regression was used to model the association be-
tween hemolysis markers and the composite AKI/RRT
primary outcome, with censoring at the competing event
of death. The relationship between the primary composite
outcome and each index of hemolysis was initially analyzed
in unadjusted models. Separate multivariable models for
each hemolysis marker were subsequently adjusted for the
covariates listed above. Time-varying covariates were con-
sidered to be time-dependent confounders alone and not
affected by previous exposures. For these models, unit and
ECMO mode were combined into a single variable given
that most patients undergoing ECMO in the CICU received

ELSO database list ECMO patients
January 2009-December 2019

671 patients

163 patients excluded:
incomplete information in the

medical record

2 patients excluded:
transferred

to the center already on ECMO

5 patients excluded:
on RRT at ECMO start

508 patients

506 patients eligible to meet
secondary outcome (death)

501 patients eligible to meet
the primary outcome
(AKI/RRT on ECMO)

Figure 1. Sample selection. ECMO, extracorporeal membrane oxygenation; ELSO, Extracorporeal Life Support Organization.
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VA-ECMO. For patients with an outcome within 24 hours
after the end of their ECMO run, time-varying variables
were carried until the end of follow-up. The proportional
hazards assumption was tested using Schoenfeld residuals
for each hemolysis marker. Because hemoglobin and plate-
lets were used as continuous variables, linearity of their
associations with the composite outcome was assessed by
martingale residual plots.
We conducted several sensitivity analyses: (1) evaluating

the effect of using the creatinine measure closest in absolute
value time to ECMO start as the baseline value without
priority for pre-ECMO values, (2) excluding patients with-
out creatinine value obtained before their documented
ECMO start time, (3) excluding patients with diagnosis
codes consistent with CKD before ECMO start (Supplemental
Table 1), and (4) including both ECMO runs for the 14
patients who underwent two runs of ECMO, allowing them
to contribute data for both runs. For this last sensitivity
analysis, sandwich-type clustered SEMs were estimated to
account for multiple ECMO runs within the same patient.
A multivariable Cox proportional hazards model was

used to assess the association between AKI while on ECMO
and death. The model was adjusted for age, sex, unit/
ECMO mode, and abnormal kidney function at ECMO

initiation. A P value , 0.05 was considered statistically
significant. All statistical analyses were performed using
STATA version 16.

Results
Sample Characteristics
Six hundred and seventy-one patients were identified as

having undergone ECMO during the study period. After
applying exclusion criteria (Figure 1), 506 patients were
eligible to meet the outcome of mortality and 501 were
eligible to meet the composite outcome of time to AKI/RRT.
There was great variability in demographic features across
subgroups (Table 1).

AKI/RRT
Comparisons between the presence of abnormal kidney

function at ECMO start versus AKI during ECMO are
shown in Figure 2. Abnormal kidney function at the time
of ECMO start was present in 103 of 501 patients (21%) and
varied between subgroups. 56 of 501 patients (11%) had
abnormal kidney function at the start of ECMO with cre-
atinine that increased while undergoing ECMO therapy and
met criteria for AKI. Of 501 patients, 273 (55%) met criteria

Table 1. Cohort characteristics by age (<1 month versus ‡1 month) and intensive care unit (cardiac versus pediatric or neonatal)

N5506

NICU/PICU
Neonatal

CICU
Neonatal

NICU/PICU
Pediatric

CICU
Pediatric

n5200 n5105 n571 n5130

Male sex 114 (57.0%) 65 (61.9%) 34 (47.9%) 69 (53.1%)
Age (yr) — — 4.4 (0.8 to 7.6) 0.6 (0.2 to 4.7)
Age (d) 1 (0.4 to 2) 4.2 (2.9 to 12) — —

Abnormal creatinine at ECMO start 18 (9.0%) 8 (7.6%) 27 (38.0%) 48 (36.9%)
ECMO modea

VV 41 (20.5%) 1 (1.0%) 39 (54.9%) 1 (0.8%)
VA/VVA 157 (78.5%) 104 (99.0%) 32 (45.1%) 128 (99.2%)

ECMO pump typeb

Cardiohelp 0 (0%) 2 (2.0%) 30 (42.9%) 5 (3.9%)
Roller (Jostra/Stockert) 187 (97.9%) 71 (69.6%) 27 (38.6%) 79 (62.2%)
Sorin centrifugal 4 (2.1%) 29 (28.4%) 13 (18.6%) 43 (33.9%)

ECMO duration (d) 10.4 (7 to 18.2) 4.2 (2.5 to 6.7) 6.5 (2.5 to 12.0) 5.7 (2.8 to 10.0)
Diagnosis categories
Cardiac arrest 6 (3.1%) 40 (38%) 21 (30%) 35 (27%)
Congenital heart disease 78 (40%) 100 (95%) 9 (13%) 95 (73%)
Other cardiac dysfunction 35 (18%) 53 (50%) 21 (30%) 109 (84%)
CDH 43 (22%) 0 (0%) 0 (0%) 0 (0%)
PPHN 51 (26%) 3 (2.9%) 0 (0%) 5 (3.8%)
Meconium aspiration 45 (23%) 0 (0%) 0 (0%) 0 (0%)
Acute resp failure 153 (79%) 58 (55%) 47 (67%) 53 (41%)
Pneumonia/Pneumonitis 15 (7.8%) 3 (2.9%) 39 (56%) 18 (14%)
Sepsis 43 (22%) 15 (14%) 23 (33%) 17 (13%)
Oncologic/BMT 0 (0%) 0 (0%) 13 (19%) 1 (0.8%)
Solid organ transplant 0 (0%) 1 (1.0%) 2 (2.9%) 9 (6.9%)
CKD/CAKUT 7 (3.6%) 0 (0%) 6 (8.6%) 1 (0.8%)

BMT, bone marrow transplantation; CDH, congenital diaphragmatic hernia; CAKUT, congenital anomalies of the kidney and urinary
tract; CICU, cardiac intensive care unit; ECMO, extracorporeal membrane oxygenation; NICU, neonatal patients in the intensive care
unit; PPHN, persistent pulmonary hypertension; PICU, pediatric intensive care unit; VVA, veno-veno-arterial; VV, venovenous; VA,
venoarterial.
aN52 ECMO mode unknown.
bN59 ECMO pump type unknown.
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for the composite outcome of any stage AKI or RRT, 108
(22%) developed stage$2 AKI or RRTwhile on ECMO, and
68 patients (14%) developed stage$3 AKI or RRT. RRT was
initiated during the ECMO run in 36 patients (7%). The
median time to the event in those that met criteria for the
composite outcome was 53.2 hours (95% confidence interval
[CI], 43.3 to 72.4 hours).
Table 2 shows the results from multivariable cause-

specific Cox proportional hazards models for the primary
composite outcome of time to any stage AKI or RRT, with
each laboratory marker of intravascular hemolysis as the
primary exposure of interest. Both an elevated plasma-free
hemoglobin (.50 mg/dl) and elevated LDH (.2500 units/L)
were significantly associated with an increased hazard ratio
(HR) for the primary outcome of later developing any stage
AKI/RRT: HR 2.9 (P value , 0.01; 95% CI, 1.4 to 5.7) and
HR 3.1 (P value , 0.01; 95% CI, 1.7 to 5.5), respectively,
compared with not having these markers measured.
Similarly, elevated plasma-free hemoglobin and LDH

were significantly associated with the composite outcome
of time to stage $2 AKI or RRT, with an elevated plasma-
free hemoglobin associated with a more than six-fold higher
hazard for this outcome (Table 3).

Mortality
In a multivariable model controlling for age, sex, and

unit/ECMO mode, AKI while on ECMO increased the
hazard of death nearly three-fold with an HR of 2.9
(95% CI, 1.8 to 4.7; P value , 0.01). Abnormal kidney
function at the time of ECMO initiation increased the haz-
ard of death by 1.5 (95% CI, 1.0 to 2.4; P 5 0.03), although
this is a direct effect only, as part of the total effect is likely
mediated by AKI while on ECMO.

Sensitivity Analyses
Two sensitivity analyses related to the choice of the pre-

ECMO baseline creatinine value were performed. In the
first, we used the creatinine value measured closest in

absolute value of time to the ECMO start time, without
preference for pre-ECMO values. These results yielded a
slightly higher frequency of patients with abnormal kidney
function at ECMO start in the pediatric patients (36%) but
slightly less for the neonatal patients (9%). This did not
demonstrate a substantial effect on the model findings, and
all four hemolysis marker effect estimates were similar
(Supplemental Table 2a/2b). In the second sensitivity anal-
ysis, we excluded all patients for whom there was no
creatinine value obtained within 72 hours before their
ECMO start time. Again, there was no significant effect
on the model findings, and effect estimates were similar
(Supplemental Table 3a/3b). Given the aim of the study
was to assess the change in creatinine values after ECMO
had started, pre-ECMO creatinine was chosen preferentially
as the baseline for the primary analysis.
A sensitivity analysis was also performed including both

runs of ECMO for those who underwent multiple runs,
increasing the total number of ECMO runs to 514. This
analysis revealed similar effect estimates as the primary
analysis (Supplemental Table 4a/4b). Finally, all patients
with diagnosis codes related to CKD during their ECMO
admission were manually chart reviewed. Those with ev-
idence of CKD stage II or greater before ECMO start were
excluded. This analysis also revealed similar effect estimates
as the primary analysis (Supplemental Table 5a/5b).

Discussion
Our findings support the existing literature regarding the

high frequency of AKI experienced by pediatric patients
treated with ECMO, as well as the increased risk of mor-
tality associated with AKI in this population. Hypothesized
circuit-specific factors that may affect the risk of ECMO-
associated AKI included the nonpulsatile blood flow of
VA-ECMO and circuit-induced intravascular hemolysis.
Our results did not show a significant effect on the risk for
either composite outcome on the basis of the type of ECMO
(venovenous versus VA) used. However, multiple laboratory
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Figure 2. Incidence and timing of AKI by subgroups. CICU, cardiac intensive care unit; NICU, neonatal patients in the intensive care unit;
PICU, pediatric intensive care unit.
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Table 2. Cause-specific Cox proportional hazards models for time to composite outcome of any stage AKI or RRT and each marker of hemolysis

Covariate

Model 1: Plasma-Free Hemoglobin
(mg/dl)

(Ref: Unmeasured Value)

Model 2: LDH (U/L)
(Ref: Unmeasured Value)

Model 3: Minimum Platelets
(per 100/ul)

Model 4: Minimum Hemoglobin
(per 1 g/dl)

HR (95% CI) P HR (95% CI) P HR (95% CI) P HR (95% CI) P

Hemolysis marker ,50 1.12 (0.26 to 4.81) 0.88 ,2500 0.78 (0.19 to 3.24) 0.73 0.96 (0.93 to 1.00) 0.06 0.96 (0.89 to 1.04) 0.30
.50 2.86 (1.44 to 5.66) ,0.01 .2500 3.07 (1.72 to 5.48) ,0.01

Agea (ref: ,1 mo) 0.02 ,0.01 ,0.01 0.03
1 mo to 1 yr 1.63 (1.01 to 2.64) 1.60 (0.99 to 2.59) 1.67 (1.03 to 2.71) 1.62 (1.00 to 2.63)
.1–5 yr 1.42 (0.82 to 2.44) 1.40 (0.81 to 2.39) 1.57 (0.91 to 2.72) 1.42 (0.82 to 2.46)
.5–12 yr 1.96 (1.01 to 3.80) 1.90 (0.98 to 3.67) 2.37 (1.21 to 4.64) 1.92 (0.98 to 3.75)
.12–18 yr 3.02 (1.60 to 5.73) 3.26 (1.75 to 6.09) 3.41 (1.77 to 6.56) 2.99 (1.56 to 5.72)
.18 yr 2.49 (1.04 to 5.99) 2.67 (1.11 to 6.40) 2.66 (1.10 to 6.41) 2.41 (0.98 to 5.92)

Male sex (versus female) 1.15 (0.88 to 1.49) 0.31 1.15 (0.88 to 1.50) 0.29 1.14 (0.87 to 1.49) 0.34 1.17 (0.90 to 1.52) 0.25
Hospital unit/ECMO mode (ref:

CICU)
,0.01 ,0.01 ,0.01 ,0.01

NICU/VV 0.29 (0.14 to 0.59) 0.29 (0.14 to 0.61) 0.28 (0.13 to 0.60) 0.30 (0.14 to 0.62)
NICU/VA 0.41 (0.27 to 0.61) 0.41 (0.27 to 0.62) 0.42 (0.28 to 0.64) 0.41 (0.27 to 0.62)
PICU/VV 1.15 (0.66 to 2.02) 1.16 (0.66 to 2.04) 1.25 (0.71 to 2.22) 1.18 (0.67 to 2.09)
PICU/VA 1.83 (1.03 to 3.26) 1.78 (1.00 to 3.16) 1.77 (0.99 to 3.17) 1.75 (0.98 to 3.12)

Abnormal Cr ECMO start 0.77 (0.55 to 1.09) 0.14 0.75 (0.53 to 1.06) 0.10 0.75 (0.53 to 1.06) 0.10 0.78 (0.55 to 1.11) 0.17
Average pH 0.37 (0.04 to 3.28) 0.37 0.40 (0.04 to 3.59) 0.41 0.38 (0.04 to 3.99) 0.42 0.40 (0.05 to 3.57) 0.41
Average lactate 1.12 (1.07 to 1.16) ,0.01 1.11 (1.07 to 1.16) ,0.01 1.11 (1.07 to 1.16) ,0.01 1.11 (1.07 to 1.16) ,0.01
Median MAPb 0.99 (0.97 to 1.00) 0.10 0.99 (0.97 to 1.00) 0.10 0.99 (0.97 to 1.00) 0.12 0.99 (0.97 to 1.00) 0.09
Nephrotoxic medication countc 1.03 (0.85 to 1.23) 0.79 1.04 (0.87 to 1.25) 0.69 1.02 (0.85 to 1.23) 0.84 1.03 (0.86 to 1.24) 0.77

CI, confidence interval; CICU, cardiac intensive care unit; ECMO, extracorporeal membrane oxygenation; HR, hazard ratio; LDH, lactate dehydrogenase; MAP, mean arterial pressure; NICU,
neonatal patients in the intensive care unit; NINJA, Nephrotoxic Injury Negated by Just-in-Time Action; PICU, pediatric intensive care unit; VA, venoarterial; VV, venovenous.
aAge at time of ECMO start.
bMAP (mean arterial pressure).
cOn the basis of the NINJA list of nephrotoxins.
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Table 3. Cause-specific Cox proportional hazards models for time to composite outcome of stage ‡2 AKI or RRT and each marker of hemolysis

Covarite

Model 1: Plasma-Free
Hemoglobin (mg/dl)

(Ref: Unmeasured Value)

Model 2: LDH (U/L)
(Ref: Unmeasured Value)

Model 3: Minimum
Platelets (per 100/ul)

Model 4: Minimum
Hemoglobin (per 1 g/dl)

HR (95% CI) P HR (95% CI) P HR (95% CI) P HR (95% CI) P

Hemolysis marker ,50 0.83 (0.11 to 6.31) 0.85 ,2500 0.27 (0.04 to 2.13) 0.21 0.97 (0.92 to 1.02) 0.22 0.90 (0.80 to 1.00) 0.05
.50 6.57 (3.27 to 13.2) ,0.01 .2500 2.84 (1.45 to 5.57) ,0.01

Agea (ref: ,1 mo) 0.28 0.07 0.09 0.40
1 mo to 1 yr 1.19 (0.57 to 2.48) 1.13 (0.54 to 2.35) 1.16 (0.55 to 2.47) 1.02 (0.49 to 2.13)
.1–5 yr 1.62 (0.76 to 3.45) 1.70 (0.81 to 3.55) 1.97 (0.90 to 4.31) 1.45 (0.68 to 3.12)
.5–12 yr 1.94 (0.78 to 4.83) 1.90 (0.76 to 4.74) 2.10 (0.81 to 5.44) 1.59 (0.64 to 3.93)
.12–18 yr 2.61 (1.11 to 6.13) 3.26 (1.41 to 7.50) 3.47 (1.42 to 8.50) 2.37 (1.00 to 5.63)
.18 yr 2.61 (0.88 to 7.74) 2.96 (1.00 to 8.78) 3.04 (1.01 to 9.13) 2.06 (0.67 to 6.30)

Male sex (versus female) 0.93 (0.63 to 1.37) 0.71 0.92 (0.62 to 1.36) 0.67 0.82 (0.55 to 1.22) 0.33 0.91 (0.62 to 1.34) 0.63
Hospital unit/ECMO mode (ref:

CICU)
,0.01 ,0.01 ,0.01 ,0.01

NICU/VV 0.09 (0.01 to 0.65) 0.09 (0.01 to 0.68) 0.10 (0.01 to 0.75) 0.09 (0.01 to 0.68)
NICU/VA 0.28 (0.14 to 0.54) 0.28 (0.15 to 0.54) 0.29 (0.14 to 0.56) 0.27 (0.14 to 0.53)
PICU/VV 1.56 (0.79 to 3.11) 1.53 (0.76 to 3.09) 1.62 (0.79 to 3.36) 1.68 (0.82 to 3.42)
PICU/VA 1.53 (0.68 to 3.40) 1.32 (0.60 to 2.92) 1.48 (0.66 to 3.33) 1.29 (0.58 to 2.89)

Abnormal Cr ECMO start 1.30 (0.83 to 2.05) 0.25 1.18 (0.75 to 1.86) 0.48 1.16 (0.72 to 1.87) 0.53 1.28 (0.81 to 2.02) 0.29
Average pH 0.01 (0.01 to 1.18) ,0.01 0.01 (0.01 to 0.26) ,0.01 0.02 (0.01 to 0.41) 0.01 0.01 (0.01 to 0.23) ,0.01
Average lactate 1.17 (1.11 to 1.23) ,0.01 1.16 (1.10 to 1.22) ,0.01 1.16 (1.10 to 1.23) ,0.01 1.16 (1.10 to 1.22) ,0.01
Median MAPb 0.99 (0.97 to 1.01) 0.26 0.99 (0.97 to 1.01) 0.28 0.98 (0.96 to 1.01) 0.20 0.99 (0.97 to 1.01) 0.46
Nephrotoxic medication countc 0.82 (0.62 to 1.08) 0.16 0.83 (0.63 to 1.10) 0.19 0.81 (0.61 to 1.08) 0.15 1.81 (0.61 to 1.08) 0.15

CI, confidence interval; CICU, cardiac intensive care unit; ECMO, extracorporeal membrane oxygenation; HR, hazard ratio; LDH, lactate dehydrogenase; MAP, mean arterial pressure; NICU,
neonatal patients in the intensive care unit; NINJA, Nephrotoxic Injury Negated by Just-in-Time Action; PICU, pediatric intensive care unit; VA, venoarterial; VV, venovenous.
aAge at time of ECMO start.
bMAP (mean arterial pressure).
cOn the basis of the NINJA list of nephrotoxins.
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indices of intravascular hemolysis demonstrated an associa-
tion with both composite AKI/RRT outcomes. We consis-
tently found that high plasma-free hemoglobin–the most
specific marker of intravascular hemolysis—significantly in-
creased the hazard of AKI/RRT. High LDH levels also con-
sistently showed a strong positive effect in multivariable
models for both composite AKI/RRT outcomes.
Multiple mechanisms by which hemolysis induces kid-

ney injury have been studied. With red cell hemolysis, both
free hemoglobin and heme are released into the circulation
and cause direct renal tubular damage. Free heme also
binds to renal tubular cells and accumulates, leading to
the generation of reactive oxygen species, intracellular ox-
idative stress, and subsequent tubular toxicity.17,18 Heme
oxygenase 1, an enzyme responsible for heme degradation,
has been shown to be upregulated in many types of AKI.19

As heme toxicity is believed to contribute to the mechanism
of several nephropathies, many protective approaches for
these deleterious effects are currently being developed.
Although heme nephrotoxicity is well described in the
literature, the direct clinical effect of ECMO-induced intra-
vascular hemolysis on AKI has been unclear. There are no
standardized approaches for monitoring for hemolysis on
ECMO. There is also variability in addressing the presence
of intravascular hemolysis on ECMO because some centers
have standardized ECMO circuit changes or provide plas-
mapheresis to clear free hemoglobin at certain levels of
hemolysis.13 Our study supports the plausibility of this
mechanism’s contribution to AKI/RRT during ECMO,
and as such, considerations for the optimal monitoring
regimen and efficacy of treatment are an important area
of further research.
This study is distinct from previous work in this popu-

lation, as the commonly used ELSO database defines AKI
by the binary outcome of creatinine .1.5 mg/dl. Using this
cutoff, AKI is likely to be underrecognized in pediatric
patients, particularly in neonatal patients for whom a nor-
mal creatinine value should be as low as 0.2 mg/dl. For this
study, we used data collected from our center for the ELSO
database to define the cohort, followed by collecting all
creatinine values from the EMR, allowing us to identify AKI
more accurately and comprehensively. This study is also
novel in its evaluation of the association of multiple labo-
ratory markers of hemolysis in a time-dependent fashion,
enhancing the ability to detect a mechanistic relationship
between intravascular hemolysis and AKI.
For this study, serum creatinine was used for all AKI

definitions because this is the most widely accepted and
readily available measure of kidney function. We should
consider, however, the known limitations of serum creat-
inine as it pertains to identifying the timing of AKI. Patients
were censored 24 hours after ECMO cessation; however,
this may fail to detect creatinine elevations that may be
delayed but reflect an injury sustained while on ECMO
therapy. Further prospective work should consider the use
of AKI biomarkers or alternate AKI definitions for more
specificity, specifically to consider the likely time of injury.
Perhaps the most significant limitation of this study is that
given the retrospective nature of the data, there is substan-
tial missingness of laboratory markers used for monitoring
for intravascular hemolysis. More specific laboratory pa-
rameters such as plasma-free hemoglobin, LDH, and

haptoglobin were likely to be obtained only with clinical
suspicion for intravascular hemolysis because these are not
obtained routinely for patients on ECMO at our center. As
such, we considered a day in which these values were
unmeasured as a reference, in which there was a low clinical
suspicion for intravascular hemolysis and thus the clinician
did not send these tests. In addition, in this study, a lab-
oratory marker of hemolysis would have been excluded if
the outcome of AKI/RRT had already been met before its
measurement. Both of these sources of missing hemolysis
marker data would potentially bias our study results to-
ward the null. A prospective study in this population with
protocolized laboratory assessment would help further elu-
cidate this mechanisms effect on AKI on ECMO.
This study raises important considerations regarding our

current understanding of the risk factors for AKI while
undergoing ECMO therapy. Although hemodynamic in-
stability is a well-understood risk factor for kidney injury,
our findings suggest that the addition of intravascular
hemolysis may contribute to this risk. Further research into
the contribution of this mechanism may yield opportunities
for prevention and mitigation of the high burden of kidney
injury in these critically ill children.
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