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Abstract

Background In recent years, extracorporeal membrane oxygenation (ECMO) has been increasingly used in critically
ill patients with respiratory or cardiac failure. Heparin is usually used as anticoagulation therapy during ECMO support.
However, heparin-induced thrombocytopenia (HIT) in ECMO-supported patients, which results in considerable
morbidity and mortality, has not yet been well described. This meta-analysis and systematic review aimed to
thoroughly report the incidence of HIT on ECMO, as well as the characteristics and outcomes of HIT patients.

Methods We searched the PubMed, Embase, Cochrane Library, and Scopus databases for studies investigating
HIT in adult patients supported by ECMO. All studies conforming to the inclusion criteria were screened from 1975
to August 2023. Nineteen studies from a total of 1,625 abstracts were selected. The primary outcomes were the
incidence of HIT and suspected HIT.

Results The pooled incidence of HIT in ECMO-supported patients was 4.2% (95% Cl: 2.7-5.6; 18 studies). A

total of 15.9% (95% Cl: 9.0-22.8; 12 studies) of patients on ECMO were suspected of having HIT. Enzyme-linked
immunosorbent assay (ELISA) is the most commonly used immunoassay. The median optical density (OD) of the
ELISA in HIT-confirmed patients ranged from 1.08 to 2.10. In most studies, the serotonin release assay (SRA) was
performed as a HIT-confirming test. According to the subgroup analysis, the pooled incidence of HIT in ECMO
patients was 2.7% in studies whose diagnostic mode was functional assays, which is significantly lower than the
incidence in studies in which the patients were diagnosed by immunoassay (14.5%). Argatroban was most commonly
used as an alternative anticoagulation agent after the withdrawal of heparin. Among confirmed HIT patients, 45.5%
(95% Cl: 28.8-62.6) experienced thrombotic events, while 50.1% (95% Cl: 24.9-75 4) experienced bleeding events.
Overall, 46.6% (95% Cl: 30.4-63.1) of patients on ECMO with HIT died.
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Conclusion According to our study, the pooled incidence of HIT in ECMO-supported patients is 4.2%, and it
contributes to adverse outcomes. Inappropriate diagnostic methods can easily lead to misdiagnosis of HIT. Further
research and development of diagnostic algorithms and laboratory assays are warranted.

Keywords Extracorporeal membrane oxygenation (ECMO), Heparin-induced thrombocytopenia (HIT),

Thrombocytopenia

Introduction

Extracorporeal membrane oxygenation (ECMO) can pro-
vide short-term support for patients with severe respi-
ratory or cardiac failure [1]. The contact between blood
and nonendothelial surfaces during this process leads
to the activation of coagulation. Circuit clotting and
thromboembolic complications are frequently observed
in ECMO-supported patients [2]. Therefore, antico-
agulation therapy is necessary during ECMO support.
According to the ELSO (Extracorporeal Life Support
Organization) guidelines, unfractionated heparin (UFH)
is recommended [3].

However, the use of heparin may lead to the devel-
opment of heparin-induced thrombocytopenia (HIT).
The symptom of HIT is moderate thrombocytopenia
a few days after exposure to heparin, which paradoxi-
cally leads to an increased risk of thrombosis [4]. HIT is
caused by antibodies attached to heparin—platelet factor
4 complexes [5]. HIT antibodies bind to platelet FcyRIIa
[5], leading to platelet(PLT) activation and aggregation.
However, during ECMO treatment, contact with for-
eign circuit surfaces and high shear stress also leads to
the activation of PLT [4]. As previous studies reported,
PLT counts decreased significantly after the initiation of
ECMO and remained low throughout the entire process
[6]. This makes clinical suspicion of HIT on ECMO chal-
lenging and may delay alternative treatment.

In adult patients treated with heparin, the incidence
varies depending on the primary disease. Dhakal et al.
reported that 0.065% of discharged patients were diag-
nosed with HIT [7]. According to the subgroup analy-
sis, cardiopulmonary bypass (CPB) had the highest
incidence, at 0.63%. The incidence of HIT in ECMO-
supported patients is still not well described. HIT with
ECMO support is challenging to diagnose, leading to
adverse outcomes and missing data. The aim of this
meta-analysis and systematic review was to probe the
incidence of HIT on ECMO and the characteristics and
outcomes of patients with HIT.

Materials and methods

This systematic review and meta-analysis were conducted
according to the Preferred Reporting Items for Systematic
Reviews and Meta-Analysis (PRISMA) guidelines. Our
study was registered on PROSPERO (CRD42022342374).

Literature search and data extraction

The PubMed, Embase, Cochrane, and Scopus electronic
databases were searched without language restrictions
from 1975 to August 28th, 2023. The search strategy
used the following terms: extracorporeal membrane
oxygenation OR extracorporeal life support OR ECMO
OR ECLS OR extracorporeal circulation OR extracor-
poreal AND heparin-induced thrombocytopenia OR
HIT. Keywords and MeSH terms were used in relevant
combinations.

The eligibility criteria for this systematic review and
meta-analysis included the following: (1) Observational
studies or randomized controlled trials with more than
10 adult patients. (2) The patients in the study were sup-
ported by ECMO due to various primary diseases, and
heparin was used as anticoagulation therapy. (3) The
study mentioned the situation of HIT on ECMO. (4)
The diagnostic mode for HIT was clarified in the study.
Reviews, animal studies, in vitro experiments, conference
abstracts, and case reports were excluded. To avoid over-
lapping patient data, only the largest study was included.

Study selection was independently performed by two
researchers (DS and Y]J). If there was any disagreement,
a third researcher (YZ) was involved in resolving the
problem. We used a standard form to extract data from
the included studies. Two researchers (DS and Y]J) inde-
pendently extracted the data. The extracted information
included the author, year of publication, study type, insti-
tution, study period, sample size, patient characteristics,
pre-ECMO clinical characteristics and laboratory param-
eters, incidence of HIT on ECMO, and characteristics
and outcomes of patients with HIT.

Outcomes
The primary outcome of this systematic review and
meta-analysis was the incidence of HIT/suspected HIT
on ECMO.

The secondary outcomes are diagnostic algorithms,
immunoassays (methods and outcomes), functional
assays, diagnostic modes of HIT, PLT counts of HIT
patients, alternative anticoagulation and monitoring tar-
gets, the incidence of thrombotic and bleeding events in
confirmed HIT patients, and mortality in confirmed HIT
patients.
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Risk of bias

The Newcastle-Ottawa Quality Assessment Scale, which
was adapted for cross-sectional studies, was used to
assess the quality of the included studies. The possibil-
ity of publication bias was assessed using Egger’s test, the
visual assessment of funnel plots.

Statistical analysis

STATA 16 was used to perform all meta-analyses of the
incidence and outcomes of HIT. Because of the antici-
pated high degree of heterogeneity, we applied the Der-
Simonian—Laird random effects model. Continuous
variables were described as means and standard devia-
tion (SD) or medians and interquartile range (IQR).
Pooled effect estimates (or odds ratio) were expressed as
estimates (or odds ratio) with 95% confidence intervals
(CIs). Heterogeneity was explored using the I statis-
tic. We defined heterogeneity as follows: I>=0-50%, low
heterogeneity; ?’=50-75%, moderate heterogeneity; and
>>75%, high heterogeneity. We performed sensitivity
analysis by omitting one study at a time to identify influ-
ential studies.

Results

Study selection

The process of study selection according to the inclusion
and exclusion criteria is shown in the PRISMA flow dia-
gram (Fig. 1). A total of 1,625 references were screened,
and 51 studies were identified as potentially relevant
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studies whose full texts were retrieved. After removing
studies that did not meet the inclusion criteria, 19 stud-
ies [8—26] with 9411 patients were included in the data
assessment.

Study description

The main characteristics of the included studies are
shown in Supplementary Table 1. Table 1 shows the
details of the outcomes. Although the authors did not
report the ECMO type in 4 studies [14, 15, 19, 22], 1293
patients were supported by veno-venous extracorpo-
real membrane oxygenation (VV-ECMO), 6863 patients
were supported by veno-arterial extracorporeal mem-
brane oxygenation (VA-ECMO), and 2 patients were on
other types of ECMO. Patient age ranged from 23 to 76
years. The average ECMO duration ranged from 4 to 17
days. Eighteen studies reported the incidence of HIT. Of
these, 12 studies reported suspicions of HIT. All studies
presented their diagnostic mode. All studies performed
immunoassays, and 15 studies performed functional
assays to confirm HIT. Diagnostic algorithms were
described in 9 studies, and 11 studies presented the PLT
count of HIT patients. Fifteen studies reported alterna-
tive anticoagulation therapy for confirmed HIT patients.
Eleven studies reported the occurrence of thrombotic
events in HIT patients. Seven studies reported the inci-
dence of bleeding events in HIT patients. Fourteen stud-
ies reported the mortality of HIT patients.
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Fig. 1 PRISMA schematic diagram of the search strategy
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Risk of bias and study quality

Because all studies eligible for inclusion were retrospec-
tive studies, we evaluated study quality using the New-
castle-Ottawa Quality Assessment Scale adapted for
cross-sectional studies, which showed a high level of
quality in 10 studies with a score greater than 7/10. The
other 9 studies achieved a score of 5/10. The summary
of the risk of bias is reported in Supplementary Table 2.
Funnel plots for all the included outcomes are shown in
Supplementary Figs. 3—6.

Primary outcomes

HIT

A total of 18 studies reported the number of patients
with HIT during ECMO support [8-20, 22-26]. The
lowest incidence of HIT was 0.4%, while the highest was
39.3% [10, 25]. According to the random-effects analysis,
the pooled incidence of HIT on ECMO was 4.2% (95%
CIL: 2.7-5.6,12=90.5%) (Fig. 2).

The pooled incidence of HIT on ECMO was 4.2% (95%
CL: 2.7-5.6, >=90.5%). The black diamonds indicate indi-
vidual estimates, and the black lines indicate individual
95% Cls. The gray squares represent the individual study
weights. The vertical red dashed line indicates the pooled
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estimate. The vertical axis of the white diamond indicates
a pooled estimate, whereas the horizontal axis indicates a
pooled 95% CI.

Suspected HIT

In most institutions, HIT is suspected when the patient
has a 4Ts score>4, a decrease in the PLT over 50%, or
thrombosis after receiving heparin. Twelve of 19 studies
presented the occurrence of suspected HIT [8, 10, 12-15,
17-19, 22, 23, 26]. The lowest incidence of suspected
HIT is 0.7%, and the highest incidence of suspected
HIT is 38.8% [10, 19]. There was severe heterogeneity
(I>=98.2%). A random-effects model was used to analyze
the data. As shown in Figs. 3 and 15.9% (95% CI: 9.0-22.8)
of patients who were supported by ECMO were sus-
pected of having HIT.

The pooled incidence of HIT on ECMO was 15.9%
(95% CI: 9.0-22.8, 1>°=98.2%). The black diamonds indi-
cate individual estimates, and the black lines indicate
individual 95% CIs. The gray squares represent the indi-
vidual study weights. The vertical red dashed line indi-
cates the pooled estimate. The vertical axis of the white
diamond indicates a pooled estimate, whereas the hori-
zontal axis indicates a pooled 95% CI.

Effect %
Study (95% Cl) Weight
Glick,2015 > 0.008 (-0.008, 0.025) 7.38
Kutle’sa,2017 —e—*— 0.075 (-0.007,0.157) 2.27
Kimmoun, 2018 L 0.004 (0.002, 0.005) 8.14
Pabst, 2019 0:: 0.031 (0.015,0.047) 7.43
Vayne, 2019 —— 0.053 (-0.005, 0.111)  3.54
Arachchillage,2020 -%-0- 0.064 (0.036,0.091) 6.28
Kataria,2020 * 0.019 (0.007,0.031)  7.70
Sullivan,2020 - 0.015 (-0.006, 0.035)  7.00
Wood,2020 4:-0— 0.076 (0.031,0.122)  4.52
Mazzeffi,2021 4 0.100 (-0.031,0.231)  1.06
Giuliano,2021 4:L 0.028 (0.001, 0.055)  6.37
Zaaqoq,2022 - 0.036 (0.018,0.054) 7.25
Arachchillage,2022 E —— 0.105 (0.056, 0.154)  4.24
Kram, 2022 S 0.029 (-0.003, 0.060) 5.85
Lubnow, 2022 0: 0.032 (0.016,0.047)  7.48
Mang,2022 +o— 0.024 (-0.023,0.072) 4.37
Kutlesa, 2023 E —&— 0.393(0.302,0.483) 1.95
Lusebrink,2023 + 0.035(0.016, 0.053)  7.18
Overall, DL (I = 90.5%, p < 0.000) o 0.042 (0.027, 0.056) 100.00

| |
-5 0 5

Fig. 2 Forest plot showing meta-analysis of the incidence of HIT in ECMO-supported patients
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Effect %
Study (95% Cl) Weight
Glick,2015 —E—o— 0.193 (0.122, 0.264) 8.21
Kimmoun, 2018 > 0.007 (0.005, 0.009) 8.99
Vayne, 2019 T E 0.035 (-0.013, 0.083) 8.62
Arachchillage,2020 é—o— 0.211 (0.165, 0.258) 8.64
Kataria,2020 - E 0.099 (0.072, 0.126) 8.87
Sullivan,2020 E —_— 0.291 (0.214, 0.368) 8.09
Mazzeffi,2021 —é—'— 0.300 (0.099, 0.501) 511
Giuliano,2021 —— E 0.083 (0.038, 0.128) 8.66
Zaaqoq,2022 —— 0.388 (0.342, 0.435) 8.63
Kram, 2022 — i 0.076 (0.025, 0.127) 8.57
Lubnow, 2022 + 0.160 (0.128, 0.192) 8.82
Lusebrink,2023 —OE- 0.142 (0.107, 0.178) 8.78
Overall, DL (I* = 98.2%, p < 0.000) <> 0.159 (0.090, 0.228)  100.00

T T

-5 0

5

Fig. 3 Forest plot showing the meta-analysis of the incidence of suspected HIT in ECMO-supported patients

Secondary outcomes

Diagnostic algorithms

Nine studies [8, 10, 13, 15, 17, 21-23, 26] described
the diagnostic algorithms used to determine the likeli-
hood of HIT in ECMO patients. The 4Ts score (score
0-3=low HIT probability; score 4—5=intermediate HIT
probability; score 6-8=high HIT probability) was used
in all 9 studies. The 4T score of 11.2-30% of patients on
ECMO was =4 [15, 17]. According to two studies [13, 21],
80-84.5% of confirmed HIT patients who received ECMO
support had a 4Ts>4. The median 4Ts in HIT patients
was 5 in 3 studies [8, 10, 26]. The HEP (HIT Expert Prob-
ability) score was used in two studies [15, 22], and 3.7%
(5/134) and 20% (21/105) of ECMO patients were consid-
ered HEP positive. Only one study reported the outcome
of LLL (Lilo-Le Louet score); 11.2% (15/134) of ECMO
patients were LLL positive [15]. The details are shown in
Table 1.

Immunoassay

Immunoassays detect anti-heparin/platelet Factor 4 (PF4)
antibodies, which are ordered assist in the diagnosis of
HIT. At least one kind of immunoassay was performed in
all studies. As shown in Table 1, ELISA was used as the
immunoassay in the majority of studies. The cutoff of the
ELISA optical density (OD) value was 0.4 in 7 studies [8,
11, 12, 15, 19, 21, 22], 0.5 in 2 studies [13, 17], and 1.0 in
1 study [14]. The mean/median ELISA OD value of HIT
patients ranges from 1.080 to 2.10 [10, 19]. Hemosil Acu-
Star HIT-IgG was used in 3 studies [13, 20, 23], and the
cutoff was 1.0 in Arachchillage et al’s study [13].

Functional assay

Fifteen studies performed functional assays to confirm
HIT. Among them, 12 studies [8, 10-12, 14, 15, 17-19,
21, 22, 26] used the serotonin release assay (SRA) as the
confirmatory test for HIT. A heparin-induced platelet
activation assay (HIPA) was used in 4 studies [10, 23, 24,
26], and a platelet aggregation test (PAT) was performed
in 3 studies [10, 20, 26].

Diagnostic mode

Functional assays were performed in 15 studies as the
confirmatory test for HIT [8, 10-12, 14, 15, 17-24, 26].
Four studies confirmed HIT by immunoassay [9, 13, 16,
25]. Glick et al. reported that HIT can be confirmed by
SRA positivity or an ELISA with an OD2>2.0. Arach-
chillage et al. [13] performed a latex immunoturbidimet-
ric assay (LIA, Hemosil HIT-Ab), ELISA, and Hemosil
AcuStar HIT-IgG. HIT was confirmed when all three
tests were positive or LIA positive and when the ELISA
OD was >1.0. To compare different diagnostic methods,
we conducted subgroup analyses. As shown in Fig. 4, in
the subgroup diagnosis by functional assay, the pooled
incidence of HIT on ECMO was 2.7% (95% CI: 1.6-3.9).
However, in the subgroup diagnosis by immunoassay, the
pooled incidence was 14.5% (95% CI: 4—25).

Subgroup 1: Diagnosis by functional assay; subgroup 2:
Diagnosis by immunoassay.

The pooled incidence of HIT on ECMO was 2.7% (95%
CIL: 1.6-3.9, 1°’=83.5%) in subgroup 1. The pooled inci-
dence was 14.5% (95% CI: 4-25, 1*=93.6%) in subgroup 2.

The black diamonds indicate individual estimates, and
the black lines indicate individual 95% Cls. The gray
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Effect %
Subgroup and Study (95% CI) Weight
1
Glick,2015 > | 0.008 (-0.008, 0.025) 7.38
Kimmoun, 2018 | 0.004 (0.002, 0.005)  8.14
Pabst,2019 - 0.031 (0.015,0.047) 7.43
Vayne,2019 —e— 0.053 (-0.005, 0.111) 3.54
Kataria,2020 CH 0.019 (0.007,0.031) 7.70
Sullivan,2020 - 0.015 (-0.006, 0.035) 7.00
Mazzeffi,2021 T 0.100 (-0.031, 0.231) 1.06
Giuliano,2021 re- 0.028 (0.001, 0.055) 6.37
Zaaqoq,2022 % 0.036 (0.018,0.054) 7.25
Arachchillage,2022 :+ 0.105 (0.056, 0.154) 4.24
Kram, 2022 o 0.029 (-0.003, 0.060) 5.85
Lubnow, 2022 - 0.032 (0.016,0.047)  7.48
Mang,2022 +o— 0.024 (-0.023, 0.072) 4.37
Lusebrink,2023 -« 0.035 (0.016, 0.053) 7.18
Subgroup, DL (I2 = 83.5%, p < 0.000) Q 0.027 (0.016, 0.039) 84.98
:
2 :
Kutle'sa, 2017 & 0.075 (-0.007, 0.157) 2.27
Arachchillage,2020 70- 0.064 (0.036, 0.091) 6.28
Wood,2020 — 0.076 (0.031,0.122) 4.52
Kutlesa, 2023 : —<— 0.393(0.302, 0.483) 1.95
Subgroup, DL (I2 =93.6%, p < 0.000) ;<> 0.145 (0.040, 0.250) 15.02
1
1
Heterogeneity between groups: p = 0.029 :
Overall, DL (I2 =90.5%, p < 0.000) O 0.042 (0.027, 0.056) 100.00
I T

-5 0

Fig. 4 Subgroup analysis of different diagnostic methods

squares represent the individual study weights. The ver-
tical red dashed line indicates the pooled estimate. The
vertical axis of the white diamond indicates a pooled esti-
mate, whereas the horizontal axis indicates a pooled 95%
CL

Platelet count

Platelet counts of HIT patients were described in 11
studies [8, 10-15, 18, 19, 21, 23, 26]. The mean/median
PLT at HIT suspicion ranged from 41.0 to 59.8x10%/L.
The nadir PLT can reach 27.1-50x10°/L [14, 26]. The
lowest decrease in PLT was 32% [12], while the greatest
decrease was 79.8% [14]. Two studies 8, 10] showed that
the PLT did not decrease further after heparin discon-
tinuation. In Glick et al’s study [8], the difference in the
PLT nadir between patients suspected of having HIT and
those not suspected of having HIT was statistically sig-
nificant. However, in the group of patients suspected of
having HIT, several studies confirmed that there was no
significant difference in the PLT nadir or percentage of
falls between patients who were confirmed to have HIT
and patients who ultimately had HIT excluded by labora-
tory tests [14, 15, 19, 23, 26].

Alternative anticoagulation and monitoring target

Among a total of 19 studies, 15 studies [8-11, 13-18,
21, 23-26] reported alternative anticoagulation therapy
for confirmed HIT patients. Argatroban was used in
9 studies [8, 10, 11, 13-15, 23, 24, 26]. Bivalirudin was
used in 6 studies [10, 14—16, 18, 21]. Four studies used
fondaparinux [9, 10, 14, 25]. Danaparoid was used in one
study [10]. In addition, the replacement of a heparin-free
circuit of ECMO was reported in one study [10]. The
monitoring targets of alternative anticoagulation agents
were identified in 5 studies. Three studies used argatro-
ban with monitoring targets of activated partial throm-
boplastin time (APTT) of 48-78 s [13], 50—60 s [11] and
[23]60 s. In 2 studies, heparin was transferred to bivali-
rudin, which was monitored by APTT 50-65 s [18] and
46-65 s [21]. (Table 1)

Thrombotic event

HIT can be associated with thrombosis (heparin-induced
thrombocytopenia and thrombosis, HITT). Throm-
botic events were reported in 11 studies [10, 12-14,
17-21, 23, 26]. The meta-analysis was performed using
random effects analysis. As shown in Fig. 5 (A), the
pooled incidence of thrombotic event in HIT patients
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%

Study ES (95% CI) Weight
A
Kimmoun, 2018 —_—— 0.333 (0.172, 0.546) 11.55
Vayne,2019 - 0.333 (0.061, 0.792) 535
Arachchillage, 2020 ——  0.895 (0.686, 0.971) 11.28
Kataria,2020 - 0.222 (0.063, 0.547) 8.99
Mazzeffi, 2021 g 0.500 (0.095, 0.905) 425
Giuliano,2021 -4~ 0.250 (0.046, 0.699) 6.23
Zaaqoq,2022 —_— 0.200 (0.070, 0.452) 10.62
Arachchillage, 2022 6~ 0.625 (0.386, 0.815)  10.81
Hanna, 2022 -~ 0.500 (0.254, 0.746) 993
Lubnow, 2022 - 0.625 (0.386, 0.815) 10.81
Lusebrink,2023 - 0.308 (0.127, 0.576) 10.18
Subtotal ("2 = 65.722%, p = 0.001) e 0.455 (0.288, 0.626)  100.00
B
Kimmoun, 2018 e m— 0.571 (0.365, 0.755) 15.73
Arachchillage, 2020 - 0.053 (0.009, 0.246) 15.54
Kataria,2020 - 0.556 (0.267, 0.811) 13.64
Giuliano,2021 —$ 1.000 (0.510, 1.000) 10.78
Hanna, 2022 ———— 0.833 (0.552, 0.953) 14.47
Lubnow, 2022 —— 0.375 (0.185, 0.614) 15.17
Lusebrink,2023 <+ 0.308 (0.127, 0.576) 14.67
Subtotal (1*2 = 82.015%, p = 0.000) — 0.501 (0.249, 0.754) 100.00
(o]
Kutle'sa, 2017 % 1.000 (0.439, 1.000) 449
Kimmoun, 2018 —_—— 0.333 (0.172, 0.546) 872
Pabst, 2019 —_— 0.214 (0.076, 0.476) 8.01
Vayne,2019 # 1.000 (0.439, 1.000)  4.49
Arachchillage, 2020 —_— 0.316 (0.154, 0.540) 8.56
Kataria,2020 g 0.444 (0.189, 0.733) 7.08
Mazzeffi, 2021 L o 0.000 (0.000, 0.658) 3.65
Giuliano,2021 <+ 0.750 (0.301, 0.954) 5.15
Zaaqoq,2022 - 0.533 (0.301, 0.752) 8.14
Arachchillage, 2022 —_— 0.188 (0.066, 0.430) 8.26
Hanna, 2022 -4~ 0.500 (0.254, 0.746) 7.70
Lubnow, 2022 —_—— 0.313 (0.142, 0.556) 8.26
Kutle3a, 2023 —_— 0.818 (0.680, 0.905) 9.63
Lusebrink,2023 s 0.385 (0.177, 0.645) 7.86
Subtotal (12 = 73.808%, p = 0.000) —_— 0.466 (0.304, 0.631)  100.00
[ I I I |
-5 0 5 1 15

Fig. 5 The incidence thrombotic events (A), bleeding events (B), and mortality (C) in confirmed HIT patients who received ECMO support

was 45.5% (95% CI: 28.8-62.6, I*°=65.722%). Thrombotic
events on ECMO manifested as limb ischemia, ischemic
stroke, intracardiac thrombus, deep vein thrombosis
(DVT), and pulmonary embolus (PE). The odds ratio of
thrombosis formation in HIT patients compared with
non-HIT patients was 6.633 (95% CIL: 0.898-49.010,
1>=78.2%) (Fig. 6 (A)).

A. Forest plot showing the meta-analysis of the inci-
dence of thrombotic events in confirmed HIT patients
who received ECMO support. The pooled incidence
of thrombotic events in HIT patients was 45.5% (95%
CIL: 28.8-62.6, I’=65.722%). B. Forest plot showing the
meta-analysis of the incidence of bleeding events in con-
firmed HIT patients who received ECMO support. The
pooled incidence of bleeding events in HIT patients was
50.1% (95% CI: 24.9-75.4 1°=82.015%). C. Forest plot
showing the meta-analysis of mortality in confirmed
HIT patients who received ECMO support. The pooled
mortality of HIT patients was 46.6% (95% CI: 30.4-63.1,
°=73.808%). The black diamonds indicate individual
estimates, and the black lines indicate individual 95% Cls.

The gray squares represent the individual study weights.
The vertical red dashed line indicates the pooled esti-
mate. The vertical axis of the white diamond indicates a
pooled estimate, whereas the horizontal axis indicates a
pooled 95% CI.

Bleeding event
Seven studies [10, 13, 14, 18, 21, 23, 26] reported the inci-
dence of bleeding events in HIT patients. The incidence
of this disease ranges from 5.3-100% [13, 18]. A ran-
dom-effects model was used to analyze the data, and the
pooled incidence of bleeding events in HIT patients was
50.1% (95% CI 24.9-75.4 1>=82.015%) (Fig. 5(B)). The
location of bleeding included the surgical site, central
nervous system, and gastrointestinal tract. Severe bleed-
ing can lead to patient death. The odds ratio of bleeding
in HIT patients compared with non-HIT patients was
0.747 (95% CI: 0.222-2.513, I*=58.4%) (Fig. 6 (B)).

A. The odds ratio of thrombosis formation in HIT
patients compared with non-HIT patients was 6.633
(95% CI: 0.898-49.010, I*°=78.2%).
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Odds Ratio %
group and study (95% ClI) Weight
A

Vayne,2019 _—t 2.200 (0.181, 26.714) 22.59
Arachchillage,2020 —_— 33.848 (7.597, 150.814)  29.19
Mazzeffi, 2021 ~- 37.000 (1.004, 1364.036) 16.34
Lubnow, 2022 —f— 1.351 (0.479, 3.811) 31.88
Subgroup, DL (I* = 78.2%, p = 0.003) _ 6.633 (0.898, 49.010)  100.00
B

Arachchillage, 2020 — 1 0.151 (0.020, 1.152) 22.13
Lubnow, 2022 H—— 1.816 (0.639, 5.162) 40.69
Lusebrink,2023 —— 0.732 (0.221, 2.423) 37.18
Subgroup, DL (I =58.4%, p=0.091)  <<_[> 0.747 (0.222, 2.513) 100.00
c

Kutle'sa,2017 , - 14.280 (0.683, 298.372)  4.62
Pabst,2019 — 0.311 (0.086, 1.131) 13.78
Vayne,2019 l 13.811 (0.677,281.737)  4.68
Arachchillage,2020 —— 0.985 (0.363, 2.677) 16.68
Mazzeffi, 2021 > 0.385 (0.016, 9.257) 4.29
Giuliano,2021 B 1.828 (0.185, 18.026) 7.12
Lubnow, 2022 — 0.667 (0.228, 1.949) 15.92
Kutlega, 2023 —— 2.786 (1.123, 6.913) 17.65
Lusebrink,2023 — 0.457 (0.147, 1.423) 15.27
Subgroup, DL (I = 52.5%, p = 0.032) <> 1.084 (0.525, 2.240) 100.00
Heterogeneity between groups: p = 0.177

I I
.0009766 1 1024

Fig. 6 Forest plot showing the meta-analysis of the odds ratio of thrombosis formation (A), bleeding (B), and death (C) in confirmed HIT patients who

received ECMO support

B. The odds ratio of bleeding in HIT patients compared
with non-HIT patients was 0.747 (95% CI 0.222-2.513,
I°=58.4%).

C. The odds ratio of death in HIT patients compared
with non-HIT patients was 1.084 (95% CI 0.525-2.240,
>=52.5%).

The black diamonds indicate individual estimates, and
the black lines indicate individual 95% Cls. The gray
squares represent the individual study weights. The ver-
tical red dashed line indicates the pooled estimate. The
vertical axis of the white diamond indicates a pooled esti-
mate, whereas the horizontal axis indicates a pooled 95%
CL

Mortality

Thirteen of these studies reported the mortality of HIT
patients [9-14, 17-19, 21, 23, 25, 26]. A random-effects
model was used for the meta-analysis, and the pooled
mortality of HIT patients was 46.6% (95% CI 30.4-63.1,
1>=73.808%) (Fig. 5(C)). The odds ratio of death in HIT
patients compared with non-HIT patients was 1.084
(95% CI 0.525-2.240, 1°=52.5%) (Fig 6 (C)).

Sensitivity analysis

The results of the sensitivity analysis in which one study
was omitted at a time to identify influential studies are
shown in Supplementary Figs. 1-2.

Discussion

In previous studies, the incidence of HIT ranged from
0.1 to 5.0% in patients who received heparin for various
indications [27-30]. In particular, mechanical circula-
tory support systems (such as ECMO) carry the poten-
tial for HIT due to the need for systemic anticoagulation
[31]. Arachchillage et al. [13] reported that the frequen-
cies of HIT in patients receiving ECMO and CPB were
6.4% and 0.6%, respectively. In this systematic review
and meta-analysis, the incidence of HIT in ECMO-sup-
ported patients was 4.2% (95% CI: 2.7-5.6, ?=90.5%).
The higher incidence of HIT on ECMO may be due to
the following reasons: (1) Heparin/platelet Factor 4 (PF4)
complex formation requires appropriate PF4-to-heparin
ratios. Patients on ECMO could achieve stoichiometri-
cally optimal PF4-to-heparin ratios due to a bolus of hep-
arin at initiation and following systematic UFH infusion
[13, 17]. (2) Persistent inflammation/infection in ECMO
patients also enhances the immune response, leading to
PF4-heparin complex formation [13, 17].
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The incidence of suspected HIT was 15.9% (95% CI:
9.0-22.8) in our study. The most commonly used tool to
evaluate the probability of HIT is the 4Ts score [32]. The
score considers (1) PLT count or reduction in PLT count,
(2) the time after heparin initiation that thrombocytope-
nia occurs, (3) thrombosis or other complications, and
(4) a possible reason for the loss of platelets except for
HIT. However, the ECMO system can also lead to throm-
bocytopenia and thrombosis formation. This makes it
difficult for clinicians to use the 4Ts score to predict HIT
on ECMO. There are also less commonly used tools, such
as the LLL score and HEP score. The HEP score reflects
the PLT count and clinical manifestations using an inte-
ger scale ranging from —3 to +3 to improve the specific-
ity and sensitivity of the identification of HIT [33]. The
LLL score focuses on patients who underwent CPB [34].
In a study conducted by Sullivan and colleagues [15],
the 4T score showed limited effectiveness, as evidenced
by a low positive predictive value (PPV) of 21.4%, along
with 50% sensitivity and 66.7% specificity. Although the
HEP test increased the specificity to 84.8%, it resulted
in decreased PPV and sensitivity, both at 16.7%. Simi-
larly, LLL scores were also found to be of limited use in
this particular study by Sullivan et al. In a recent study
[22] conducted on 299 patients on mechanical circula-
tory support devices (MCSs), the area under the curve
(AUCQ) of the 4T score and the HEP score were 0.82 and
0.78, respectively, in ECMO or ventricular assist device
(VAD)-supported patients. Both the 4Ts score and the
HEP score demonstrated a low PPV of 23% [22]. In sum-
mary, all three tools had limited utility in predicting the
probability of HIT in patients receiving ECMO support.
The most suitable tool for clinicians to judge the prob-
ability of HIT in patients supported by ECMO remains
to be studied.

After suspicion of HIT, a laboratory test will be per-
formed to diagnose HIT. There are 2 classes of labora-
tory tests: immunoassays and functional assays. ELISA
is the most commonly used immunological assay to rule
out HIT after suspicion. However, the appropriate cut-
off value is still controversial, and an improper threshold
may lead to overdiagnosis. Most commercial kits recom-
mend 0.4 as the cutoff value. According to the report by
Kataria et al. [14] focused on ECMO patients, a specific-
ity of 89% and a negative predictive value (NPV) of 95%
were achieved with ELISA using OD2>1.0 as the cutoff.
There was high discrimination, with an AUROC (95% CI)
of 0.92 (0.85-1.00). A study by Zaaqoq et al. [19] reported
that after changing the cutoff value of the ELISA from
OD2=0.4 to 1.2, both specificity (from 71.7 to 90.9%) and
accuracy (from 76.4 to 89.5%) improved, with only a lim-
ited impact on sensitivity (80%). To rapidly and automati-
cally detect HIT antibodies, several other immunoassays
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have been developed, such as chemiluminescent immu-
noassays (e.g., Hemosil AcuStar HIT-IgQG) [35].

Most of the institutions in our study performed the
SRA as the confirming test for HIT. SRA has a high
sensitivity and specificity for HIT diagnosis [36] and
is regarded as the gold standard. However, due to its
complexity and radioactivity, this test is available only
in selected laboratories, which may lead to a prolonged
turnaround time. Therefore, the reliance on SRA results
may delay subsequent treatment. According to our sub-
group analysis, the pooled incidence of HIT in ECMO
patients diagnosed by immunoassays (14.5%, 4 studies)
was significantly greater than that in patients diagnosed
by functional assays (2.7%, 14 studies). We suggest that
relying on immunoassay results for the diagnosis of
HIT may lead to overdiagnosis. Therefore, it is crucial
to develop functional tests that are fast, convenient, and
accurate.

Thrombocytopenia is the most significant manifesta-
tion in HIT patients. Patients develop mild to moder-
ate absolute thrombocytopenia (PLT between 50 and
70x10°/L) or relative thrombocytopenia (a decrease in
the PLT of 30-50%) [37]. However, thrombocytopenia
is also common in ECMO-supported patients. Accord-
ing to a systematic review and meta-analysis by Jiritano
et al. [4], the pooled prevalence of thrombocytopenia in
ECMO-supported patients was 21% (95% CI 12.9-29.0;
14 studies). The most important reason for the decrease
in the PLT is consumption in the ECMO system. It has
been demonstrated that platelet activation is enhanced
by contact with artificial surfaces and high shear stress
during ECMO treatment [4]. Other factors contribut-
ing to the decrease in PLT include blood dilution, sepsis,
disseminated intravascular coagulation (DIC), and drug-
induced thrombocytopenia in critically ill patients. Our
research revealed that ECMO-supported patients with
HIT can develop significant thrombocytopenia (PLT
nadir 27.1-50x 10°/L, percentage decrease of 32-79.8%).
However, it is difficult to distinguish HIT-positive
patients by PLT changes among suspected HIT patients.
A former study [5] showed that the PLT continuously
decreased over the first 2-7 days after ECMO (initia-
tion. However, the risk of rapid-onset HIT after ECMO
initiation is low since antibodies to heparin-PF4 com-
plexes take time. A decrease in the PLT usually occurs
5-14 days after heparin exposure [5, 37, 38]. Sokolovic
et al. [39] showed that the PLT of excluded HIT patients
steadily recovered after Day 5 of ECMO initiation, but
the PLT of HIT-positive patients persistently decreased
until Day 7. In a systematic review of 28 patients [40],
the PLT nadir was achieved on Day 6 after the initiation
of ECMO in HIT patients. According to previous stud-
ies [41, 42] focused on patients who underwent CPB, a
biphasic PLT pattern may predict HIT in patients who
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underwent CPB. The PLT pattern of HIT patients on
ECMO still needs to be studied.

During ECMO support, once patients have HIT, hepa-
rin exposure must be stopped, and alternative anticoagu-
lation therapy should be started [5]. The choice of agent
is determined according to the patient’s renal/liver func-
tion, ability to monitor anticoagulant effects, cost, bleed-
ing risk, and clinicians’ experience. Argatroban, lepirudin,
or danaparoid was recommended for patients with HIT
or HITT according to the guidelines of the American
College of Chest Physicians (ACCP) [43]. In our study,
argatroban was the most common alternative for antico-
agulation. Although bivalirudin is only recommended for
patients who require urgent cardiac surgery in the ACCP
guidelines, it was also widely used in ECMO-supported
patients with HIT in our study. It is an attractive alterna-
tive for HIT patients because of its shorter half-life and
lower effect on the international normalized ratio (INR)
and nonhepatic metabolism [44]. According to a previ-
ous study [45], compared with argatroban, bivalirudin
can reach the therapeutic APTT goal faster, with more
APTT values within the therapeutic APTT goal, while
the clinical outcomes are similar. Moreover, according
to the American Society of Hematology (ASH) guide-
lines, argatroban or bivalirudin was recommended for
patients with critical illness [46]. Furthermore, our study
showed 50.1% (95% CI: 24.9-75.4 1°=82.015%) of HIT
patients developed bleeding events. HIT itself does not
cause bleeding [7]. It was supposed to be caused by ove-
ranticoagulation treatment to prevent thrombosis. In
addition, inappropriate transitions to alternative antico-
agulation agents may also lead to bleeding events. There-
fore, clinicians need to monitor these patients carefully
during alternative anticoagulant therapy. It is important
to define monitoring targets, which still need further
study. The influence of the heparin coating circuit in HIT
patients is unknown, but it was supposed that the agent is
unlikely to spread to the bloodstream. The study of Pabst
et al. [11] reported that although HIT patients did not
experience a change in the non-heparin-coated circuit,
the PLT recovered well.

HIT can paradoxically lead to a prothrombotic dis-
order. Eventually, serious adverse outcomes, including
ischemic limb necrosis, pulmonary embolism, and acute
myocardial infarction, may develop [27]. HIT patients
who have thrombosis formation can be diagnosed with
HITT [47]. Approximately 30% of HIT patients expe-
rience thrombosis formation [7]. A total of 25.3% of
VV-ECMO-supported patients and 37.9% of VA-ECMO-
supported patients experienced thrombosis, which was
reported in the registry analysis of the ELSO [48, 49].
According to our meta-analysis, the incidence of throm-
botic event in HIT-confirmed patients receiving ECMO
support was 45.5% (95% CI: 28.8-62.6, 12=65.722%).
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The odds ratio of thrombosis formation in HIT patients
compared with non-HIT patients was 6.633 (95% CI:
0.898-49.010). Although it is not statistically significant,
it revealed greater incidence of thrombosis formation in
HIT patients.

Our data revealed that 46.6% (95% CI: 30.4-63.1,
12=73.808%) of HIT patients who received ECMO sup-
port died. Our results revealed that mortality was similar
between patients with confirmed HIT and HIT-negative
patients(OR:1.084 (95% CI: 0.525-2.240)). The reasons
for HIT patient death in our included studies were post-
operative multiorgan failure, brain bleeding, and sepsis
[11, 12].

Limitations

The findings and interpretations of this meta-analysis and
systematic review are limited by the quality of included
studies and high heterogeneity. Our study was designed
to analyse the incidence of HIT and adverse events by
meta-analysis, which is vulnerable to publication bias
leading to overestimation of incidence rates. The sample
size of confirmed HIT patients was too small for further
analysis of the incidence of thrombotic /bleeding events
and mortality. Thus the results and interpretation must
be interpreted with care.

Conclusion

According to our study, 4.2% of patients under ECMO
support develop HIT. This leads to an increased risk of
thrombosis in critically ill patients. Current clinical and
laboratory diagnostic methods exhibit many shortcom-
ings. Inappropriate diagnostic methods can easily lead
to misdiagnosis of HIT. Further research and develop-
ment of diagnostic algorithms and laboratory assays are
warranted.
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