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ABSTRACT

Objective: Soluble CD40 ligand (sCD40L) is associated with some pathobiological
states. However, whether sCD40L in patients with chronic thromboembolic pulmo-
nary hypertension (CTEPH) who underwent pulmonary endarterectomy (PEA) is
associated with perioperative pulmonary hemodynamics and surgical outcomes
has not been elucidated. Here we aimed to investigate whether sCD40L is a useful
serologic biomarker of poor surgical outcome of PEA in patients with CTEPH.

Methods: Ninety patients with CTEPH who underwent PEA were enrolled. Indepen-
dent preoperative parameters were examined, including sCD40L related to lower
cardiac index (CI), higher pulmonary vascular resistance (PVR), and poor surgical
outcomes after PEA, according to the multivariate logistic regression analysis. In
addition, the area under the curve (AUC) value of sCD40L to predict poor surgical
outcomes was compared with the AUCs of D-dimer and C-reactive protein (CRP).
The generalizability of this study model was tested by a 5-fold cross-validation
analysis.

Results:Multivariate logistic regression analysis showed that high sCD40L level was
related to postoperative lower CI, higher PVR, and poor surgical outcomes
independent of other preoperative parameters. The AUC value of sCD40L to pre-
dict poor surgical outcomes was higher than those of D-dimer and CRP. A sCD40L
cutoff value of 1.45 ng/mL predicted poor surgical outcomes with 79.3% sensitivity
and 67.3% specificity. The 5-fold cross-validation analysis showed the effectiveness
of our model’s performance.

Conclusions: Preoperative sCD40L level could be a promising serologic biomarker
associated with poor surgical outcomes in CTEPH. In addition to known preopera-
tive parameters, the biomarker might have the potential to identify patients at high
risk of PEA, thereby reducing the mortality rates. (JTCVS Open 2021;8:618-29)
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sCD40L has a higher AUC for predicting poor surgical
outcome in CTEPH compared with CRP or D-dimer.
/

CENTRAL MESSAGE

Preoperative soluble CD40 ligand

could be a promising serologic

biomarker associated with surgical

outcomes of pulmonary endarter-

ectomy in patients with chronic

thromboembolic pulmonary

hypertension.
PERSPECTIVE
High preoperative soluble CD40 ligand (sCD40L)
level was found to be related to poor surgical out-
comes of pulmonary endarterectomy (PEA) inde-
pendent of other preoperative parameters. Using
1.45 ng/mL as a cutoff value, the sensitivity and spec-
ificity for estimating poor surgical outcomes in pa-
tients with chronic thromboembolic pulmonary
hypertension (CTEPH) were 79.3% and 67.3%,
respectively. In patients with CTEPH, preoperative
sCD40L could be a promising serologic biomarker
associated with surgical outcomes of PEA.
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Abbreviations and Acronyms
AUC ¼ area under the curve
BPA ¼ balloon pulmonary angioplasty
CD40L ¼ CD40 ligand
CI ¼ cardiac index
CRP ¼ C-reactive protein
CTEPH ¼ chronic thromboembolic pulmonary

hypertension
PEA ¼ pulmonary endarterectomy
PH ¼ pulmonary hypertension
PVR ¼ pulmonary vascular resistance
RHC ¼ right heart catheterization
sCD40L ¼ soluble CD40 ligand
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Video clip is available online.

Chronic thromboembolic pulmonary hypertension
(CTEPH) is a form of pulmonary hypertension (PH)1 that
develops as a complication of persistent chronic thrombi
following acute pulmonary thromboembolism. Although
the treatment options for CTEPH have expanded to include
pulmonary endarterectomy (PEA), administration of solu-
ble guanylate cyclase stimulators, and balloon pulmonary
angioplasty (BPA),2,3 the only curative treatment for
CTEPH is PEA, involving the surgical removal of organized
thrombi with intima in the pulmonary artery. Effective PEA
results in the normalization of hemodynamics with
significant and immediate reductions in pulmonary vascular
resistance (PVR) and pulmonary arterial pressure, as well as
an increase in cardiac index (CI). The in-hospital mortality
rate of PEA has been declining over time, owing to the
increased experience of surgeons in performing such
procedures and is currently reported to be<5% in expert
centers for PEA.4 However, even now, early postoperative
morbidity and mortality may remain higher in PEA.
Therefore, predicting the surgical outcome preoperatively
is a challenging but essential step toward reducing
morbidities. This is achieved by encouraging careful
preparation or identifying alternative treatments for at-risk
patients.

The CD40 ligand (CD40L) is a member of the tumor
necrosis factor family. Recently, it has been recognized
that the CD40L is related to the development of systemic
vascular inflammation and induces the expression of
inflammatory cytokines and molecules that help monocytes
and leukocytes migrate into endothelial tissues.5,6 Studies
on the cellular distribution of CD40L indicate that>95%
of circulating CD40L (soluble CD40L [sCD40L]) is derived
from activated platelets.7 It is also known that high levels of
sCD40L are associated with atherosclerosis and acute
coronary syndrome8,9 and significantly correlated with the
severity of clinical symptoms and hemodynamics in
patients with chronic heart failure, suggesting that CD40L
itself induces persistent tissue inflammation and remodeling
of a failing myocardium.10

As noted above, several diseases related to inflammation
and thrombosis are known to be associated with higher
sCD40L levels. Previous studies have showed that vascular
inflammation contributes to the pathogenesis of
CTEPH.11,12 Moreover, excessive inflammation has been
suggested to induce thrombus nonresolution, such as in
the concept of “inflammatory thrombus.”11,13 However,
whether CD40L gives rise to not only systemic, but also
pulmonary, vascular inflammation has not been determined.
In our previous study, we found that CD40L induced
pulmonary microvascular endothelial cells to secrete
inflammatory cytokines and growth factors in vitro.14

Furthermore, sCD40L levels are significantly higher in
patients with idiopathic pulmonary arterial hypertension
compared with controls.15 Moreover, patients with CTEPH
are known to have highly activated platelets.16

In this study of patients with CTEPHwho underwent PEA,
we focused on sCD40L, which is known to be related to acti-
vated platelet activation, vascular inflammation, and
thrombus nonresolution. This study aimed to identify any as-
sociation betweenpreoperative sCD40L level and the surgical
outcomes of patients who underwent PEA for CTEPH.
METHODS
This study was approved by the Institutional Review Board of Chiba

University Graduate School of Medicine (approval 826; October 12,

2020). According to Japanese legislation, informed consent is not required

for the collection of retrospective data.

Study Participants
We enrolled 90 patients with CTEPH who underwent PEA at Chiba

University Hospital, Chiba, Japan between August 2001 and October

2019. All patients were diagnosed with CTEPH by right heart

catheterization (RHC), pulmonary angiography, lung perfusion scan, or

computed tomography angiography. Patients who died in the hospital after

PEA were excluded from the analysis of the postoperative parameters

because they were not able to undergo postoperative RHC. The selection

criteria for PEA were (1) both mean pulmonary arterial pressure

�25 mm Hg and calculated PVR �300 dynes.s.cm�5 even after receipt

of oral anticoagulant therapy for >6 months; (2) World Health

Organization (WHO) functional class �II; (3) presence of thrombus at

the main, lobar, or segmental arteries confirmed by pulmonary

angiography; and (4) absence of severe associated diseases. Eleven age-

and sex-matched healthy subjects were enrolled as the control group.

Operative Approach and Protocol
We performed PEAwith periods of hypothermic circulatory arrest accord-

ing to the standard protocol developed by the University of California at San

Diego group17 and used low-dose catecholamine postoperatively and diuretics

aggressively to prevent reperfusion lung edema throughout the study period.18
JTCVS Open c Volume 8, Number C 619



TABLE 1. Characteristics of the patients with CTEPH (N ¼ 90)

Characteristic Value

Sex, male/female, n 28/62

Age, y, mean � SD 59.2 � 1.1

WHO functional class, I/II/III/IV, n 0/44/42/4

Jamieson classification, I/II/III/IV, n 49/25/16/0

Operative mortality, n 6

Perioperative parameters, mean � SD Preoperative Postoperative

RAP, mm Hg 6.1 � 3.5 4.7 � 2.9

mPAP, mm Hg 46.1 � 9.5 24.9 � 9.0

PVR, dynes.s.cm�5 773 � 289 306 � 186

CI, L/min/m2 2.6 � 0.6 3.0 � 0.5

SD, Standard deviation;WHO, World Health Organization; RAP, right atrial pressure;

mPAP, mean pulmonary arterial pressure; PVR, pulmonary vascular resistance;

CI, cardiac index.
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FIGURE 1. The difference in soluble CD40 ligand (sCD40L) between

control subjects and patients with chronic thromboembolic pulmonary

hypertension (CTEPH). sCD40L is significantly higher in patients with

CTEPH compared with controls (mean, 2.2 � 3.1 ng/mL vs

0.5 � 0.5 ng/mL; P ¼ .009).
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Subgroups
To examine the relationship between the postoperative hemodynamics

and the surgical outcome, we divided the 90 patients with CTEPH into 2

groups based on the postoperative CI. Patients with a CI � 2.5 L/min/m2

were classified as the good postoperative CI group, and those with a

CI< 2.5 L/min/m2 were classified as the poor postoperative CI group.

According to the 2015 European Society of Cardiology/European

Respiratory Society PH guidelines, low CI (<2.5 L/min/m2) is associated

with an intermediate or high mortality risk.1 Delcroix and colleagues19

suggested that the risk stratification for pulmonary arterial hypertension

also may be applicable for patients with CTEPH, including post-PEA

patients.19 Moreover, low postoperative CI is correlated with long-term

survival of patients after PEA.20 Thus, we defined postoperative

CI<2.5 L/min/m2 as an index of poor postoperative cardiac outcome.

The patients were also divided into the good and poor postoperative

PVR groups. Postoperative PVR>500 dynes.s.cm�5 has been identified

as a strong predictor of mortality after PEA.17,21,22 The poor postoperative

PVR group comprised patients who met at least 1 of the following

conditions: (1) postoperative PVR�500 dynes.s.cm�5 (based on published

prognostic levels in CTEPH patients after PEA23-25); (2) in-hospital

mortality caused by persistent PH; and (3) postoperative PVR level

exceeding the preoperative PVR level. The remaining patients composed

the good postoperative PVR group.

We defined poor surgical outcome in patients with CTEPH according to

the following criteria: (1) poor postoperative CI; (2) poor postoperative

PVR as mentioned above; and (3) all-cause in-hospital deaths.

Measurement of Serum sCD40L, C-Reactive Protein,
and D-Dimer

All blood samples in the CTEPH group were collected during

preoperative RHC and approved as part of a biorepository by the

Institutional Review Board of Chiba University Graduate School of

Medicine. All participants in the CTEPH group were treated with oral

warfarin and were transitioned to intravenous heparin 2 days before

RHC and blood sampling. Serum sCD40L was measured using a

commercial sCD40L enzyme-linked immunosorbent assay kit (R&D

Systems, Minneapolis, Minn) by SRL (Tokyo, Japan). Serum C-reactive

protein (CRP) and D-dimer were measured by immune nephelometry.

RHC
Patients underwent RHC for both the preoperative evaluation

(preoperative RHC) and the evaluation of PEA outcome (postoperative

RHC) when they were in stable conditions. The mean time from

preoperative RHC to PEA was 120.0 � 182.7 days, and the mean time

from PEA to postoperative RHC was 42.6 � 14.0 days.

Logistic Regression Analysis
Univariate logistic regression analysis was performed to examine the

correlation between preoperative parameters and surgical outcomes.

Then multivariate logistic regression analysis was performed to identify

independent preoperative parameters related to surgical outcomes, such

as low postoperative CI, persistent PH, and in-hospital mortality.

Receiver Operating Characteristic Curves
Receiver operating characteristic curves were constructed to compare

the area under the curve (AUC) of sCD40L with the AUCs of CRP and

D-dimer. The optimal sCD40L threshold value was then determined, to

estimate its sensitivity and specificity for predicting poor surgical

outcomes. In addition, 5-fold cross-validation was performed to evaluate

the predictive performance of sCD40L. Moreover, a random forest plot

was used to evaluate the importance of the variables in predicting

prognosis. The decrease in Gini impurity was calculated 5 times in
620 JTCVS Open c December 2021
5-fold cross-validation, and the variables were ranked.26 The AUC of the

random forest after 5-fold cross-validation was also calculated.

Statistical Analysis
Our results are expressed as mean � SD. Data analysis was done with

JMP 15.0 software (Japanese version, SAS Institute, Tokyo, Japan) and

R version 3.51 (R Foundation for Statistical Computing, Vienna, Austria).

A P value<.05 was considered statistically significant. Group comparisons

were done using the c2 test. Comparisons of the differences between two

groups were done using the Mann–Whitney U test. Correlations between

serum sCD40L level and perioperative parameters were assessed by

Spearman’s correlation coefficient.
RESULTS
sCD40L in CTEPH and Control Patients

The CTEPH group comprised 90 patients who underwent
PEA during the study period. The clinical characteristics
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FIGURE 2. A, Preoperative soluble CD40 ligand (sCD40L) in patients with chronic thromboembolic pulmonary hypertension (CTEPH) who are alive

compared with those who died in the hospital. “alive” on the horizontal line indicates the subjects without operation-related death, and “death” indicates

the subjects with operation-related death. The upper and lower borders of the box represent the upper and lower quartiles. The middle horizontal line

represents themedian. The upper and lower whiskers represent themaximum andminimum values of nonoutliers.Extra dots represent outliers. Preoperative

sCD40L is significantly higher in the patients with operation-related deaths (mean, 6.8� 9.2 ng/mL vs 1.9� 2.1 ng/mL; P ¼ .02). B, Correlation between

preoperative sCD40L and postoperative cardiac index (CI). Preoperative sCD40L is correlated with postoperative CI (P ¼ .02).
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and perioperative parameters of the CTEPH group are
shown in Table 1. As shown in Figure 1, serum sCD40L
levels were significantly higher in the CTEPH group
compared with control group (mean, 2.2 � 3.1 ng/mL vs
0.5 � 0.5 ng/mL; P ¼ .009).

sCD40L and Perioperative Parameters
sCD40L levels in all groups subdivided by perioperative

parameters are shown in Table E1. As shown in Figure 2, A,
sCD40L levels were significantly higher in the patients with
CTEPH who died in the hospital compared with those who
did not (P ¼ .02). Table E2 shows correlations between
sCD40L levels and perioperative parameters. Six patients
who died in the hospital after PEA were excluded from
the postoperative analysis. sCD40L level had a negative
correlation with postoperative CI (P ¼ .02), but the other
perioperative parameters did not (Figure 2, B).
sCD40L and Surgical Outcome
As shown in Table E3, univariate logistic regression

analysis revealed that among the preoperative parameters,
TABLE 2. Multivariate logistic analysis of preoperative parameters for th

Preoperative parameter

Post-CI subgroup

(good/poor, n ¼ 74/16)

OR (95% CI) P

sCD40L, ng/mL 1.49 (1.2-1.9) .001

PVR, dynes.s.cm�5 0.99 (0.9-1.0) .06

BNP, pg/mL 1.00 (0.9-1.0) .15

CI, Cardiac index; PVR, pulmonary vascular resistance; OR, odds ratio; CI, confidence in
only sCD40L level was significantly correlated with poor
postoperative CI and poor surgical outcomes, and that
sCD40L and BNP were significantly correlated with poor
postoperative PVR. Furthermore, as shown in Table 2,
multivariate logistic analysis performed using sCD40L
and BNP (identified as significant variables in the univariate
logistic analysis) and PVR (previously reported to be
related to surgical outcomes) revealed that only sCD40L
level was significantly correlated with poor postoperative
CI, poor postoperative PVR, and poor surgical outcomes.
This suggested that sCD40L could be an independent
preoperative parameter related to poor surgical outcomes,
including low cardiac function, persistent PH, and
in-hospital mortality.
Comparisons of sCD40L and Other Markers
Finally, to evaluate whether preoperative sCD40L would

be a useful serological biomarker for estimating the surgical
outcome, we constructed a receiver operating characteristic
curve. Moreover, we compared the AUC of preoperative
sCD40L with those of preoperative CRP and D-dimer level
e risk of poor postoperative outcome subgroups

Post-PVR subgroup

(good/poor, n ¼ 77/13)

Surgical outcome

(good/poor, n ¼ 61/29)

OR (95% CI) P OR (95% CI) P

1.55 (1.2-2.0) .001 1.77 (1.3-2.4) <.0001

1.00 (0.9-1.0) .92 0.99 (0.9-1.0) .33

1.00 (0.9-1.0) .07 1.00 (0.9-1.0) .14

terval; sCD40L, soluble CD40 ligand; BNP, brain natriuretic peptide.
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FIGURE 3. Area under the curve (AUC) for predicting poor surgical outcome by preoperative soluble CD40 ligand (sCD40L), C-reactive protein (CRP),

and D-dimer levels. Preoperative sCD40L has a higher AUC value for predicting poor surgical outcome in chronic thromboembolic pulmonary hypertension

than preoperative CRP or D-dimer.
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reported as biomarkers related to pathogenesis and clinical
outcome of CTEPH.27-29 As shown in Figure 3, sCD40L
had a higher AUC for predicting poor surgical outcome
compared with CRP and D-dimer (AUC of 0.76, 0.57, and
0.60, respectively). The 95% CI of AUC straddled 0.50 in
both CRP and D-dimer, meaning they were not significant
predictors for surgical outcome.

The cutoff value for sCD40L was 1.45 ng/mL, which
had maximum sensitivity and specificity for dividing
patients into the good and poor surgical outcome groups.
As shown in Table 3, using this cutoff value, the sensi-
tivity and specificity for predicting poor surgical outcomes
TABLE 3. Usefulness of sCD40L in predicting poor surgical outcomes

Parameter Cutoff value AUC (95% CI) Sensitivity, % (95

sCD40L 1.45 0.76 (0.64-0.88) 79.3 (55.2-93

0.73 (0.60-0.86)* 79.3 (55.2-89

0.71 (0.59-0.83)y 51.7 (27.6-69

D-dimer 0.30 0.61 (0.49-0.73) 82.7 (52.6-94

CRP 0.20 0.57 (0.45-0.70) 29.6 (3.3-42.0

AUC, Area under the curve; CI, confidence interval; OR, odds ratio; sCD40L, soluble CD4

yRandom forest after 5-fold cross-validation.

622 JTCVS Open c December 2021
were 79.3% and 67.3%, respectively. An additional 5-fold
cross-validation analysis proved the excellent predictive
performance of sCD40L in this study. Our findings indi-
cate that using preoperative sCD40L better distinguishes
patients who had a poor surgical outcome after PEA
from those who did not have a poor outcome compared
with using CRP and D-dimer as predictive biomarkers of
CTEPH. Moreover, sCD40L was the most important
variable in all 5 iterations of the 5-fold cross-validation
of our random forest plot (Table E4). The AUC of the
random forest after the 5-fold cross-validation was 0.71
(Table 3).
% CI) Specificity, %, (95% CI) OR (95% CI) P value

.1) 67.3 (19.7-83.6) 7.0 (2.6-20.2) <.0001

.7) 67.2 (20.2-83.6)

.0) 85.3 (50.8-95.1)

.0) 44.3 (12.3-57.8) 3.0 (1.1-9.2) .03

) 86.2 (58.6-96.6) 0.8 (0.3-2.1) .62

0 ligand; CRP, C-reactive protein. *Logistic regression after 5-fold cross-validation.
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Following the published paper,29 we also examined the
association of preoperative sCD40L with cardiopulmonary
bypass time, circulation arrest time, surgery time, aortic
cross clamping time, catecholamine and postoperative
extracorporeal membrane oxygenation support. Using the
median preoperative sCD40L level, we divided the patients
into 2 groups, <121 ng/mL and >1.21 ng/mL, and
compared these parameters between the 2 groups. As shown
in Table E5, there were no significant differences in
intraoperative variables or in the ratio of subjects with
postoperative extracorporeal membrane oxygenation
support between the 2 groups.With regard to catecholamine
requirements, patients with >1.21 ng/mL required
significantly longer catecholamine support after PEA than
those with <1.21 ng/mL (mean, 2.6 � 2.0 days vs
1.5 � 0.9 days; P ¼ .007).

DISCUSSION
In the present study, we found sCD40L level to be a use-

ful serologic biomarker in CTEPH associated with morbid-
ities resulting from low postoperative CI, persistent PH, and
in-hospital mortality (Video 1). It has been reported that the
surgical outcome of PEA depends on preoperative PVR,
New York Heart Association functional class, and level of
experience of the surgical team.4,30 Based on our present re-
sults, preoperative sCD40L level in patients with CTEPH
could be a promising predictor for surgical outcomes in
addition to its well-known utility for preoperative parame-
ters. Methods, representative results, and interpretation of
these results are summarized in Figure 4.

Ueland and colleagues10 suggested a pathogenic role for
enhanced CD40–CD40L interactions in human myocardial
failure. In the present study, there was a negative correlation
between sCD40L level and postoperative CI, although no
VIDEO 1. Dr Ayako Shigeta discusses preoperative soluble CD40 ligand

in patients with chronic thromboembolic pulmonary hypertension as a

promising biomarker associated with poor surgical outcome of pulmonary

endarterectomy. Video available at: https://www.jtcvs.org/article/S2666-

2736(21)00357-0/fulltext.
association with preoperative CI was observed, suggesting
that a higher sCD40L level might indicate an occult cardiac
dysfunction, which is difficult to estimate using the
preoperative CI value.
Jamieson and associates reported that postoperative PVR

> 500 dynes.sec.cm�5 was strongly associated with an
increased risk of mortality in patients with CTEPH, and
the strongest predictor of mortality after PEA is
postoperative residual PVR, which indicates inaccessible
distal obstruction.17 Madani and colleagues also
reported that the postoperative mortality rates were
10.3% in CTEPH patients with a postoperative PVR
>500 dynes.s.cm�5 and only 0.9% in CTEPH patients
with a postoperative PVR <500 dynes.s.cm�5.21,22

Therefore, as shown in this study, preoperative sCD40L
level associated with persistent PH could help to estimate
the surgical mortality of patients with CTEPH.
To examine the association between sCD40L level and

the morphology of thromboembolic disease, we investi-
gated the association between preoperative sCD40L and
the Jamieson classification. No patients with type 4 CTEPH
were identified in this study. As shown in Figure E1, there
was a tendency toward differences in mean sCD40L level
among the Jamieson classification types (type 1,
2.6 � 3.9 ng/mL; type 2, 1.0 � 2.0 ng/mL; type 3,
3.1� 2.5 ng/mL; P¼ .06). Post hoc tests showed relatively
higher sCD40L levels in type 1 and type 3 than in type 2.
sCD40L could be up-regulated on the platelets in a fresh
thrombus,31 which might be the reason for higher
sCD40L in patients with type 1 CTEPH (fresh thrombus
in the main lobar pulmonary arteries). In addition,
inflammation from the fresh thrombus might weaken the
organized thrombus, resulting in inadequate removal and
residual PH. Type 3 CTEPH (ie, disease within the distal
segmental arteries only) has been known to correlate with
vascular inflammation and in situ thrombus,32 which might
be the reason for higher sCD40L levels in patients with type
3 CTEPH. Vascular inflammation and in situ thrombus on
the distal side from the surgically reachable site might be
associated with residual PH. These results suggest the
involvement of sCD40L in the pathogenesis of CTEPH,
such as small vascular inflammation and thrombosis
nonresolution.
Preoperative sCD40L was found to be a better predictive

serologic biomarker than CRP or D-dimer in CTEPH
patients who underwent PEA. CRP is widely recognized
as a biomarker of inflammatory diseases, including CTEPH.
It has been reported that CRP is elevated in blood and
thrombus tissue of patients with CTEPH33 and contributes
to the pathogenesis of CTEPH through the promotion of
pulmonary vascular remodeling, endothelial dysfunction,
and in situ thrombosis.12 D-dimer, a degradation product
of cross-linked fibrin, is widely used to help rule out the
presence of thrombi. Elevated D-dimer levels in the blood
JTCVS Open c Volume 8, Number C 623
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The high sCD40L level was related
with poor surgical outcomes
independent of
other preoperative parameters.

sCD40L Cut-off value: 1.45ng/ml
Sensitivity: 79.3% Specificity: 67.3%

Result

Preoperative sCD40L level could be a promising serological biomarker
associated with poor surgical outcomes in CTEPH patients with PEA.

Interpretation

90 CTEPH patients with PEA

Good surgical outcomes
• post CI � 2.5
• post PVR � 500
• post PVR � pre PVR

Preoperative parameters
sCD40L, RAP, mPAP, PVR, CI, PAWP, PvO2, BNP, D-dimer, CRP

Methods

Prognostic value of preoperative sCD40L
for surgical outcome in CTEPH patients with PEA

Poor surgical outcomes
• post CI < 2.5
• post PVR > 500
• post PVR > pre PVR
• in hospital death
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FIGURE 4. Ninety patients with chronic thromboembolic pulmonary hypertension (CTEPH) who underwent pulmonary endarterectomy (PEA) were

divided into good and poor surgical outcome groups. We examined the relationship between preoperative soluble CD40 ligand (sCD40L) level and surgical

outcome. A high preoperative sCD40L level was correlated with poor surgical outcome independent of other preoperative parameters. The area under the

blood concentration time curve AUC value of preoperative sCD40L for predicting poor surgical outcome was higher than that of D-dimer and CRP.

Preoperative sCD40L level of CTEPH patients could be a promising biomarker related to surgical outcome of PEA. CI, Cardiac index; PVR, pulmonary

vascular resistance; RAP, right atrial pressure; mPAP, mean pulmonary arterial pressure; PAWP, pulmonary artery wedge pressure; PvO2, mixed venous

oxygen pressure; BNP, brain natriuretic peptide; CRP, C-reactive protein; AUC, area under the curve.

Thoracic: Pulmonary Thromboembolus Shigeta et al
of patients with CTEPH have been reported and correlated
with hemodynamics and World Health Organization
functional status of CTEPH.28 Skoro-Sajer and colleagues28

showed that CRP and D-dimer were independent and
significant predictors of outcome in CTEPH. Arthur Ataam
and colleagues29 showed that an increase of�10 mg/L over
preoperative CRP level was independently related to
adverse early outcomes post-PEA. In the present study,
we found that preoperative sCD40L could be more useful
624 JTCVS Open c December 2021
than CRP and D-dimer for distinguishing patients who
had poor surgical outcomes from those who did not have
poor outcomes. In addition, patients with high preoperative
sCD40L levels required prolonged catecholamine support
immediately after PEA. This may indicate that the strength
of sCD40L is related to both inflammation and thrombus
formation involved in the pathogenesis of CTEPH and the
hemodynamic instability just after PEA, not to just one or
the other.
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In this study, the statistical outlier for sCD40L level was
>6.01 ng/mL. Seven patients had a statistical outlier value
of sCD40L, recognized as extremely high sCD40L levels.
Six of these 7 patients had a poor surgical outcome,
including post-PVR>500 dynes.s.cm�5 (n ¼ 3), pre-PVR
value below postoperative PVR value (n ¼ 1), surgical
death with persistent PH (n ¼ 1), and surgical death with
recurrent thrombosis (n ¼ 1). Higher sCD40L levels might
be related to severe small vessel disease and excessive
platelet activation, resulting in persistent PH and recurrent
thrombosis. Based on these results, we propose that close
monitoring for recurrent thrombosis and postoperative
complications is essential for patients with extremely high
sCD40L levels.

Our study has several limitations. First, this was a single-
center study with a small patient cohort over a 19-year
period, and there could be issues of bias in terms of patient
selection and changes in practice during the study period. In
addition, the number of patients in each subgroup was too
small to consider the differences in sCD40L in the low CI
group, high PVR group, and poor surgical outcome group.
Moreover, further study is needed to validate the predict-
ability of sCD40L for surgical outcome using data from
other centers. Therefore, from this study, it can be said
that preoperative sCD40L of patients with CTEPH is related
to surgical outcome, but cannot be said to be a predictor of
poor surgical outcome. Second, preoperative treatment with
pulmonary vasodilators might have influenced sCD40L
levels. Third, sensitivity and specificity based on the cutoff
value of sCD40L might change depending on the surgical
experience and the time from blood collection date to
PEA surgery. Fourth, in this study, we demonstrated the util-
ity of measuring preoperative sCD40L in patients with
CTEPH associated with surgical outcomes, but we could
not explain why a higher sCD40L level was associated
with lower postoperative CI, poor postoperative PVR, and
in-hospital mortality. Future studies are needed to under-
stand the implications and impact of higher sCD40L levels
in patients with CTEPH for establishing the credibility of
sCD40L as a potential biomarker.

CONCLUSIONS
Preoperative sCD40L level may be a promising

biomarker for identifying CTEPH patients at increased
risk for residual PH and mortality after PEA, independent
of preoperative hemodynamic severity. Therefore, a high
CD40 level in CTEPH patients may be useful for
identifying patients at risk of postoperative high PVR and
low CI, independent of preoperative hemodynamic severity,
suggesting the need for more careful management of
patients with high preoperative CD40L to avoid
hemodynamic compromise after PEA. Furthermore,
operability must be assessed more carefully when severely
compromised patients with heart failure and high PVR also
have a high level of sCD40L.
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FIGURE E1. The comparison of preoperative sCD40L among Jamieson

classification. Patients with Jamieson classification type 1 and type 3 had

higher sCD40L than that in patients with Jamieson classification type 2.

sCD40L, Soluble CD40 ligand.

TABLE E1. sCD40L value in each group subdivided by perioperative parameters

Parameter sCD40L, ng/mL, mean ± SD P value

Sex, male/female 3.0 � 4.7/1.8 � 2.1 .15

WHO functional class II/III/IV 1.8 � 1.9/1.8 � 2.0/9.7 � 10.6 .12

Jamieson classification type 1/2/3 2.6 � 3.9/1.0 � 2.0/3.1 � 2.5 .06

In-hospital mortality, alive/dead 1.8 � 2.0/6.8 � 9.1 .02

sCD40L, Soluble CD40 ligand; WHO, World Health Organization.
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TABLE E2. Spearman correlation coefficient (r) between preoperative sCD40L value and perioperative parameters

Parameter

Preoperative Postoperative

r P value r P value

Age (years) �0.02 .84

BSA (kg/m2) 0.04 .72

RAP (mm Hg) 0.17 .16 �0.10 .36

mPAP (mm Hg) 0.05 .64 �0.06 .58

PVR (dynes.s.cm�5) 0.10 .32 0.01 .92

CI (L/min/m2) �0.08 .43 �0.24 .02

PvO2 (Torr) �0.14 .22 0.09 .44

%DPVR 0.03 .76

BSA, Body surface area; RAP, right atrial pressure;mPAP, mean pulmonary arterial pressure; PVR, pulmonary vascular resistance;CI, cardiac index; PvO2, mixed venous oxygen

pressure.

TABLE E3. Univariate logistic analysis of preoperative parameters for the risk of poor postoperative outcome subgroup

Preoperative parameter

Post-CI subgroup

(good/poor, n ¼ 74/16)

Post-PVR subgroup

(good/poor, n ¼ 77/13)

Surgical outcome

(good/poor, n ¼ 61/29)

OR (95% CI) P OR (95% CI) P OR (95% CI) P

sCD40L (ng/mL) 1.43 (1.2-1.8) .004 1.53 (1.2-2.0) .0007 1.74 (1.3-2.3) <.0001

RAP (mm Hg) 0.99 (0.8-1.2) .97 1.1 (0.9-1.3) .30 1.0 (0.9-1.2) .45

mPAP (mm Hg) 0.96 (0.9-1.0) .23 1.0 (1.0-1.1) .38 0.99 (0.9-1.0) .7

PVR (dynes.s.cm�5) 1.00 (0.9-1.0) .40 1.00 (0.9-1.0) .10 1.00 (0.9-1.0) .64

CI (L/min/m2) 0.61 (0.2-1.7) .34 0.61 (0.2-1.7) .34 0.71 (0.3-1.5) .37

PAWP (mm Hg) 1.17 (1.0-1.4) .08 1.2 (1.0-1.4) .07 1.05 (0.9-1.2) .44

PvO2 (Torr) 0.98 (0.8-1.2) .88 0.88 (0.7-1.1) .16 0.95 (0.8-1.1) .50

BNP (pg/mL) 1.00 (0.9-1.0) .59 1.00 (1.0-1.0) .02 1.00 (0.9-1.0) .09

CI, Cardiac index;PVR, pulmonary vascular resistance;OR, odds ratio;CI, confidence interval; sCD40L, soluble CD40 ligand; RAP, right atrial pressure;mPAP, mean pulmonary

arterial pressure; PAWP, pulmonary artery wedge pressure; PvO2, mixed venous oxygen pressure; BNP, brain natriuretic peptide.
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TABLE E4. Importance of Variables Based on the Decrease in Gini Impurity during 5-Fold Cross-Validation

Ranking First

Mean

decrease

in Gini Second

Mean

decrease

in Gini Third

Mean

decrease

in Gini Fourth

Mean

decrease

in Gini Fifth

Mean

decrease

in Gini

1 CD40L 5.5634129 CD40L 5.6893019 CD40L 6.0929481 CD40L 5.6629573 CD40L 6.4983196

2 preCI 2.8920639 BNP 3.4046506 BNP 2.3343697 onset-surgery 2.4598758 Ddimer 2.6608807

3 BNP 2.3448453 preCI 2.3649569 plt 2.327759 preCI 2.339282 preCI 2.5982084

4 Ddimer 2.0627244 Age 1.7915337 onset-surgery 2.1084613 BNP 2.1356553 Age 2.1086949

5 plt 2.0246821 plt 1.6712614 Ddimer 1.9897174 plt 2.1212571 BNP 1.9502333

6 onset-surgery 1.9711061 prePAR 1.6680089 preCI 1.9086334 presPpa 1.7645039 plt 1.9005514

7 predPpa 1.8123653 onset-surgery 1.6399785 SurfaceArea 1.76179 Ddimer 1.7040772 onset-surgery 1.8179016

8 SurfaceArea 1.6970302 Ddimer 1.6399733 prePAR 1.5678234 prePAR 1.6892748 prePAR 1.7875858

9 Age 1.645092 SurfaceArea 1.54618 Age 1.5623541 Age 1.6347417 SurfaceArea 1.7185652

10 presPpa 1.6164866 presPpa 1.5449732 predPpa 1.516684 SurfaceArea 1.5523252 presPpa 1.6378334

11 prePAR 1.5870594 predPpa 1.4521093 presPpa 1.4077508 predPpa 1.4750563 predPpa 1.2971009

12 CRP 1.5463647 premPpa 1.3076365 prePra 1.2002376 premPpa 1.4009785 premPpa 1.239195

13 prePCWP 1.4068309 prePCWP 1.2524396 premPpa 1.1819157 prePCWP 1.0714686 CRP 1.2168087

14 premPpa 1.3181452 CRP 1.0996501 CRP 1.0044099 prePra 0.9488121 prePra 0.9549063

15 prePra 1.0960604 prePra 0.9513148 prePCWP 0.9372753 CRP 0.8402961 prePCWP 0.8740652

16 NYHA 0.6392117 NYHA 0.5427895 NYHA 0.4703832 NYHA 0.8054876 NYHA 0.8480457

17 Jamieson 0.5643612 Jamieson 0.3880836 Jamieson 0.3603922 Jamieson 0.4552619 Sex 0.4750073

18 Sex 0.3233244 Sex 0.3028248 Sex 0.3038272 Sex 0.3271818 Jamieson 0.3962633

CD40L, Cluster of differentiation 40 ligand; preCI, Preoperative Cardiac index; BNP, Brain natriuretic peptide; plt, Platelet;Onset-surgery, Time from onset to surgery; predPpa;

Preoperative diastolic pulmonary artery pressure; Surface area, Body surface area; presPpa, Preoperative systolic pulmonary artery pressure; prePAR, Preoperative pulmonary

aretery resistance; CRP, C-reactive protein; prePCWP, Preoperative pulmonary capillary wedge pressure; premPpa, Preoperative mean pulmonary aretery pressure; prePra, Pre-

operative right atrial pressure; NYHA, New York Heart Association functional classification; Jamieson, Jamieson classification.

TABLE E5. Comparison of intraoperative parameters, catecholamine, and postoperative ECMO support between patients with high sCD40L and

those with low sCD40L

Parameter sCD40L<1.21 ng/mL sCD40L � 1.21 ng/mL P value

Cardiopulmonary bypass time, min, mean � SD 347 � 57 378 � 110 .30

Circulation arrest time, min, mean � SD 57.5 � 19.4 51.3 � 16.1 .32

Surgery time, min, mean � SD 567 � 131 576 � 186 .89

Aortic cross clamping time, min, mean � SD 126 � 47 134 � 47 .69

Catecholamine support, d, mean � SD 1.6 � 0.9 2.6 � 2.0 .007

Postoperative ECMO, yes/no, n 3/42 6/39 .29

Weaned from ECMO successfully, yes/no, n 3/0 4/2 .25

Median preoperative sCD40L level: 1.21 mg/mL. sCD40L, Soluble CD40 ligand; ECMO, extracorporeal membrane oxygenation.
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