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Abstract: Computed tomographic coronary angiography (CTCA) has prognostic value for early
major adverse cardiac events (MACEs) after liver transplantation. However, the association between
CTCA and long-term MACEs in liver transplant (LT) recipients remains unknown. We evaluated the
association between CTCA and long-term MACEs within 5 years after living donor liver transplanta-
tion (LDLT). A total of 628 LDLT recipients who underwent CTCA were analyzed between 2010 and
2012. MACEs were investigated within 5 years after LDLT. The factors associated with long-term
MACEs in transplant recipients were evaluated. Only 48 (7.6%) patients developed MACEs. In the
Fine and Gray competing risk regression, a coronary artery calcium score (CACS) of >400 combined
with obstructive coronary artery disease (CAD) (subdistribution hazard ratio: 5.01, 95% confidence
interval: 2.37–10.58, p < 0.001), age (1.05, 1.01–1.10, p = 0.018), diabetes mellitus (2.43, 1.37–4.29,
p = 0.002), dyslipidemia (2.45, 1.23–4.70, p = 0.023), and creatinine (1.19, 1.08–1.30, p < 0.001) were
independently associated with long-term MACEs. CACS (>400) combined with obstructive CAD
may be associated with MACEs within 5 years after LDLT, suggesting the importance of preoperative
noninvasive CTCA in LT recipients. The evaluation of coronary artery stenosis on CTCA combined
with CACS may have a prognostic value for long-term MACEs in LT recipients.

Keywords: cardiovascular disease; computed tomographic angiography; coronary artery calcium
score; coronary vessels; liver transplantations

1. Introduction

Liver transplant (LT) recipients are at a high risk of developing cardiovascular dis-
eases (CVDs), which have emerged as a leading cause of post-transplant morbidity and
mortality [1]. Therefore, identifying the risk factors for CVD is crucial for cardiac risk
stratification, and proper preoperative cardiac examinations should be mandated [2,3].
However, several known risk factors for CVD such as hyperlipidemia, hypertension, and
diabetes are masked by end-stage liver disease, making it difficult to identify LT recipients
who are at the highest risk of CVD [4].

Although a myocardial perfusion scan or a dobutamine stress echocardiography is
recommended for LT recipients with several known risk factors for coronary artery diseases
(CADs) [5], the usefulness of these examinations is limited because of their relatively low
sensitivity in detecting CAD in LT recipients [6]. Given the uncertainty of the recommended
cardiac examinations, noninvasive computed tomographic coronary angiography (CTCA)
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emerged as a highly accurate method for diagnosing CAD, comparable to conventional
invasive coronary angiography [7]. CTCA is used for obtaining the coronary artery calcium
score (CACS) and coronary angiographic images, which allow for the identification of
coronary vessel stenosis, characteristics of the plaques, and quantitative calcium deposits
in the coronary arteries [8].

Multiple investigations reported that CTCA is significantly correlated with known
cardiovascular risk factors and CADs on coronary angiography in LT recipients [9,10].
Recent studies on CTCA in transplant recipients described the prognostic value of a CACS
of >400 and CTCA-diagnosed CAD in early postoperative CVD [2,11]. Although the
usefulness and advantages of CTCA combined with CACS are emphasized [8], no previous
studies have investigated the association between CTCA in combination with CACS and
postoperative CVD after LT. Notably, the existing evidence showing the factors related
to long-term CVDs after LT is lacking. This study therefore aimed to identify the factors
associated with long-term CVD after LT and to evaluate the association between CTCA in
combination with CACS and long-term CVDs.

2. Materials and Methods
2.1. Participants

This was a single-center, retrospective, observational cohort study of patients who
underwent living donor liver transplantation (LDLT) at the Asan Medical Center, Seoul,
South Korea and was approved by the Institutional Review Board of Asan Medical Center
(2017-0725). All adults (aged ≥ 20 years) who underwent their first LDLT from January
2010 to December 2012 were eligible for inclusion. Patients who (1) underwent orthotopic
LT; (2) with no CACS reported; (3) with a preoperative history of CVDs such as stroke,
CADs, severe valvular diseases, and significant arrhythmia; and (4) who underwent preop-
erative coronary intervention or coronary artery bypass graft surgery before LDLT were
excluded. In our institution, CTCA has been performed as part of the routine preoperative
cardiac evaluation for LT since 2010. Because CTCA was usually conducted in patients
scheduled for elective LT, the recipients who underwent orthotopic LT were excluded. Of
the 701 LDLT recipients, 36 whose CACS was not reported were excluded. Among the
remaining 665 patients, 30 with a preoperative history of CVDs such as stroke, CAD, severe
valvular diseases, and significant arrhythmia were excluded. Then, due to the occurrence
of symptomatic and severe CAD, 5 patients who underwent coronary intervention and
2 who underwent coronary artery bypass graft surgery before LDLT were also excluded.
Finally, 628 patients with no history of chest pain or CVD were included in the analysis
(Figure 1).
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2.2. Routine Preoperative Cardiac Evaluation

In our institution, preoperative cardiac assessments, including an electrocardiogram,
echocardiography, and thallium single-photon emission computed tomography (SPECT),
were routinely performed. Decreased left-ventricle function, regional wall motion abnor-
mality, significant valvular disease, and pulmonary hypertension were defined as abnormal
echocardiographic findings. Meanwhile, a medium or large wall perfusion defect was
defined as an abnormal thallium SPECT finding.

2.3. Analysis of the CTCA Findings

As part of the routine preoperative cardiac evaluations, CTCA was performed using
either a single-source 64 section (VCT XT; General Electric, Milwaukee, WI) or dual-source
CT system (Somatom Definition or Somatom Definition Flash, Siemens Medical Solutions,
Forchheim, Germany). Coronary artery stenosis was classified as either nonobstructive
(<50%) or obstructive (≥50%) stenosis. According to the number of coronary arteries
involved, CAD was classified as a 1-, 2-, or 3-vessel disease. Because only 1 patient had
3-vessel disease in our cohort, 3-vessel disease was included in the ≥2-vessel disease cate-
gory for further analysis. Only 1 patient had left main coronary artery stenosis, which was
considered as a 2-vessel disease. Coronary plaques were categorized as calcified (composed
exclusively of high-density material, >130 HU), noncalcified (composed exclusively of ma-
terial having a density of ≤130 HU), and mixed (having components of both calcified and
noncalcified plaques) [12]. For analysis of coronary plaques, in case several plaque types
were present, the characteristics of the severely stenotic plaque were selected for statistical
analysis. CTCA also provides another important value, the CACS, which denotes the total
calcium burden in the coronary arteries; the CACS was quantified by a semiautomated
computerized software program using the Agatston scoring method [13]. Based on the
quantified CACS, coronary artery calcification in this study was classified as none to mild
(a combination of CACS of 0 and CACS of 1 and 100), moderate (CACS of 101–400), or
severe (CACS of >400) [14].

2.4. Post-Transplant Follow-Up

Post-transplant weight gain, diabetes, hypertension, and dyslipidemia may contribute
to the development or progression of preexisting CVD in the post-transplant period [15],
which can be managed using an immunosuppressive drug such as a calcineurin inhibitor
(cyclosporine) [16]. In our center, calcineurin inhibitor-sparing strategies are employed
in LT recipients for immunosuppressive treatment; mycophenolate mofetil or sirolimus
is commonly used when the cyclosporine dose is reduced. Smoking and alcohol are
strictly prohibited after LT. Patients at higher risk of developing major adverse cardiac
events (MACEs) should be closely followed up and receive more aggressive medical
management after transplantation. A multidisciplinary team, including a cardiologist and
an endocrinologist, is assigned to manage the patients.

2.5. Data Acquisition and Outcome Measures

Considering the potential risk factors for MACEs, patients’ characteristics, preopera-
tive medications and laboratory values, and intraoperative and postoperative variables
were selected and reported after the detailed review of their electronic medical records.
According to the American Heart Association (AHA)/American College of Cardiology
Foundation (ACCF) scientific statement, the CAD risk factors for LT were diabetes mellitus,
hypertension, history of cardiovascular disease, left-ventricular hypertrophy [LVH], age
>60 years, smoking, and dyslipidemia [5]. LVH was defined as left-ventricular mass index
values of >115 g/m2 for male patients and >95 g/m2 for female patients. Dyslipidemia
was defined as the presence of any of the following abnormal lipid profiles: a total choles-
terol level of ≥240 mg/dL, a low-density lipoprotein level of ≥190 mg/dL, a triglyceride
level of ≥500 mg/dL, or high-density lipoprotein levels of <40 mg/dL for male patients
and <50 mg/dL for female patients [11]. MACE and mortality information were also
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obtained. Follow-up data at 5 years after LDLT were censored. The primary outcome
was to determine the CTCA findings that could be independently associated with MACEs
within 5 years after LDLT. MACEs were assessed according to the following definitions:
death from any cardiac cause, nonfatal myocardial infarction (MI), new-onset heart failure,
cardiac arrest, supraventricular tachycardia requiring intervention, atrial fibrillation or
flutter, symptomatic stable ventricular tachycardia requiring treatment, complete heart
block, or stroke [17]. Data on all-cause mortality were collected, and the overall survival
was analyzed according to the MACEs that the patient developed.

2.6. Statistical Analyses

Statistical analyses were performed using the R software version 3.5 (R Foundation for
Statistical Computing, Vienna, Austria) and SPSS 21.0 software (IBM Corporation, Armonk,
NY, USA). LT recipients were divided into the MACE group (recipients with MACEs within
5 years after LDLT) and non-MACE group (recipients without MACEs). For the descriptive
analysis, variables were expressed as numbers (percentages), means (standard deviations),
or medians (interquartile ranges) as appropriate. Categorical variables were compared
using the chi-square or Fisher’s exact test, while continuous variables were compared
using a t-test or Mann–Whitney U-test. For investigating the association between MACEs
within 5 years after LDLT and predictor variables, Cox proportional hazards models were
used. The noncardiac causes of death could be the competing risk events that triggered
the occurrence of MACEs, including the cardiac causes of death; hence, a competing risk
survival analysis was needed. Therefore, we constructed the Fine and Gray proportional
subdistribution hazards model to predict MACEs within 5 years after LDLT considering
the noncardiac cause of death as a competing event [18], which was estimated based on
the subdistribution hazard ratios (HRs) and 95% confidence intervals (CIs). To assess
the incremental prognostic value of the CTCA findings, these findings were categorized
as follows: (1) a CACS of >400 plus more than 2-vessel disease, (2) CACS of >400 plus
obstructive CAD, and (3) CACS of >400 plus mixed plaque. A CACS of >400 plus more
than 1-vessel disease was not included as a category as its definition was identical to
that of a CACS of >400 plus obstructive CAD. With regard to the clinical characteristics,
laboratory values, preoperative evaluation results, and intraoperative variables, variables
with a p value of <0.2 in the univariate analysis were presented. The inclusion of variables
in the final multivariate Cox regression analysis to evaluate their prognostic value for
MACEs within 5 years after LDLT was based on biological plausibility, clinical importance,
and statistical considerations, which were limited by the number of covariates based on the
number of clinical outcomes. The Kaplan–Meier methods with the log-rank test were used
to compare the MACE-free survival rates between a CACS of >400 plus obstructive CAD
and no CACS of >400 plus obstructive CAD reported. In addition, the overall survival
was compared using the Kaplan–Meier methods according to the MACEs that the patient
developed. A p value of <0.05 was considered significant.

3. Results
3.1. Transplant Recipient’s Characteristics

The clinical characteristics of LT recipients are shown in Table 1. In the cohort, 48
patients (7.6%) presented with MACEs within the follow-up period; of them, 79.9% were
men with a median age of 53.0 (49.0–57.0) years. The main causes for requiring LT were
hepatitis B virus-related liver cirrhosis (68.6%) and a median model for end-stage liver
disease (MELD) score of 12.0 (9.0–17.0). Age was significantly different between the
groups. In terms of the AHA/ACCF risk factors, significant difference was observed in the
incidence of diabetes, hypertension, and dyslipidemia between the MACE and non-MACE
groups. The Child–Turcotte–Pugh and MELD scores in the MACE group were significantly
higher than those in the non-MACE group. Other variables did not differ.
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Table 1. Clinical characteristics of liver transplant recipients according to the major adverse cardiac events that developed.

Variables Total (n = 628) Non-MACE (n = 580) MACE (n = 48) p Value

Age (years) 53.0 (8.0) 52.0 (9.0) 54.0 (8.5) 0.006
Sex (male) 502 (79.9) 462 (79.7) 40 (83.3) 0.672

Body mass index (kg/m2) 23.5 (4.5) 23.5 (4.5) 22.6 (4.4) 0.205
AHA/ACCF risk factors for CAD

Age > 60 years 74 (11.8) 64 (11.0) 10 (20.8) 0.073
Diabetes mellitus 144 (22.9) 123 (21.2) 21 (43.8) 0.001

Hypertension 81 (12.9) 69 (11.9) 12 (25.0) 0.017
History of cardiovascular disease 0 (0) 0 (0) 0 (0)

Dyslipidemia 307 (52.9) 344 (54.8) 37 (77.1) 0.002
Current smoker 118 (18.8) 109 (18.8) 9 (18.8) 0.999

Left-ventricular hypertrophy 63 (10.0) 59 (10.2) 4 (9.3) 0.875
Preoperative medication

ACE inhibitor 31 (4.9) 27 (4.7) 4 (8.3) 0.433
Beta-blocker 160 (25.5) 144 (24.8) 16 (33.3) 0.260

Diuretics 246 (39.2) 222 (38.3) 24 (50.0) 0.148
Statin 11 (1.8) 8 (1.4) 3 (6.2) 0.057

Alcohol history 171 (27.2) 152 (26.2) 19 (38.8) 0.122
Underlying liver diseases 0.596

Hepatitis B virus 431 (68.6) 399 (68.8) 32 (66.7)
Hepatitis C virus 51 (8.1) 45 (7.8) 6 (12.5)

Non-B non-C hepatitis 19 (3.0) 18 (3.1) 1 (2.1)
Alcoholic liver disease 75 (11.9) 68 (11.7) 7 (14.6)

Others 52 (8.3) 50 (8.6) 2 (4.2)
Child–Turcotte–Pugh score 8.0 (4.0) 8.0 (3.0) 8.5 (3.0) 0.045

Model for end-stage liver disease score 12.0 (8.0) 12.0 (8.0) 14.5 (10.5) 0.025

Values are expressed as medians (interquartile ranges) for continuous variables and numbers (percentages) for categorical variables. MACE,
major adverse cardiac events; AHA/ACCF, American Heart Association/American College of Cardiology Foundation; CAD, coronary
artery disease; ACE inhibitor, angiotensin-converting enzyme inhibitor. Others include toxic and autoimmune hepatitis, Budd–Chiari
syndrome, primary biliary cirrhosis, and Wilson’s disease.

3.2. Preoperative Evaluation Findings and Intraoperative Variables

Hemoglobin and high- and low-density lipoprotein cholesterol levels were signifi-
cantly lower in the MACE group than in the non-MACE group (Table 2). By contrast,
creatinine levels were significantly higher in the MACE group than in the non-MACE
group (0.9 [0.7–1.5] vs. 0.7 [0.6–0.9], p < 0.001). The results of cardiac examinations, in-
cluding echocardiography, corrected QT interval, and thallium SPECT, were not different
between the two groups. During the intraoperative period, patients in the MACE group
had significantly more red blood cell and fresh frozen plasma transfusions than those in
the non-MACE group (Table 3). No significant differences were observed in the other
intraoperative variables between the two groups.

Table 2. Preoperative evaluation findings of liver transplant recipients according to the major adverse cardiac events that
developed.

Variables Total (n = 628) Non-MACE (n = 580) MACE (n = 48) p Value

Hemoglobin (g/dL) 10.9 (3.4) 11.0 (3.4) 9.9 (3.5) 0.021
Platelet (103/mm) 58.0 (46.0) 58.0 (46.5) 61.0 (45) 0.277

Prothrombin time (INR) 1.4 (0.4) 1.4 (0.4) 1.4 (0.4) 0.510
Albumin (g/dL) 3.2 (0.9) 3.2 (0.9) 3.0 (0.9) 0.186

Creatinine (mg/dL) 0.7 (0.3) 0.7 (0.3) 0.9 (0.8) <0.001
Total cholesterol (mg/dL) 117.5 (59.5) 120.0 (58.0) 99.5 (69.5) 0.023
HDL cholesterol (mg/dL) 39.0 (24.0) 40.0 (25.0) 32.0 (20.0) 0.004
LDL cholesterol (mg/dL) 64.0 (42.0) 65.0 (41.0) 48.0 (53.5) 0.044

Triglyceride (mg/dL) 61.0 (38.0) 60.0 (39.0) 65.0 (34.0) 0.223
Echocardiography 0.315
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Table 2. Cont.

Variables Total (n = 628) Non-MACE (n = 580) MACE (n = 48) p Value

Valve diseases 23 (3.7) 21 (3.6) 2 (4.2)
Pulmonary hypertension 9 (1.4) 8 (1.4) 1 (2.1)

Other abnormalities 6 (0.9) 4 (0.9) 2 (4.2)
QTc (ms) 446.0 (40.0) 446.0 (39.0) 449.5 (49.0) 0.305

Abnormal thallium SPECT 6 (1.0) 5 (0.9) 1 (2.5) 0.881

Values are expressed as medians (interquartile ranges) for continuous variables and numbers (percentages) for categorical variables.
INR, international normalized ratio; HDL, high-density lipoprotein; LDL, low-density lipoprotein; QTc, corrected QT interval. Other
abnormalities in echocardiography include pericardial effusion, wall motion abnormality, and septal defect.

Table 3. Intraoperative variables of liver transplant recipients according to the major adverse cardiac events that developed.

Variables Total (n = 628) Non-MACE (n = 580) MACE (n = 48) p Value

Surgical time (min) 787.0 (135.0) 787.0 (135) 786.0 (137.5) 0.698
RBC transfusion (unit) 7.0 (11.0) 7.0 (11.0) 12.0 (10.5) 0.002
FFP transfusion (unit) 10.0 (12.0) 9.0 (11.0) 12.0 (14.5) 0.003

Cryoprecipitate transfusion (unit) 10.0 (10.0) 10.0 (10.0) 10.0 (17.5) 0.728
Apheresis platelet transfusion (unit) 1.0 (2.0) 1.0 (2.0) 1.0 (2.0) 0.243

Graft volume (g) 730.0 (180.0) 730.0 (175) 750.0 (202.5) 0.411
Graft-recipient weight ratio (%) 1.1 (0.4) 1.1 (0.4) 1.1 (0.3) 0.369

Ischemic time (min) 124.0 (37.0) 123.5 (35.5) 130.0 (47.0) 0.460

Values are expressed as medians (interquartile ranges) for continuous variables. RBC, red blood cell; FFP, fresh-frozen plasma.

3.3. CTCA Findings

Table 4 shows the preoperative CTCA findings in the transplant recipients. Among
these recipients, severe coronary artery calcification (CACS of >400) was observed in 26
patients (4.1%). Calcified, noncalcified, and mixed plaques were observed in 150 (23.9%), 23
(3.7%), and 52 (8.3%) patients, respectively. Meanwhile, 36 (5.8%) patients had obstructive
CAD. A total of 12 patients (3.5%) had 1-vessel CAD, 14 (2.1%) had 2-vessel CAD, and
1 (0.2%) had 3-vessel CAD. All CTCA findings were significantly different between the
MACE and non-MACE groups (CACS, p < 0.001; coronary artery plaque, p = 0.04; coronary
artery stenosis, p < 0.001; CAD, p < 0.001).

Table 4. Preoperative findings of the coronary computed tomographic angiography of liver transplant recipients according
to the major adverse cardiac events that developed.

Variables Total (n = 628) Non-MACE (n = 580) MACE (n = 48) p Value

Coronary artery calcium score <0.001
None−mild (≤100) 563 (89.6) 528 (91.0) 35 (72.9)
Moderate (101−400) 39 (6.2) 35 (6.0) 4 (8.3)

Severe (>400) 26 (4.1) 17 (2.9) 9 (18.8)
Coronary artery plaque 0.040

Nonplaque 403 (64.2) 376 (64.8) 27 (56.2)
Calcified plaque 150 (23.9) 140 (24.1) 10 (20.8)

Noncalcified plaque 23 (3.7) 18 (3.1) 5 (10.4)
Mixed plaque 52 (8.3) 46 (7.9) 6 (12.5)

Coronary artery stenosis <0.001
Nonobstructive (<50%) 592 (94.3) 555 (95.7) 37 (77.1)

Obstructive (≥50%) 36 (5.8) 25 (4.3) 11 (22.9)
Coronary artery diseases <0.001

Noncoronary artery disease 592 (94.3) 555 (95.7) 37 (77.1)
1-vessel disease 21 (3.5) 15 (2.6) 6 (12.5)
2-vessel diseases 14 (2.1) 10 (1.7) 4 (8.3)
3-vessel diseases 1 (0.2) 0 (0.0) 1 (2.1)

Values are expressed as numbers (percentages) for categorical variables.
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3.4. Long-Term Clinical Outcomes after LDLT According to the CTCA Findings and MACEs

During the follow-up period (within 5 years), 48 patients (7.6%) developed one or more
MACEs. Of them, 7 patients had MI, 9 had new-onset heart failure, 24 had atrial fibrillation
or flutter, 4 had a cardiac arrest, and 8 had a stroke. Four patients had both heart failure and
atrial fibrillation. The Kaplan–Meier survival curves showed significant differences in the
MACE-free survival rate among patients with a CACS of >400 plus obstructive CAD (log-
rank p < 0.0001, Figure 2A). The primary causes of perioperative mortality were recurrence
of hepatocellular carcinoma (28.6%), nonhepatic infectious diseases, including pneumonia
and sepsis (23.2%), graft failure (23.2%), MACEs (5.4%), and other causes (19.6%) such
as bleeding, nonhepatocellular carcinoma, and diseases with unknown origins. Fifty-six
patients (8.9%) died within 5 years after LDLT. The 5-year survival rates of the MACE and
non-MACE groups were 60.4% and 93.6%, respectively. The Kaplan–Meier survival curves
showed significant differences in the overall mortality rate according to the MACEs that
developed (log-rank: p < 0.0001, Figure 2B).
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Figure 2. Kaplan–Meier curves. (A) Major adverse cardiac event (MACEs) according to the coronary artery calcium score
(CACS) of >400 combined with obstructive coronary artery disease (CAD). (B) Overall survival according to the MACEs
that developed.

3.5. Prognostic Value of CTCA for Long-Term MACE

The results of an unadjusted Cox regression analysis of long-term MACEs are pre-
sented in Figure 3. Mixed plaque, obstructive CAD, 1- and ≥2-vessel CAD, and a CACS
of >400 were significantly associated with MACEs within 5 years after LDLT (HR, 3.31
[95% CI: 1.28–8.60], p = 0.014; 4.64 [1.96–10.99], p < 0.001; 6.35 [2.50–16.16], p = 0.001; 5.289
[2.70–10.37], p < 0.001; 5.96 [2.84–12.41], p < 0.001; Figure 3). Considering that a CACS of
>400 was a predictor of early cardiovascular complications in our previous study [2], each
variable was combined with a CACS of >400. The incremental value of adding CTCA with
a CACS of >400 is demonstrated in Figure 3. The HR of CACS of >400 combined with
obstructive CAD was the highest in the composites of CTCA findings, which was signif-
icantly associated with MACEs within 5 years after LDLT (11.97 [5.79–24.75], p < 0.001).
Table 5 shows the Cox proportional and Fine and Gray proportional subdistribution haz-
ards models for MACEs within 5 years after LDLT. The crude and multivariable HRs and
95% CIs of the variables were similar between the two regression models. The Fine and
Gray’s subdistribution hazards model revealed that age, diabetes, dyslipidemia, creatinine,
and a CACS of >400 combined with obstructive CAD were independently associated with
MACEs within 5 years after LDLT (1.05 [1.01–1.10], p = 0.018; 2.43 [1.37–4.29], p = 0.002;
2.45 [1.23–4.70], p = 0.023; 1.19 [1.08–1.3], p = 0.010; 5.01 [2.37–10.58], p < 0.001; Table 5).
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Table 5. Cox proportional and the Fine and Gray proportional subdistribution hazards models for major adverse cardiac
events within 5 years after living donor liver transplantation.

Variables

Cox Proportional Hazards Model Fine and Gray’s Subdistribution Hazards Model

Crude HR
(95% CI) p Value Multivariable

HR(95% CI) p Value Crude sHR
(95% CI) p Value Multivariable

sHR (95% CI) p Value

Age 1.07 (1.02–1.12) 0.002 1.05 (1.01–1.10) 0.018 1.07 (1.03–1.11) 0.001 1.05 (1.01–1.10) 0.018
Diabetes mellitus 2.72 (1.54–4.81) 0.001 2.22 (1.24–3.99) 0.007 2.74 (1.55–4.84) <0.001 2.43 (1.37–4.29) 0.002

Hypertension 2.27 (1.18–4.36) 0.014 2.29 (1.21–4.33) 0.011
Dyslipidemia 2.90 (1.48–5.69) 0.002 2.27 (1.14–4.51) 0.019 2.92 (1.52–5.70) 0.003 2.45 (1.23–4.70) 0.023
Statin therapy 4.03 (1.25–12.97) 0.019 3.94 (1.28–12.08) 0.017

Diuretics 0.80 (0.60–1.06) 0.112 1.58 (0.90–2.78) 0.112
MELD score 1.05 (1.01–1.08) 0.006 1.05 (1.01–1.08) 0.008

CTP score 1.12 (0.99–1.26) 0.071 1.11 (1.00–1.24) 0.052
Hemoglobin 0.86 (0.76–0.99) 0.029 0.86 (0.74–1.00) 0.054

Albumin 0.70 (0.44–1.13) 0.151 0.71 (0.43–1.18) 0.189
Creatinine 1.26 (1.14–1.39) <0.001 1.20 (1.06–1.36) 0.003 1.25 (1.12–1.41) <0.001 1.19 (1.08–1.3) <0.001

Total cholesterol 1.01 (0.99–1.01) 0.034 0.99 (0.99–1.00) 0.058
HDL cholesterol 0.98 (0.97–0.99) 0.016 0.98 (0.96–0.99) 0.009
LDL cholesterol 0.99 (0.98–1.00) 0.067 0.99 (0.98–1.00) 0.072
RBC transfusion 1.02 (1.01–1.03) 0.017 1.02 (1.00–1.03) 0.005
FFP transfusion 1.02 (1.01–1.03) 0.031 1.01 (1.00–1.03) 0.009

Abnormal
echocardiography 1.85 (0.73–4.67) 0.194 1.90 (0.76–4.74) 0.172

CACS > 400 +
obstructive CAD 11.97 (5.79–24.75) <0.001 5.02 (2.25–11.21) <0.001 11.70 (6.42~21.32) <0.001 5.01 (2.37–10.58) <0.001

HR, hazard ratio; CI, confidence interval; sHR, subdistribution hazard ratio; MELD, model for end-stage liver disease; CTP, Child–Turcotte–
Pugh; HDL, high-density lipoprotein; LDL, low-density lipoprotein; RBC, red blood cell transfusions; FFP, fresh-frozen plasma; CACS,
coronary artery calcium score.

4. Discussion

Our main finding was that a CACS of >400 combined with obstructive CAD was
significantly associated with MACEs within 5 years after LDLT. Because LT candidates
have a high risk of CAD and cardiovascular complications occur frequently after LT,
preoperative CTCA is necessary as an accurate noninvasive tool for screening CAD before
LT [19–22]. Previous studies on CTCA in LT recipients have emphasized the individual
prognostic values of CACS and CTCA for early cardiovascular complications [2,11]. To the
best of our knowledge, this is the first study to investigate the association between CTCA
in combination with CACS and long-term MACEs after LDLT. Furthermore, the results of
this study expand the findings of our previous CTCA study conducted in LT recipients,
which investigated the advantage of CACS in risk assessment.
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In several meta-analyses, a higher CACS has been associated with a greater degree of
coronary artery stenosis and a higher risk of coronary heart disease [23,24]. Of note, a CACS
of >400 is significantly associated with coronary artery stenosis on coronary angiography
in asymptomatic patients and LT candidates [10]. In addition, CACS is known to be more
sensitive in detecting the cardiovascular risk factors in LT patients than the Framingham
risk score [8]. In patients with either chronic renal failure or asymptomatic diabetes, a
CACS of >400 was a prognostic indicator of cardiovascular events [25,26]. In our previous
study, we demonstrated that a CACS of >400 and female sex are reliable predictive factors
for early postoperative cardiovascular complications after LT [2]. Subsequently, when we
analyzed the long-term MACEs after LDLT in this study, a CACS of >400 still provided
prognostic values. The unadjusted HR for CACS of >400 is 5.96, which is better than that for
1-vessel disease (4.64) and lower than that for >2-vessel disease (6.35). However, traditional
CAC scores make several assumptions about the biology of calcification and atherosclerosis
and fail to capture information about the regional distribution of calcification within the
coronary tree. Further, none of the scores incorporate information on the number or size
of calcified coronary lesions [27]. Therefore, the clinical implication of CAC scores can be
limited, and the interpretations of CACS combined with CTCA are emphasized.

CTCA is validated as a potential alternative to coronary angiography for diagnosing
and grading the severity of CAD [28]. Preoperative CTCA is predictive of MACE during the
1 year follow-up period after LT [29]. Recently, Moon et al. [11] described the relationship
between CTCA-diagnosed CAD and post-LT MI based on the measured postoperative
troponins within 1 month after LT at our center. They found that the increasing severity of
CTCA-diagnosed CAD results in the high prevalence of early post-LT MI. In this study,
CTCA-diagnosed CAD and mixed plaque were significantly related to long-term MACEs
after LDLT. These results implicate that CTCA-diagnosed CAD may have a prognostic
value for both short-term and long-term CVD. In addition, recent scientific evidence shows
that CTCA allows the early detection of CAD and adverse plaque characteristic, diagnosis
of significant stenosis, and determination of appropriate treatment for the prevention of
adverse cardiovascular outcomes after liver transplantation [30].

Considering the significant diagnostic and prognostic values of CTCA, including
CACS, further investigations on the advantages of CTCA in combination with the CACS
are warranted. Hou et al. [31] showed that CACS combined with the CTCA findings had
an incremental prognostic value over routine risk factors for long-term MACE in 5007
outpatients who were suspected of having CAD. Although CTCA is superior to CACS
and traditional risk factors, CTCA in combination with CACS has a significantly improved
predictive value for MACEs. Our results are consistent with those of a previous study. The
association between CTCA and long-term MACEs is slightly inferior to that of CACS and
long-term MACEs; after CTCA combined with CACS, its association has increased nearly
twice. In the multivariate Cox regression, a CACS of >400 in combination with obstructive
CAD is independently associated with long-term MACEs after LDLT. In the study by Kwon
et al. [32], CACS does not add a prognostic value to standard CTCA in low-risk patients
suspected of having CAD. However, transplant recipients are at a high risk of CAD [19].
Therefore, CTCA in combination with CACS appears to provide an incremental prognostic
value for long-term MACEs in high-risk patients suspected of having CAD based on our
current results and previous study findings. Importantly, although several perioperative
variables or findings associated with early postoperative cardiovascular complications after
LT were surveyed [2,11,33], the factors related to long-term MACEs (within 5 years) have
been rarely investigated. To the best of our knowledge, this is the first study to demonstrate
the incremental prognostic value of CTCA in combination with CACS for the prediction of
long-term cardiovascular complications after LDLT.

According to a previous study conducted in American populations [4], CVD devel-
oped in 20.7% of recipients within 5 years after LT. Compared with this study, the incidence
of CVD within 5 years after LDLT in the South Korean population was relatively lower
(7.6%) in our study, which could be partially explained by the lower rate of postoperative
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complications after LDLT [34]. Despite the low rate of MACEs in this study, a CACS of
>400 combined with obstructive CAD showed a significant prognostic value for long-term
MACEs in LT recipients. Thus, it could be applicable to other populations (North Amer-
icans or Europeans) and to orthotopic LT patients with a high rate of MACEs, although
further external validation is needed.

Given the limited evaluating tool for preoperative cardiac risk stratification in LT
recipients [35] and low performance of noninvasive stress testing such as myocardial
perfusion scans or dobutamine stress echocardiography [5,36], we suggest that CTCA may
be considered as an alternative initial screening test for risk stratification in LT recipients, as
it can determine preoperatively the presence and extent of CAD and identify the high-risk
patients with early or late CVD after LT.

In this study, age, diabetes, dyslipidemia, and creatinine were independently associ-
ated with long-term MACEs after LDLT, which is consistent with the findings of previous
studies [4,37]. Our study showed that a CACS of >400 combined with obstructive CAD
might be superior to conventional coronary risk factors in terms of predicting long-term
MACEs.

This study has several strengths. Previous studies reporting the predictive factors for
postoperative cardiovascular complications are limited by a small sample size or sampling
bias because cardiac evaluation is often performed in patients with either known CVD
or those with known high-risk factors [16,38]. In addition, as several of the accepted risk
factors for CVD, such as hyperlipidemia, hypertension, and diabetes, are often affected by
the physiological changes that occur in patients with end-stage liver disease, alternative
markers for an increased CVD risk in those with no known CVD are needed [4]. Therefore,
to strengthen the association between CTCA in combination with CACS and long-term
MACEs after LDLT, we excluded patients with CVD in this study. In this study, the
incidence of MACE-related death was 5.4%, which was relatively lower than that reported
by previous studies (8.3–12.1%) [16,39]. This may be due to the exclusion of the recipients
with CVD in the analysis and may represent an accurate MACE-related death rate after LT,
excluding deaths caused by underlying CVD.

This study has some limitations. First, the definition of a postoperative cardiovas-
cular complication such as a MACE varies in previous studies; thus, the outcomes of
this study may change according to the definition used. However, we defined cardio-
vascular complication as a MACE, which is a composite endpoint frequently used in
cardiovascular research and for postoperative CVD after LT [17,40]. Second, some studies
found that immunosuppressive drugs played an important role in the incidence of late
CVD [16,41]. Steroid-free and/or immunosuppressive regimens including mycopheno-
late mofetil may be associated with lower cardiovascular morbidity and mortality [16].
In addition, tacrolimus may be associated with decreasing the risk of de novo arterial
hypertension and dyslipidemia compared to cyclosporine. Although the protocol of cal-
cineurin inhibitor-sparing strategies was applied at our institution to minimize metabolic
disturbance and occurrence of CVD, this study did not evaluate the effect of immunosup-
pressive drugs on long-term MACEs, resulting in a major limitation of this study. Third,
data collection was limited due to the retrospective nature of the study. To improve the
quality of data, we excluded patients with incomplete data. Fifth, the South Korean liver
transplant population in this study is distinct from other populations (such as those from
North America or Europe), especially in terms of the prevalence of LDLT, nonalcoholic
steatohepatitis, and MACEs. Therefore, the results of our study should be interpretated
with caution and must be externally validated.

5. Conclusions

Age, diabetes, dyslipidemia, and creatinine levels may be independently associated
with long-term MACEs after LDLT. Importantly, obstructive CAD on CTCA in combination
with a CACS of >400 may be associated with an incremental prognostic value compared
with other predictive factors. These findings suggest that preoperative CTCA in com-
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bination with CACS appears to be a promising noninvasive modality with a significant
prognostic value for long-term MACEs in transplant recipients. However, further external
validation is needed.
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