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A B S T R A C T   

Background: Guidelines recommend standard pre-operative cardiac screening in all liver transplantation (LT) 
recipients, despite the relatively low prevalence of obstructive coronary artery disease. Most LT recipients often 
have non-gated computed tomography (CT) performed of the chest and abdomen. This study evaluated the 
ability of coronary artery calcification (CAC) assessment on consecutively available scans, to identify a selection 
of low-risk patients, in whom further cardiac imaging can be safely withheld. 
Methods: LT recipients with prior non-gated CT chest-abdomen were included. CAC was visually scored on a 
semi-quantitative ordinal scale. Stress myocardial perfusion, coronary CT angiography (CCTA) and invasive 
coronary angiography (ICA) were used as golden standard. The sensitivity and specificity of CAC to exclude and 
predict obstructive CAD were assessed. In addition, peri- and postoperative mortality and cardiac events were 
analyzed. 
Results: 149 LT recipients (ranged 31–71 years) were included. In 75% of patients, no CAC and mild CAC could 
rule out obstructive CAD on CCTA and ICA with 100% certainty. The threshold of mild CAC had a sensitivity of 
100% for both CCTA and ICA and a specificity of 91% and 68%, respectively. None of the patients with no or 
mild calcifications experienced peri- and post-operative cardiac events or died of cardiac causes. 
Conclusion: Visual evaluation of CAC on prior non-gated CT can accurately and safely exclude obstructive CAD in 
LT recipients. Incorporation of these already available data can optimize cardiac screening, by safely withholding 
or correctly allocating dedicated cardiac imaging in LT recipients. Thereby, reducing patients’ test burden and 
save health care expenses.   

1. Introduction 

Current guidelines [1–3] classify patients undergoing liver trans
plantation (LT) as the highest surgical risk group for cardiovascular 
death, myocardial infarction, and stroke. Studies have demonstrated 
that >40% of early post-operative mortality is caused by cardiovascular 
diseases [4,5]. Herein, coronary artery disease (CAD) has been shown to 
play an important role [6,7]. Conversely, the prevalence of obstructive 
CAD and ischemia appears to be relatively low [8], which questions the 
importance and efficiency of a comprehensive pre-operative cardio
vascular screening in all LT candidates. 

No current consensus exists on the optimal pre-operative cardiac 
screening strategy. The accuracy of ischemia detection (with e.g., 
myocardial stress perfusion) for screening in LT candidates has been 
debated [8–12]. Other alternatives are coronary computed tomography 
(CT) angiography or invasive coronary angiography (ICA). However, 
intravenous contrast and nitroglycerin administration can be undesir
able in patients with hemodynamic derangements and coinciding renal 
failure in a large proportion of LT candidates. With ICA other compli
cations (e.g., bleeding, vascular complications) can arise. A well per
forming gatekeeper investigation would enable patient-tailored 
additional cardiac imaging and withholding imaging where safely 
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possible. 
LT candidates often have non-cardiac (i.e., non-electrocardiogram 

gated) CTs performed of the thorax and abdomen as follow-up of their 
liver disease. Patients’ coronary artery calcium (CAC) can be accurately 
assessed on these earlier acquired scans, which is a reliable technique 
[13–15]. CAC is an indicator of patients’ CAD-burden and has proven to 
be predictive of significant stenosis requiring revascularization [16] and 
post-operative mortality in LT patients [17]. Conversely, the absence of 
CAC strongly correlates with event-free survival [17,18]. 

We hypothesize that these non-gated scans could serve as a gate
keeper to select LT candidates at risk of CAD, who should undergo 
additional pre-operative cardiac screening. The current study explores 
the ability of visual CAC assessment on non-gated CT, to rule out 
obstructive CAD and guide allocation of dedicated cardiac imaging in LT 
candidates. 

2. Methods 

For this analysis we retrospectively screened 470 consecutive pa
tients who underwent cardiac pre-operative screening before liver 
transplantation between 2008 and 2023 at the Leiden University Med
ical Center (LUMC). Patients were included when they received cardiac 
screening with coronary CT angiography (CCTA), myocardial stress 
perfusion or invasive coronary angiography (ICA) and underwent a 
subsequent liver transplantation. Patients were excluded when they 
were aged<30 years, as the prevalence of CAC in younger patients ap
pears low [19]. Furthermore, patients were excluded when they had a 
history of coronary artery disease including myocardial infarction, had 
prior coronary intervention before their cardiac evaluation or had a 
prior liver transplantation before 2008. The remaining patients were 
screened for the availability of a non-gated CT of the chest prior to their 
pre-operative cardiac screening. If patients had a CT performed >7 years 
prior to the pre-operative cardiac screening, they were excluded. This is 
based on the previously established warranty for CAC on cardiac CT 
with the Agatston score [20,21]. According to these studies, physicians 
should consider re-evaluation of patients’ CAC every 3 to 7 years. 

Ultimately, 149 patients were included. This selection of patients is 
depicted in Supplemental file (Fig. 1). 

The hospital’s ethical review board waived the need for informed 
consent. 

Furthermore, patients’ medical records were screened for the pres
ence of cardiac risk factors (e.g., diabetes mellitus, smoking), post- 
operative immunosuppressive medication, family history and underly
ing liver disease. Pre-LT liver disease severity was determined based on 
the Child-Pugh Score (CPS) [22] and Model of End-stage Liver Disease 
(MELD) [23] score. 

2.1. Pre-liver transplantation screening 

As part of cardiac screening pre-LT, patients either underwent non- 
invasive cardiac imaging or ICA. All patients with diabetes mellitus 
were perceived as high-risk patients for coronary artery disease [24,25]. 
Therefore, all these patients underwent invasive coronary angiography. 
Non-invasive cardiac imaging was performed with a Coronary CT 
Angiography (CCTA) or stress myocardial perfusion scintigraphy 
(Myoview) at the discretion of the cardiologist. 

CCTA was performed with a 320-slice scanners (Canon Medical 
Systems, The Netherlands) and patients were scanned according to a 
previously prescribed protocol [26], in line with current guidelines from 
the Society of Cardiovascular Computed Tomography. Patients were 
screened for coronary atherosclerosis, with plaque categorized as 
calcified and non-calcified. Obstructive CAD was defined as stenosis for 
which ICA was recommended (i.e. ≥70%), according to the Coronary 
Artery Disease-Reporting and Data System (CADRADS) [27]. Extensive 
calcifications herein can form a challenge as they increase the risk of 
overestimation of atherosclerotic lesions and false positive results [28]. 

In some cases, these “blooming artefacts” complicated determining the 
stenosis grade. If so, obstructive CAD was based on the clinical decision 
of the cardiologist reviewing the CCTA. Most (>70%) of these patients 
received a subsequent ICA. 

Stress myocardial perfusion imaging was performed with Single- 
Photon Emission Computed Tomography (SPECT) (GE Discovery) and 
the radiopharmaceutical 99mTc-tetrofosmin, in line with guidelines 
from the Society of Cardiovascular Computed Tomography [29,30]. 
Stress was induced with the pharmacological agent regadenoson or 
adenosine or with a stress electrocardiogram (X-ECG). Myocardial 
perfusion defects and wall motion abnormalities were analyzed, and 
phase analysis was performed (i.e., resting-phase versus stress-phase). 
Abnormalities in myocardial perfusion with SPECT were indicated by 
decreased tracer uptake, defined as irreversible (infarction) or reversible 
(ischemia) perfusion defects. 

For ICA, obstructive CAD was defined as a stenosis grade of ≥70%. 
Performance of fractional flow reserve was at the discretion of the 
operator, and a fractional flow reserve cut-off value of <0.80 was used as 
significant obstructive CAD. 

2.2. Image acquisition and evaluation of non-gated chest CT 

Non-gated CTs of the chest were performed as part of routine follow- 
up on patients’ liver disease or other non-cardiac care (e.g., long nod
ules). The specific scan protocol was different per indication (Canon 
Medical Systems, The Netherlands). Patients’ CAC was visually assessed 
on standard-dose scans with 1-mm axial slices. This method of visual 
CAC-assessment on non-gated CT scans has been extensively described 
and proven accurate [14,15,31,32]. Briefly, the extent of CAC in four 
main coronary arteries is visually evaluated; the right coronary artery, 
the left main, the left anterior descending and left circumflex (including 
secondary branches e.g., diagonals). The extent of CAC is quantified on a 
semiquantitative ordinal scale ranging from 0 to 12. Subsequently, the 
patient’s total CAC score is categorized based on increasing severity: no 
(CAC 0), mild (CAC 1 to 3), and severe (CAC 4 to 12). The evaluation 
time is <1 min and this method has no specific imaging requirements 
[14,15,31,32] and thus easily applicable. 

One reader with >2 years of experience in assessment of CCTA and 
CAC performed CAC-assessment, blinded for of patients’ cardiovascular 
risk profile and dedicated cardiac imaging outcomes. 

In addition, patients were retrospectively followed after LT for the 
occurrence of peri-operative adverse cardiac events and peri-operative 
mortality (≤30 days post LT). Cardiac events were defined as: cardiac 
arrest, Cardiac Implantable Electronic Device (CIED) implantation, 
(non-fatal) myocardial infarction, revascularization, and severe arryth
mia (i.e., ventricular tachycardia (VT) or ventricular fibrillation (VF)). 
Cardiac mortality was a composite endpoint defined as death caused by 
cardiac arrest, heart failure, myocardial infarction or severe arrythmia. 
Cardiovascular mortality was a composite end-point defined as death 
caused by stroke, pulmonary embolism and Postreperfusion syndrome 
[33]; defined as a decrease of >30% in the mean systemic arterial blood 
pressure within 10 min after reperfusion, with or without a doubling of 
the norepinephrine dose. 

2.3. Statistical analysis 

Statistical analyses were performed using IBM SPSS, Chicago, Illinois 
version 29.0. Dichotomous variables were described as numbers (%), 
and continuous variables were reported as mean ± SD or median 
(interquartile range [IQR]). CAC severity groups were compared using a 
1-way analysis of variance or a Kruskal-Wallis test for numerical out
comes and a chi-square test for dichotomous outcomes. 

The specificity and sensitivity for a previously established [15,31] 
cut-off point of mild CAC (i.e., CAC score of ≤3) were determined. To 
visualize these and determine the Area Under the Curve, receiver 
operating characteristic (ROC) curves were used. In addition, to confirm 
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whether exclusion of obstructive CAD based on visual CAC was both 
accurate and safe, peri-operative mortality and occurrence of peri- 
operative events were analyzed per CAC-group. 

To validate the accuracy and reliability of CAC assessment per
formed, the interrater reliability analysis and interobserver agreement 
were analyzed with intra class correlation (ICC) and kappa-statistics. 

3. Results 

Patient characteristics are described in Table 1. The median age was 
58 years, and most patients were male (83%). The extent of CAC 
increased significantly with age (p < 0.01). A total of 90 patients showed 
CAC on their non-gated CT, whom 50 (34%) showed mild calcifications 
(i.e., CAC 1–3) and 40 (27%) severe calcifications (i.e., CAC 4–12). The 
remaining patients (40%) had no calcifications (i.e., CAC 0). The num
ber of patients with a history of smoking or diabetes was significantly 
different between the CAC-groups (resp. p = 0.002 and p = 0.048), as 
expected. Other cardiac comorbidities were distributed equally between 
the three CAC-groups. The most prevalent liver diseases among this 
patient cohort were hepatocellular carcinoma (HCC) (59%), hepatitis B 
(22%), and alcohol-associated liver disease (ALD) (30%). The median 
Child-Pugh Score (CPS) was 6 and most patients had CPS category A 
(60%). The median MELD score was 10. Severity of liver diseases was 
not significantly different between the CAC-groups. 

Overall, the median time-interval between the prior performed non- 
gated CT and cardiac pre-operative screening was 2 months. The 
maximum time-interval was 6 years and 8 months. Most (91%) of the 
patients had a non-gated CT performed within 12 months before their 
cardiac pre-operative screening. In the 13 patients with a non-gated CT 
performed in >12 months, 7 patients underwent CCTA, 4 patients un
derwent stress myocardial perfusion and 5 underwent ICA. 

In total 60 (40%) patients underwent a CCTA for pre-operative car
diac screening, of which 9 were followed-up with ICA. Stress myocardial 
perfusion imaging was performed in 38 (26%) patients pre-operatively, 
of which 6 were followed-up with ICA. A total of 66 (44%) patients were 
pre-operatively screened with ICA. Outcomes of these dedicated imag
ing modalities are described in Supplemental file (Table 2). 

The interobserver agreement between two readers was excellent 
with κ = 0.87. The interrater reliability for CAC assessment per vessel 
and total CAC score ranged between 0.92 and 0.98. The ICC and 
agreement are described in Supplemental file (Tables 3 and 4). 

3.1. CAC and CCTA 

In the group of patients who received CCTA as pre-operative 
screening, 47 patients showed no or only mild calcification on the pre
viously performed non-gated CT. Coincidentally, none of these patients 
had obstructive CAD. Therefore, the absence of calcifications and mild 
calcifications had a negative predictive value of 100% for obstructive 
CAD. The remaining patients (n = 13) had severe CAC, of which 7 (54%) 
had obstructive CAD. 

The sensitivity of CAC ≤ 3 as cut-off value was 100% to exclude 
obstructive CAD. The specificity for this threshold was 91%. Both the 
sensitivity and specificity are visualized in a ROC curve depicted in 
Fig. 1. The AUC was 0.956. 

Of interest, in 7 patients with severe CAC the CCTA was difficult to 
read due to “blooming artefacts”. In 5 patients a subsequent ICA was 
performed, of which 3 patients had obstructive CAD and 2 did not. 
Furthermore, in the 7 patients who had a non-gated CT performed in 
>12 months before CCTA, the absence of calcifications and mild calci
fications had a negative predictive value of 100% for obstructive CAD. 
Therefore, no difference in negative predictive power was observed 
between patients with short (i.e., ≤12 months) and long (i.e., >12 
months) time-interval. 

Table 1 
Baseline characteristics of study population, N = 149*.   

All (n 
= 149) 

None 
(n =
59) 

Mild (n 
= 50) 

Severe 
(n =
40) 

P-value 

Age, years 58 
(51–63) 

52 
(46–60) 

61 
(54–66) 

61 
(56–65) 

<0.01 

Sex, men, % 123 
(82.6) 

45 
(76.3) 

43 
(86.0) 

35 
(87.5) 

0.258 

BMI, kg/m2 26.9 ±
4.4 

26.3 ±
4.3 

27.2 ±
4.3 

27.2 ±
4.6 

0.443  

Comorbidities 
Hypertension** (%) 66 

(44.3) 
20 
(33.9) 

23 
(46.0) 

23 
(57.5) 

0.065 

Diabetes, % 59 
(39.6) 

18 
(30.5) 

19 
(38.0) 

22 
(55.0) 

0.048 

Hypercholesterolemia** 
(%) 

24 
(16.1) 

9 (15.3) 9 (18.0) 6 (15.0) 0.905 

ESRD/CKD (%) 11 (7.4) 4 (6.8) 2 (4.0) 5 (12.5) 0.301 
Family history of CAD 29 

(19.5) 
12 
(20.3) 

8 (15.7) 9 (23.1) 0.500 

Obesity (%) 31 
(20.8) 

10 
(16.9) 

11 
(22.0) 

10 
(25.0) 

0.423  

History of smoking (%) 
Yes 87 

(58.4) 
24 
(40.7) 

30 
(60.0) 

33 
(83.0) 

0.002  

History of Liver diseases (%) 
Hepatitis B 32 

(21.5) 
18 
(30.5) 

9 (18.0) 5 (12.5) 0.077 

Hepatitis C 25 
(16.8) 

7 (11.9) 13 
(26.0) 

5 (12.5) 0.101 

Hepatitis D 1 (0.7) 1 (1.7) 0 (0.0) 0 (0.0) 0.464 
Primary Biliary 

Cholangitis (PBC) 
2 (1.3) 1 (1.7) 1 (2.0) 0 (0.0) 0.683 

Primary Sclerosing 
Cholangitis (PSC) 

14 (9.4) 11 
(18.6) 

3 (6.0) 0 (0.0) 0.005 

Alcohol-associated liver 
disease (ALD) 

45 
(30.2) 

7 (11.9) 12 
(24.0) 

26 
(65.0) 

<0.001 

Hepatocellular 
carcinoma 

88 
(59.1) 

27 
(45.8) 

33 
(64.0) 

29 
(72.5) 

0.020 

Polycystic liver disease 7 (4.7) 4 (6.8) 2 (4.0) 1 (2.5) 0.589 
Cryptogenic Cirrhosis 6 (4.0) 1 (1.7) 3 (6.0) 2 (5.0) 0.489 
Metabolic dysfunction 

associated steatotic 
hepatitis (MASH) 

18 
(12.1) 

7 (11.9) 7 (14.0) 4 (10.0) 0.844 

Sickle cell disease 2 (1.3) 2 (3.4) 0 (0.0) 0 (0.0) 0.213 
Autoimmune hepatitis 6 (4.0) 3 (5.1) 3 (6.0) 0 (0.0) 0.308 
Alpha 1 antitrypsin 

deficiency 
4 (2.7) 2 (3.4) 1 (2.0) 1 (2.5) 0.902 

Acute liver failure on 
tuberculostatics 

1 (0.7) 0 (0.0) 0 (0.0) 1 (2.5) 0.254 

Wilson’s disease 2 (1.3) 1 (1.7) 1 (2.0) 0 (0.0) 0.683 
Cholangiocarcinoma 4 (2.7) 2 (3.4) 1 (2.0) 1 (2.5) 0.902  

4 (2.7) 2 (3.4) 1 (2.0) 1 (2.6) 0.897 
Child-Pugh score 6 (5–8) 5 (5–8) 6 (5–8) 7 (5–9) 0.112 
CPS A 88 

(59.5) 
38 
(64.4) 

31 
(62.0) 

19 
(48.7) 

0.480 

CPS B 33 
(22.3) 

10 
(16.9) 

12 
(24.0) 

11 
(28.2)  

CPS C 27 
(18.2) 

11 
(18.6) 

7 (14.0) 9 (23.1)  

Model of End-stage Liver 
Disease (MELD) 

10 
(7–14) 

9 
(7–13) 

11 
(7–14) 

10 
(8–17) 

0.290 

AF = Atrial fibrillation, AFI = Atrial flutter, Abn = Abnormalities, BMI = Body 
mass index, CAD = Coronary artery disease, CKD = Chronic kidney disease, 
CVA/TIA = Cerebrovascular accident/Transient ischemic attack, ESRD = End- 
stage renal disease, PE = Pulmonary embolism. 

* All data are presented as mean ± SD, median (IQR) or as number (%). 
** Hypertension: a systolic blood pressure > 130 mmHg or a diastolic blood 

pressure > 80 mmHg or taking medication for hypertension, Hypercholester
olemia: total cholesterol >200 mg/dL or ratio >5 to 1. 
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3.2. CAC and stress myocardial perfusion 

In the group of patients who underwent stress myocardial perfusion 
imaging (n = 38, 26%) as pre-operative screening, 16 had no calcifica
tions and 14 had mild calcifications. According to stress myocardial 
perfusion, 5 of the patients with no or mild calcifications had reversible 
perfusion defects (i.e., ischemia) and one patient had irreversible 
perfusion defects (i.e., infarction). Therefore, the negative predictive 
value of no or mild calcifications was 80% with stress myocardial 
perfusion as reference standard. However, 5 of these patients were 
followed-up with ICA and none had obstructive CAD, indicating that the 
perfusion defects observed in patients without severe CAC with stress 
myocardial perfusion were false positive. 

A total of 8 patients had severe CAC, of which 2 patients showed 
ischemia with stress myocardial perfusion. These patients received a 
follow-up ICA, which confirmatively showed obstructive CAD. 

Due to the false positive results in patients with no or mild calcifi
cation, the efficiency of performing stress myocardial perfusion in these 
patients could be questioned. The reclassification performance in these 
patients was low, as reclassification of patients with an initial low risk (i. 
e., no-mild CAC) to a higher risk after apparent perfusion defects, 
appeared to be incorrect. The “reclass-benefit” would therefore be low. 
However, patients who had severe CAC were initially considered as 
high-risk patients for obstructive CAD. Down-reclassification of these 
patients’ risk after the absence of perfusion defects appeared correct, as 
none of these patients experienced peri-operative cardiac events. The 
“reclass-benefit” in these patients would therefore be high. 

Of interest, no difference in negative predictive power was observed 
between patients with short (n = 34) and long time-interval (n = 4). 

3.3. CAC and ICA 

In the group of patients who underwent ICA (n = 66, 44%) as pre- 
operative screening, 18 had no calcifications and 18 had mild calcifi
cation. All of these 36 (55%) patients had no obstructive CAD. Thus, the 
negative predictive value of no or mild calcification was 100%. 

The remaining 30 patients had severe CAC of which 43% had 
obstructive CAD. 

The sensitivity of CAC ≤ 3 as cut-off value was 100% to exclude 
obstructive CAD. The specificity for this threshold was 68%. Both the 
sensitivity and specificity are visualized in a ROC curve depicted in 
Fig. 1. The AUC was 0.882. 

Of interest, no difference in negative predictive power was observed 
between patients with short (n = 51) and long time-interval (n = 5). 

3.4. Peri-operative mortality and cardiac events 

The peri-operative mortality is described in Table 2. Out of 149 pa
tients followed after LT, 4 (<3%) patients died peri-operatively (within 
30 days). None of these deaths had a cardiac cause. Two patients died 
from postreperfusion syndrome [33], as previously described in the 
Methods section. The other two patients died because of graft failure or 
multi-organ failure. 

Only one patient (<1%) experienced a non-lethal peri-operative 
cardiac event. This patient had severe CAC on non-gated CT and 
received pre-operative revascularization. However, one day after 
transplantation this patient had an in-hospital cardiac arrest (IHCA) due 
to VF. 

3.5. Translation to clinical practice 

These results are summarized in a decision tree, depicted in Fig. 2. 
Herein, a proposed algorithm based on CAC on non-gated CT to guide 
allocation of dedicated cardiac imaging in LT candidates, is explained. 

In Supplementary file (Fig. 2) a few case examples of patients with 
increasing CAC severity on non-gated CT are depicted. 

Fig. 1. Receiver operating characteristic (ROC) curves. 
A: ROC curve for coronary artery calcium to exclude obstructive coronary artery disease on coronary computed tomography angiography. 
B: ROC curve for coronary artery calcium to exclude obstructive coronary artery disease on invasive coronary angiography. 

Table 2 
Peri-operative mortality (≤30 days).   

N % 

All-cause mortality 4 100  

Cardiac death (n = 0) 
Cardiac arrest 0 0 
Heart failure 0 0 
Myocardial Infarction 0 0 
Severe arrhythmia 0 0  

Cardiovascular death (n = 2) 
Pulmonary Embolism 0 0 
Stroke 0 0 
Postreperfusion syndromeb 2 50  

Non-cardiovascular death (n = 2) 
Graft failure 1 25 
Multi organ failure due to major blood loss 1 25  

a Defined as ventricular tachycardia (VT) or ventricular fibrillation (VF). 
b Defined as a decrease of >30% in the mean systemic arterial blood pressure 

within 10 min after reperfusion, with or without a doubling of the norepi
nephrine dose. 

R.A. Groen et al.                                                                                                                                                                                                                                



International Journal of Cardiology 407 (2024) 132015

5

4. Discussion 

The present study explored the ability of visual CAC assessment on 
non-gated chest CT to rule out obstructive CAD and guide withholding 
or allocation of dedicated cardiac imaging in LT candidates. Although 
the association between CAC assessed on standard CT and prognosis 
after LT has previously been described, to the best of our knowledge, we 
are the first to evaluate the value of visual CAC assessment on non-gated 
CT to guide pre-operative screening in LT candidates. 

The negative predictive value of no or mild calcifications (i.e., a CAC 
score of 0–3) for obstructive CAD on CCTA and ICA was 100%. The 
threshold of CAC ≤3 has previously been established in other pop
ulations [15,31]. In our study population, this threshold yielded a 
sensitivity of 100% and specificity of 91% on CCTA. For ICA, these 
values were respectively 100% and 68%. Our results suggest that 
additional dedicated cardiac imaging could have been safely withheld in 
~75% (i.e., patients with CAC 0–3, n = 109) of the patients by simply 
reviewing already available data on their CAC-extent. As the negative 
predictive value of no or mild CAC was 100% for obstructive CAD and 
none of these patients died peri-operatively due to cardiac causes. 

There is an evident relation between CAD and mortality in LT re
cipients [4,5]. Therefore, cardiac screening is warranted [6]. However, 
the question remains whether dedicated cardiac screening is necessary 
in all LT candidates. Furthermore, if screening is warranted which im
aging modality would be most efficient? 

Previous studies on CAC assessment in LT candidates and recipients 
report a relatively low prevalence of severe CAC and obstructive CAD. 
Kong et al. [18] evaluated CAC on ECG-gated CT as a predictor of peri- 
and post-operative adverse events (e.g., myocardial infarction) in LT 
candidates. Of the 443 LT candidates, only 11 patients had severe CAC 
(i.e., an Agatston score > 400). These patients had a fourfold increased 
risk of cardiac events within 30 days after LT, as compared to patients 
with no or mild CAC. According to multivariable analysis female sex and 

severe CAC were the only significant predictors of cardiac events. Of 
interest, the classic risk factors for CAD e.g., diabetes mellitus or 
smoking, were not independently significantly predictive. Zorzi et al. 
[17] evaluated the relation between prognosis of LT candidates and CAC 
on non-gated CT, with 1-year follow-up. They evaluated 301 patients 
(median age 56, 76% male) of whom 26 (only 9%) had severe CAC (i.e., 
Agatston score > 400). The cardiac event incidence in patients without 
CAC was 7% versus 27% in patients with severe CAC (p = 0.007). 

When compared to other populations, the low prevalence of 
obstructive CAD in LT candidates can be demonstrated as well. Duvall 
et al. [8] explored the diagnostic yield of stress myocardial perfusion 
with SPECT for screening in LT candidates as compared to non-LT 
candidates. They demonstrated similar results as our study. Although 
patients with end-stage liver disease are considered a high-risk popu
lation for post-operative cardiovascular events, the prevalence of 
ischemia with abnormal perfusion on SPECT is relatively low, and 
obstructive CAD on subsequent ICA even lower. For these reasons, stress 
myocardial perfusion had a low diagnostic yield. Duvall et al. reported 
that only 7.8% of patients had perfusion defects and 1% had obstructive 
CAD. The prevalence of perfusion defects in non-LT candidates was 
34.4% and 85% of these patients had obstructive CAD on ICA. Another 
explanation may be the lack of response to the administered drugs (e.g. 
regadenoson) to elicit myocardial ischemia in patients with liver 
cirrhosis due to cardiac modifications such as high cardiac output and 
vasodilation [12]. 

Despite the reported low prevalence of ischemia and obstructive 
CAD, current guidelines still recommend extensive cardiac screening in 
all LT candidates. Currently, ICA is recommended in all patients with 
diabetes mellitus as they are thought to have an increased risk of CAD. 
However, Zorzi et al. previously demonstrated that diabetes mellitus 
was not significantly predictive of cardiac events and mortality. In our 
study, all patients with diabetes mellitus underwent ICA, although 
retrospectively 55% had no or mild calcifications on prior non-gated CT 

Fig. 2. Decision tree dedicated cardiac screening pre-liver transplantation*. 
* CAC = Coronary artery calcium, CAD = Coronary artery disease, CT = Computed tomography. 
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and therefore a low a-priori chance of having obstructive CAD. This 
extensive screening approach is not only time-consuming and expensive, 
but can lead to complications as well e.g., bleeding or vascular com
plications with ICA. The results of our study and the previously 
mentioned studies demonstrate that additional ischemia or CAD 
screening may not be warranted in patients with cardiac risk factors (e. 
g., diabetes mellitus) but without severe CAC. Therefore, screening 
could safely be withheld in the majority of patients (i.e., with no or mild 
CAC). CAC on non-gated CT can thus be used as a risk-tool for cardio
vascular risk and as a gatekeeper for cardiac screening. 

Two studies previously demonstrated that CAC can be used as a risk 
tool for prediction of obstructive CAD in LT candidates. Kemmer et al. 
[16] reported a strong association between severe CAC on cardiac CT 
and obstructive CAD on ICA (p = 0.02) in 58 LT candidates. West et al. 
[34] demonstrated a similar relation between a high Agatston score on 
non-cardiac CT and obstructive CAD (p = 0.006) in 54 LT candidates. 
The results of these studies coincide with the findings of our study, 
although we aimed to test our hypothesis of a strong negative power of 
no-mild CAC for obstructive CAD and peri-operative cardiac events. 

In terms of the most optimal imaging modality, we observed that 
severe calcifications interfered with the determination of stenosis on 
CCTA due to blooming artefacts [28]. This often led to subsequent 
performance of ICA. Stress myocardial perfusion however, could accu
rately exclude ischemia and by extension obstructive CAD in patients 
with severe CAC. Conversely, the diagnostical accuracy of ischemia 
testing appeared reduced in patients with no or mild calcifications, as 
the a-priori chance of obstructive CAD is low in patients with a low CAD- 
burden (i.e., CAC 0–3). Thus, performance of ischemia detection and ICA 
would be best allocated in patient with a high CAD-burden (i.e., a high 
CAC score of >3). This has been demonstrated in other patient pop
ulations as well [35]. 

4.1. Proposed algorithm for future pre-operative cardiac screening of LTX 
candidates 

Choosing the optimal approach for cardiac pre-operative screening 
of LT candidates should mostly be based on the a-priori chance of a 
patient having obstructive CAD. As most patients are asymptomatic, the 
extent of CAC could be a good indicator of patients CAD-burden. This 
could help determine the a-priori chance of having obstructive CAD per 
patient specifically. Patients with no or mild calcifications have a low 
CAD-burden, therefore the chance of obstructive CAD and by extension 
ischemia are relatively low. Performance of ICA or ischemia detection 
will lead to a low diagnostic yield. Conversely, in patients with severe 
CAC i.e., a high CAD-burden, the chances of obstructive CAD and 
ischemia are higher. The threshold of a visual calcium score ≤ 3 accu
rately rules out obstructive CAD and a CAC score of >3, can indicate 
performance of stress myocardial perfusion or invasive coronary 
angiography. 

We would therefore recommend a tiered strategy for cardiac 
screening, starting with the evaluation of patients’ CAC-extent on non- 
cardiac CT of the chest and abdomen, visualizing the entire heart i.e., 
coronary tree. This method of CAC assessment would be possible on all 
types of non-gated CT of the chest, even for example with attenuation CT 
of SPECT or PET-CT. Previous studies have found an excellent agree
ment between visual CAC assessment and the Agatston score [12]. 
However, the slice-thickness of these scans can variate and could in
fluence the accuracy of CAC assessment (i.e., large slice thickness (>3 
mm) increases the risk of underestimation of patients’ CAC extent). 

4.2. Limitations 

This study population has a relatively small sample size (n = 149). 
This is due to relatively strict exclusion criteria (Supplemental file 
(Fig. 1)), as only patients who received a liver transplant were included. 
In addition, sometimes patients were excluded because they had non- 

gated CTs on which only a part of the heart i.e., the coronary tree was 
visualized. Potentially, standardizing incorporation of patients’ whole 
heart with CT thorax-abdomen would increase the number of patients 
with usable non-gated CT and streamline performance of dedicated 
cardiac imaging. 

The female sex is relatively underrepresented in this study (27%). 
This is similar to previous studies, who demonstrated an over
representation of male sex as well. In the study by Kong et al. [18] only 
21% were female, the same percentage as in the study by West et al. [34] 
This disparity based on sex has been previously reported in LT candi
dates and LT patients [36–38]. A recent study by Locke et al. reported 
that women are 14.4% less likely to receive a liver transplant from a 
deceased organ donor as compared to men [39]. Our study only com
prises patients who were both screened and received a transplant, thus 
explaining the relative under representation of women in this study. 
However, in both sexes no and mild CAC yielded the same negative 
predictive value for obstructive CAD (i.e., 100%). 

The prevalence of patients with HCC is relatively high in this study. 
Plausible is that patients with HCC are screened more regularly with CT 
scans than patients with other liver pathologies. This forms a relative 
bias of our study population. However, these patients with HCC are 
known to have a relative higher cardiovascular risk profile. Cirrhosis is 
present is ~90% of patients with HCC [40] and is associated with CAD 
[41]. Even in these high-risk patients the absence of CAC could rule out 
obstructive CAD with 100% and safely. 

5. Conclusion 

We observed that the evaluation of CAC on non-gated CT can accu
rately identify a selection of low-risk patients in whom futher cardiac 
imaging is safely withheld. Furthermore, patients’ CAC-extent can be 
used as a tool to guide allocation of dedicated cardiac imaging, as per
formance of ICA or stress myocardial perfusion is most efficient in pa
tients with severe CAC. When available, the incorporation of visual CAC 
assessment on non-gated CT can reduce test-burden and reduce risk of 
complications. Ultimately, this could save health care expenses and 
time. Potentially, the integration of this tiered strategy for cardiac 
screening, starting with the evaluation of patients’ CAC-extent on non- 
cardiac CT, in the new guidelines on non-cardiovascular surgery can 
lead to a consensus on the optimal approach for cardiovascular 
screening in LT candidates. 
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