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Background.—Pericoronary adipose tissue (PCAT) attenuation and low-attenuation non-

calcified plaque (LAP) burden can both predict outcomes.

Objectives.—To assess the relative and additive values of PCAT attenuation and LAP to predict 

future risk of myocardial infarction.

Methods.—In a post-hoc analysis of the multicenter SCOT-HEART trial, we investigated the 

relationships between the future risk of fatal or non-fatal myocardial infarction and PCAT 

attenuation measured from CT coronary angiography using multivariable Cox regression models 

including plaque burden, obstructive coronary disease and cardiac risk score (incorporating age, 

sex, diabetes, smoking, hypertension, hyperlipidaemia and family history).

Results.—In 1697 evaluable participants (58±10 years), there were 37 myocardial infarctions 

after a median follow-up of 4.7 years. Mean PCAT was −76±8 Hounsfield units (HU) and median 

LAP burden was 4.20 [0–6.86] %. PCAT attenuation of the right coronary artery (RCA) was 

predictive of myocardial infarction (hazard ratio (HR) 1.55, p=0.017, per 1 standard deviation 

increment) with an optimum threshold of −70.5 HU (HR 2.45, p=0.01). In multivariable analysis, 

adding PCAT-RCA ≥−70.5 HU to LAP burden >4% (optimum threshold for future myocardial 

infarction; HR 4.87, p<0.0001) led to improved prediction of future myocardial infarction (HR 

11.7, p<0.0001). LAP burden showed higher area-under-the-curve (AUC) compared to PCAT 

attenuation for the prediction for myocardial infarction [0.71 (0.62–0.80) versus 0.64 (0.54–0.74); 

p<0.001], with increased AUC when the two metrics are combined [0.75 (0.65–0.85); p=0.037].

Conclusion.—CT coronary angiography-defined LAP burden and PCAT attenuation have 

marked and complementary predictive value for the risk of fatal or non-fatal myocardial infarction.

Keywords

Pericoronary adipose tissue; non-calcified plaque burden; low-attenuation non-calcified plaque 
burden; computed tomography angiography; coronary artery disease; risk stratification

Introduction

Coronary computed tomography angiography (CCTA) plays an important role in the 

risk stratification of patients with established coronary artery disease. However, most 

myocardial infarctions occur in coronary artery segments without prior obstructive disease.

(1,2) Therefore, interest has turned to assessments of coronary plaque morphology and 

burden to identify patients at risk of future coronary events. An important advantage of 

CCTA is that it can assess the composition of atherosclerotic plaque and adjacent structures, 

not just the arterial lumen. In a recent analysis of the SCOT-HEART population, quantitative 

plaque analysis showed that both plaque type and burden on CCTA are important predictors 

of adverse outcomes, with low-attenuation plaque burden being the strongest predictor of 

future events,(3) outperforming cardiovascular risk scores, coronary artery calcium scoring 

or the presence and severity of obstructive coronary artery disease.

Recent studies have shown that perivascular inflammation may play a crucial role in the 

formation of coronary atherosclerotic plaques, with inflammation being a potential marker 

of plaque instability and vulnerability(4) which can lead to plaque rupture and subsequent 

Tzolos et al. Page 2

JACC Cardiovasc Imaging. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



myocardial infarction.(5) Pericoronary adipose tissue (PCAT) attenuation measured from 

CCTA has been able to detect coronary inflammation in patients undergoing cardiac surgery.

(6) Increased PCAT attenuation from CCTA can predict cardiovascular mortality in stable 

coronary disease(7,8) and shows a strong association with culprit coronary plaques in 

patients with acute coronary syndrome.(9,10)

To date, however, no studies have compared the prognostic value of both PCAT attenuation 

and quantitative plaque burden to predict myocardial infarction. We hypothesised that the 

combination of PCAT attenuation and quantitative plaque burden measures could provide 

additive and improved prediction of myocardial infarction in patients with stable chest 

pain. We aimed to investigate the prognostic value of PCAT attenuation and quantitative 

plaque burden to predict future myocardial infarction in the CCTA arm of the randomized, 

controlled SCOT-HEART trial.

Methods

Study Design

The Scottish Computed Tomography of the HEART (SCOT-HEART) multicentre 

randomized controlled trial evaluated the use of CCTA in addition to standard care 

in patients with suspected angina pectoris (ClinicalTrials.gov ., Unique identifier: 

NCT01149590).(11) The study was approved by the local ethics committee and written 

informed consent was provided by all participants. The study complied with the Declaration 

of Helsinki. A detailed description of the study can be found in the Supplemental Appendix.

Computed tomography

All participants underwent coronary artery calcium scoring and CCTA using 64-

multidetector (Brilliance 64, Philips Healthcare, North Andover, Massachusetts; or Biograph 

mCT, Siemens, Erlangen, Germany) or 320-multidetector (Aquilion One, Toshiba Medical 

Systems, Tochigi, Japan) row scanners at one of three imaging sites in Scotland. CCTA was 

performed following intravenous injection of 50 to 70 mL of iodine-based contrast medium 

at a flow rate of 5.5 to 6.5 mL/sec. The Toshiba Aquilion One scanner used wide volume 

collimation, 0.75 sec gantry rotation and tube current based on body-mass index. The Philips 

64 Detector Row Brilliance CT utilised 0.625 mm collimation, gantry rotation varied with 

heart rate − 0.42 sec to 0.5 sec and tube current based on body-mass index. The Biograph 

mCT scanner used wide volume collimation, 0.30 sec rotation time and tube current based 

on body-mass index. Based on heart rate and rhythm, prospective or retrospective gating 

were utilised.

Analysis of atherosclerotic plaque and pericoronary adipose tissue

CCTA data sets were exported in Digital Imaging and Communications in Medicine 

(DICOM) format, for measurement of coronary plaque and PCAT using semi-automated 

software (Autoplaque, Version 2.5, Cedars Sinai Medical Centre, Los Angeles, USA).(12) 

For each patient, total plaque and PCAT analysis was performed, as described previously.

(11,13–15) A detailed description of the analysis of atherosclerotic plaque and pericoronary 

adipose tissue can be found in the Supplemental Appendix.
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Biomarkers

In a subset of 781 patients, we had plasma stored at −80°C which was obtained from blood 

samples collected into ethylene diamine tetra-acetic acid. Biomarkers’ analysis is described 

in the Supplemental Appendix.

Clinical outcomes

The primary outcome for this sub-study was the incidence of the combination of fatal 

or non-fatal myocardial infarction. Cardiovascular risk factor information was obtained 

from the SCOT-HEART database. Follow up information on cardiovascular events and 

mortality were obtained from the electronic Data Research and Innovation Service of the 

National Health Services Scotland and confirmed by reviewing electronic health records 

where required. Events which occur in Scotland are captured as part of the national coding 

data which is available through eDRIS. Previous analysis has demonstrated an excellent 

correlation (>95%) between clinical events identified through Scottish health record linkage 

and clinical events recorded and adjudicated as part of clinical trials(16). Follow-up was 

administratively censored for patients without an event on 31 January 2018.

Statistical methods

We assessed the distribution of data with the Shapiro-Wilk test. Categorial variables were 

reported as frequencies (percentages). Quantitative data are presented as mean ± standard 

deviation or, if not normally distributed, as median [interquartile interval]. Statistical 

significance was assessed using Pearson chi-square test, Student t-test, one-way analysis 

of variance (ANOVA), Kruskal–Wallis test, or Mann–Whitney U test as appropriate. 

Correlations for variables that were normally distributed were assessed using Pearson’s 

correlation coefficient, while those not normally distributed variables were assessed using 

Spearman rank order correlation. Correlation coefficients of <0.2 were regarded as very 

weak, 0.20 to <0.40 as weak, 0.40 to <0.60 as moderate, 0.6 to <0.80 as strong, and 

0.8 to 1 as very strong. Blood biomarkers values were log transformed for this analysis. 

Outcome data were analysed using Cox proportional hazards regression and presented 

graphically using cumulative incidence plots using the Kaplan–Meier method. Hazard ratios 

(HR) and 95% confidence interval (CI) were calculated from the Cox model. Deaths not 

classified as coronary heart disease deaths were censored for both the Cox regression 

analysis and the cumulative incidence plots. Univariable analysis was performed for all 

quantified plaque measures and PCAT attenuation, PCAT volume, cardiovascular risk 

score (including individual clinical characteristics), Agatston coronary artery calcium score, 

presence of obstructive disease and presence of high-risk plaque features. Multivariable 

models were constructed including the individual plaque parameters, cardiovascular risk 

score and Agatston coronary artery calcium score. Coronary artery calcium score and plaque 

burdens were log transformed for analysis. Receiver operating characteristic (ROC) analysis 

was performed to identify the optimum cut-off for PCAT attenuation to identify patients at 

increased risk of fatal or non-fatal myocardial infarction using Youden J statistic. We used 

ROC analysis and pairwise comparisons according to DeLong et al. to compare areas under 

the curves(17). We have refitted the survival analyses using the dichotomous measures for 

LAP burden and PCAT-RCA. The ROC curves are based on Cox-derived models, fixed at 5 
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years of follow-up and deaths not classified as coronary heart disease deaths were censored. 

A statistically significant difference was defined as a 2-sided P value <0.05. Statistical 

analysis was performed using R (Version 4.0.2, R Foundation for Statistical Computing, 

Vienna, Austria).

Results

Study Population

Evaluable CCTA scans were present for 1697 patients. Participants were 58±10 years, 56% 

were male, and the mean 10-year cardiovascular risk score was 18±11% (Table 1). The 

median total plaque burden for all patients was 39 [0 to 49] %, with non-calcified plaque 

burden 36 [0 to 46] %, low-attenuation plaque burden 4 [0 to 7] %, and calcified plaque 

burden 0.4 [0 to 3] %.

Peri-coronary adipose tissue and its attenuation

Figure 1 shows representative examples of plaque burden and pericoronary adipose tissue 

quantification from the SCOT-HEART trial patients. The volume of adipose tissue around 

the proximal right coronary artery (639±189 mm3) was higher than the proximal left anterior 

descending artery (591±162 mm3) and proximal left circumflex artery (369±130 mm3; 

p<0.0001 for both; Supplemental Figure i). Mean PCAT attenuation across all vessels was 

normally distributed around a mean of −76.0±8.0 HU. It was higher in men (p<0.0001) and 

those with obstructive coronary artery disease (p=0.0023), lower body-mass index (p<0.001) 

or typical angina (p<0.001; Table 2) but was similar between different age groups and other 

baseline characteristics (Table 2). There was also no difference across different Agatston 

score categories (0, 1–99, 100–400 and >400 Agatston units, p=0.06).

Peri-coronary adipose tissue attenuation and coronary artery disease

There was a moderate to strong correlation between the attenuation of peri-coronary 

adipose tissue measured in the right and left anterior descending coronary arteries (r=0.54, 

p<0.0001), the right and left circumflex coronary arteries (r=0.58, p<0.0001) and the left 

anterior descending artery and left circumflex artery (r=0.66, p<0.0001; Supplemental 

Figure ii A). There were regional variations in PCAT attenuation between the three 

coronary arteries; PCAT-RCA was normally distributed around a mean of −75.88±8.2 

HU, with PCAT-LAD showing lower mean values at −77.0±7.8 HU and PCAT-LCx 

showing the highest values at −73.4±7.7 HU; p<0.0001 (Supplemental Figure ii B). Mean 

PCAT attenuation increased with the presence of non-obstructive or obstructive disease as 

compared to normal coronary arteries (Table 2). For patients with coronary artery disease 

(n=1086), there was a weak correlation between PCAT-RCA and total (r=0.2, p<0.01), 

non-calcified (r=0.21, p<0.01) and low-attenuation plaque burden (r=0.077, p=0.02) but 

no correlation with calcified plaque burden (r=0.026, p=0.43) (Supplemental Figure iii). 

Weaker correlations were observed between total and non-calcified plaque burden, and 

PCAT attenuation in the left anterior descending (r=0.14, p<0.01 and r=0.17, p<0.01 

respectively) and left circumflex (r=0.14, p<0.01 and r=0.11, p<0.01 respectively) coronary 

arteries. No association was observed between low attenuation plaque burden and calcified 

plaque burden and PCAT attenuation in the left anterior descending (r=−0.027, p=0.39 and 
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r=−0.032, p=0.30 respectively) and left circumflex (r=−0.055, p=0.11 and r=0.049, p=0.15 

respectively) coronary arteries (Supplemental Figure iii). PCAT-RCA was higher in patients 

with high-risk plaque features (≥ 1), compared to those without high-risk plaque features 

(−74.0±6.8 versus −77.0±7.1 HU, p<0.0001) independent of the location of plaque (right 

versus left coronary artery, proximal versus distal segments). Similarly, PCAT-LAD and 

PCAT-LCx was higher for patients with high-risk plaque features (−76.4 ± 7.5 versus −77.3± 

7.9 HU, p=0.017 and −71.9± 7.2 versus −73.9± 7.9 HU, p<0.001 respectively).”

PCAT attenuation and systemic cardiac and inflammatory biomarkers

There were no associations between mean PCAT attenuation values (global) and high-

sensitivity cardiac troponin I (r=0.019, p=0.62) or brain natriuretic peptide (r=0.019, 

p=0.68); all biomarkers values are log-transformed. Similarly, there were no associations 

between logtransformed high-sensitivity c-reactive protein (r=0.005, p=0.9), interleukin-6 

(r=0.06, p=0.12), tumour necrosis factor-a (r=0.013, p=0.63), endothelin-1 (r=−0.032, 

p=0.4), vascular endothelial growth factor (r=0.0016, p=0.97) or metalloproteinase-9 

(r=0.043, p=0.27; Supplemental Figure iv).

Clinical outcomes

Over a median follow-up of 4.7 [4.0 to 5.7] years, fatal or non-fatal myocardial infarctions 

occurred in 37 (2.2%) patients (35 non-fatal and 2 fatal). PCAT-RCA attenuation was 

higher in patients who suffered a myocardial infarction (−72.5±8.3 HU versus −76.5± 7.8 

HU, p=0.014), but there was no difference in PCAT-LAD (−76.3±8.6 HU vs −77.0±7.8 

HU, p=0.45) or PCAT-LCx (−71.6±7.3 HU vs −73.3±7.7 HU, p=0.26; Supplemental 

Figure v). Patients sustaining a myocardial infarction also had higher total, non-calcified, 

low-attenuation and calcified plaque burden, higher Agatston calcium score, higher 

cardiovascular risk score, increased presence of obstructive disease on CCTA and increased 

qualitative presence of high-risk plaque features (at least one) (Table 3).

On univariable analysis, PCAT-RCA attenuation was a predictor of myocardial infarction 

(HR 1.55, 95% CI 1.08 to 2.22, p=0.017), but neither PCAT-LAD nor PCAT-LCx were 

associated with myocardial infarction (Figure 2 and Supplemental Table i). Univariable 

analysis also identified the burden of non-calcified, low-attenuation and calcified plaque as 

well as Agatston coronary calcium score, presence of obstructive coronary artery disease, 

cardiovascular risk score and qualitative presence of high-risk plaque features as predictors 

of myocardial infarction (Table 4). Male sex, age, body-mass index and volume of PCAT-

RCA were not predictors of future myocardial infarction (p=0.061, p=0.860, p=0.260 and 

p=0.654 respectively). In multivariable analysis, only the low-attenuation plaque burden (HR 

1.80, 95% CI 1.16 to 2.81, p=0.011, per doubling) and PCAT-RCA (HR 1.54 95%1.02 

to 2.13, p=0.040, per standard deviation increment) remained predictors of myocardial 

infarction (Table 4 and Supplemental Table ii).

Based on the Youden’s index of the ROC curves, the optimal cut-off of the right coronary 

artery PCAT attenuation was −70.5 HU for the primary endpoint of fatal or non-fatal 

myocardial infarction. Patients with PCAT-RCA above ≥−70.5 HU were nearly 2.5 times 

more likely to suffer a myocardial infarction (HR 2.45, 95% CI 1.23 to 4.80; p=0.001, 
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Figure 2). Patients with low-attenuation plaque burden (greater than 4%) were nearly 5 times 

more likely to suffer a myocardial infarction (HR 4.87, 95% CI 2.03 to 11.78, p<0.0001, 

Supplemental Figure vii). When the two metrics were combined, patients with both low-

attenuation plaque burden >4% and PCAT-RCA ≥−70.5 HU were at the greatest risk of 

myocardial infarction (HR 11.7, 95% CI 3.3 to 40.9, p<0.0001), followed by those with 

low-attenuation plaque burden >4% and PCAT-RCA <−70.5 (HR 5.1, 95% CI 1.5 to 17.7, 

p<0.0001; Figure 3 and Supplemental Table iii). In ROC analysis, low-attenuation plaque 

burden showed significantly higher area-under-the-curve (AUC) compared to PCAT-RCA 

attenuation for the prediction for myocardial infarction [0.71 (0.62–0.80) versus 0.64 (0.54–

0.74); p<0.001], with the combination of both parameters yielding significantly improved 

predictive value [AUC 0.75 (0.65–0.85) vs 0.71 (0.62–0.80); p=0.037] compared to LAP 

alone (p=0.037, Figure 4).

In patients with non-obstructive coronary artery disease, high PCAT attenuation (≥ −70.5 

HU) was associated with higher risk of myocardial infarction (Supplemental Figure vi and 

Table iv).

Discussion

In this post-hoc analysis of a prospective multicentre study, we have confirmed that 

pericoronary adipose tissue attenuation measured around the proximal right coronary artery 

can identify patients who are at an increased risk of myocardial infarction. This association 

persisted following adjustment for clinical cardiovascular risk score, coronary artery calcium 

score and the presence of obstructive coronary artery disease. Our results also establish the 

complementary predictive value of low-attenuation plaque burden and PCAT attenuation for 

5-year risk of fatal or non-fatal myocardial infarction.

In our study, we assessed clinical, coronary and systemic determinants of PCAT attenuation. 

Consistent with previous studies,(18),(19) we demonstrate that men have higher PCAT 

attenuation than women. This may reflect the higher volume of epicardial adipose tissue(20) 

as well as sex-related differences of pericardial adipokines(21) and adipose tissue biology.

(22) In contrast, we and others(23) found no differences in PCAT attenuation with 

age or individual clinical risk factors including hypertension, smoking, diabetes and 

hyperlipidaemia, although PCAT attenuation was lower in leaner individuals. Thus, only 

a few of systemic factors appear to have a weak influence on PCAT attenuation.

The anatomical location of the coronary artery was an important determinant of PCAT 

attenuation. Several previous reports(18,23,24) have highlighted that the left anterior 

descending coronary artery has lower PCAT attenuation, an observation that we have 

confirmed in the current study. This may reflect partial volume effects caused by the close 

proximity of the left coronary artery to low attenuation signal from the lungs but this 

cannot be readily explained in terms of vessel vulnerability. The Multi-Ethnic Study of 

Atherosclerosis (MESA)(25) established that up to 42% of newly characterised plaques are 

formed within the left anterior descending coronary artery and therefore we would expect 

that PCAT attenuation would perhaps be higher not lower in the left anterior descending 

coronary artery compared to other coronary arteries. In addition, PCAT has only been shown 
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to be discriminative on contrast enhanced images, and this raises the possibility that it is 

representative of changes in local or more general vessel flow. We did demonstrate that the 

volume of PCAT was the greatest for the right coronary artery which also appeared to have 

the strongest associations with plaque burden, high risk plaques and clinical outcomes. This 

suggests that the PCAT attenuation signal may be most representative and predictive with 

higher volumes of pericoronary fat for analysis. Our univariable and multivariable regression 

analysis suggests that is the PCAT attenuation rather than the total volume of PCAT that is 

predictive of future events. Similar, to our study, Diemen et al.(26) showed that PCAT-RCA 

are predictive of future deaths and myocardial infarction, whereas PCAT-LAD/ PCAT-LCx 

are not. We believe that the most likely reason for this is that there is more fat surrounding 

the RCA compared to the other vessels and that there are fewer side branches to affect 

analysis of fat around the RCA.

We report that the burdens of total plaque, non-calcified plaque and low attenuation plaque 

were weakly associated with the PCAT-RCA attenuation whereas there were no associations 

with calcium artery calcium score or calcium burden. Moreover, PCAT-RCA attenuation was 

higher in patients with obstructive coronary artery disease or plaque with high-risk plaque 

features anywhere in the coronary tree. This suggests that PCAT attenuation is indicative of 

the global state of the coronary vasculature rather than a specific local effect representative 

of coronary artery disease in the immediate vicinity. Does this suggest that PCAT is 

indicative of systemic vascular inflammation? We assessed the relationship between PCAT 

attenuation and a range of cardiac and systemic inflammatory biomarkers including C-

reactive protein and several inflammatory cytokines linked to cardiovascular disease. We 

found no relationship between PCAT attenuation and any of these biomarkers. Instead, the 

association of PCAT-RCA with markers of coronary plaque burden and morphology suggest 

it is specific to the coronary circulation and is not a surrogate measure of myocardial injury 

or strain, or global vascular inflammation. This is consistent with a smaller prior report of 

the absence of an association with C-reactive protein, cardiac troponin and brain natriuretic 

peptide.(19) These findings suggest that PCAT-RCA is potentially detecting overall coronary 

inflammatory status that is otherwise undetectable by systemic markers of inflammation.

Seminal work by Antonopoulos and colleagues has demonstrated that perivascular fat in 

close proximity to the coronary arteries has very different morphological and functional 

characteristics compared to epicardial fat related and that this could be measured using 

computed coronary tomography angiography.(6) Given its proximity to the adventitia of 

the coronary arteries, pericoronary adipose tissue interacts directly with the coronary 

vascular wall in a bidirectional way leading to coronary inflammation and atherosclerosis.(6) 

Inflammation of pericoronary adipose tissue is characterised by smaller adipose molecules 

with an increased aqueous component translating to higher CT attenuation. At the same 

time, the coronary inflammation leads to PCAT oedema due to increased permeability of the 

microcirculation in the vascular wall.(6) Although there are reports that PCAT attenuation 

can rapidly decline after acute myocardial infarction, the kinetics are not entirely understood 

or whether this is segment specific or a more general pan-coronary effect. Indeed, the latter 

seems more plausible given the dominance of the right coronary artery PCAT attenuation in 

our present and several previous studies(9,10,27,28) as well as the prediction of long-term 

outcomes that occur months or years later in all territories of the heart.
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For clinical application and risk stratification, it is highly desirable to have a pre-defined 

threshold for PCAT attenuation. In their post-hoc analysis of two cohorts of over 4,000 

patients, Oikonomou et al.(27), performed a more complex proprietary analysis which 

incorporates a number of other imaging and clinical factors. They found that a threshold 

of −70.1 HU for PCAT-RCA could predict a 9-fold increase in cardiac mortality in 

the derivation cohort and 5.62 in the validation cohort. In our analysis using a simpler 

assessment, we report a very similar threshold of −70.5 HU to predict a 2-fold increase 

in myocardial infarction suggesting a remarkable consistency of PCAT-RCA of both the 

thresholds and magnitude of risk prediction.

We have previously reported that low-attenuation plaque burden is a major and independent 

predictor of myocardial infarction, outperforming risk scores and other measures of coronary 

artery disease severity including stenosis severity and coronary calcium score(3). The 

correlation of low-attenuation plaque with a lipid-rich necrotic core likely underlies this 

strong association and its superior ability to predict subsequent myocardial infarction. 

PCAT-RCA attenuation was only weakly associated with low attenuation plaque and, 

in multivariable models, provided additive risk discrimination, something that no other 

measure was able to achieve. This suggests that PCAT attenuation provides additional 

complementary information regarding risk of coronary events; this is consistent with the 

hypothesis that it may represent a surrogate marker of vascular inflammation. In patients 

with non-obstructive coronary artery disease, higher risk of future myocardial infarction 

was noted in patients with RCA-PCAT ≥ −70.5 HU. Patients with non-obstructive disease 

and RCA-PCAT< −70.5 HU were not at an increased risk (p=0.39). The present study 

includes both qualitative and quantitative plaque assessment and we have demonstrated here 

that the only predictors of future events are the low-attenuation plaque burden and PCAT 

attenuation, while the presence of qualitative high-risk plaques are not significant.

Finally, in our study we have focused primarily on the assessment of pericoronary fat 

attenuation measured directly from CT rather than incorporate other complex radiomics 

features(7,29). This approach takes approximately 5 minutes per CT scan for direct 

measurement of PCAT attenuation and avoids the requirement for more complex modelling 

software (19).

Study Limitations

Our study has several limitations. We acknowledge that we observed only a modest number 

of myocardial infarctions and further validation may be required. Due to the relatively 

low-event rate there is a risk of model overfitting. In particular, the trend for the PCAT-

RCA attenuation to be the best PCAT discriminator of downstream clinical events requires 

further confirmation, and the identification of the underlying mechanism needs to be 

more definitively established. Unfortunately, we did not have information regarding the 

territory involved in the subsequent myocardial infarction events to correlate our local and 

regional PCAT attenuation measures. However, these are often distant or fatal events and 

precise correlation would be challenging. Finally, in the SCOT-HEART trial, treatment was 

implemented based on CCTA findings, and this may have influenced our findings although 
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this is likely to make our findings conservative and perhaps underestimate the strengths of 

these associations.

In conclusion, this post-hoc analysis of a large multicentre study shows that both 

PCAT-RCA attenuation and low-attenuation plaque burden are independent predictors 

of myocardial infarction, over and above other established markers of cardiovascular 

risk, including coronary artery stenosis severity and calcium score. Moreover, while low-

attenuation plaque burden is the strongest predictor of myocardial infarction, PCAT-RCA 

attenuation and low-attenuation plaque burden provide complementary predictive value for 

5-year risk of fatal or non-fatal myocardial infarction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Perspectives:

COMPETENCY IN PATIENT CARE AND PROCEDURAL SKILLS:

Noninvasively assessed PCAT-RCA predicts risk of future myocardial infarction adding 

complementary predictive value to low-attenuation plaque burden, the strongest predictor 

of future myocardial infarction.

Translational Outlook:

Additional prospective trials are necessary to assess the effect of intensifying medical 

treatment (statins. PCSK9 inhibitors) on PCAT attenuation and future risk of myocardial 

infarction.
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Figure 1: 
Plaque burden (left upper panels; red is non-calcified plaque) with 3-dimensional plaque 

composition (right upper panels; orange is low attenuation non-calcified plaque) and peri-

coronary adipose tissue quantification (lower panels) and in the left anterior descending 

artery (A-C), the left circumflex artery (D-F) and the right coronary artery (G-I). PCAT 

analysis focused on the proximal right coronary artery (10–50 mm from ostium), left 

anterior descending coronary artery (0–40 mm from left main stem bifurcation) and left 

circumflex (0–40 mm from left main stem bifurcation). We considered PCAT attenuation 

(reported in Hounsfield units [HU]) as the average attenuation of all adipose tissue 

containing voxels (range −190 HU to −30 HU) within an outer radial distance from the 

vessel wall of 3 mm.
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Figure 2: 
Peri-coronary adipose tissue of the right coronary artery (PCAT-RCA) and fatal or nonfatal 

myocardial infarction. Cumulative incidence of fatal or nonfatal myocardial infarction in 

patients with and without PCAT-RCA ≥ −70.5 HU.
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Figure 3: 
Cumulative incidence of fatal or nonfatal myocardial infarction in patients with and without 

peri-coronary adipose tissue of the right coronary artery (PCAT-RCA) ≥ −70.5 HU and with 

and without low-attenuation plaque burden (LAP) above 4%. Patients with LAP burden>4 % 

and PCAT-RCA ≥−70.5 HU (purple line) were at the greatest risk of myocardial infarction 

(HR 11.7, 95% CI 3.3 to 40.9, p<0.0001), followed by people with LAP burden >4 % and 

PCAT-RCA <−70.5 HU (green line); HR= 5.1 (1.5 −17.7), p<0.0001.
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Figure 4: Comparison of receiver operator characteristics (at 5 years) and respective area under 
the curve (AUC).
Low-attenuation plaque (LAP) burden is a stronger predictor comparted to peri-coronary 

adipose tissue of the right coronary artery (PCAT-RCA); p<0.001. The combination of the 

two metrics increase the AUC from 0.71 for LAP alone to 0.75(ΔAUC= 0.04, p=0.037).
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Central Illustration. Pericoronary Adipose Tissue Attenuation and Low Attenuation Plaque 
Burden Provide Complementary Predictive Value for 5-year Risk of Fatal or Nonfatal 
Myocardial Infarction in Patients with Suspected Coronary Artery Disease
(Left – Top) Forrest plot of the multivariable analysis for the prediction of myocardial 

infarction. Low-attenuation Plaque (LAP) Burden and Pericoronary Adipose Tissue 

Attenuation (PCAT) are the only independent predictors of fatal or nonfatal Myocardial 

Infarction. (Left-Bottom) Bar graph with 95% confidence interval error bars comparing the 

area under the receiver operator characteristic curve (AUC) for the prediction of myocardial. 

Low-attenuation plaque burden showed higher area-under-the-curve (AUC) compared to 

PCAT-RCA attenuation for the prediction for myocardial infarction [0.71 (0.62–0.80) versus 

0.64 (0.54–0.74); p<0.001], with the combination of both parameters yielding the highest 

AUC [0.75 (0.65–0.85); p=0.037] (Right) Based on the Youden’s index of the ROC curves, 

the optimal cut-off of the right coronary artery PCAT attenuation was −70.5 HU for the 

primary endpoint of fatal or non-fatal myocardial infarction. Patients with PCAT-RCA above 

≥−70.5 HU were nearly 2.5 times more likely to suffer a myocardial infarction (HR 2.45, 

95% CI 1.23 to 4.80; p=0.001). Patients with low-attenuation plaque burden (greater than 

4%) were nearly 5 times more likely to suffer a myocardial infarction (HR 4.87, 95% 

CI 2.03 to 11.78, p<0.0001). When the two metrics were combined, patients with both 

low-attenuation plaque burden >4% and PCAT-RCA ≥−70.5 HU were at the greatest risk of 

myocardial infarction (HR 11.7, 95% CI 3.3 to 40.9, p<0.0001)
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Table 1.

Study population

All participants

Number 1697

Male 959 (57%)

Age (years) 58±10

Body mass index (kg/m 2 ) 30±5

Atrial fibrillation 33 (2%)

Previous coronary heart disease 171 (10%)

Previous cerebrovascular disease 75 (4%)

Previous peripheral vascular disease 30 (2%)

Smoking status Current smoker 320 (19%)

Ex-smoker 569 (34%)

Non-smoker 807 (48%)

Hypertension 58 (35%)

Diabetes mellitus 191 (11%)

Family history 736 (44%)

Total cholesterol (mg/dL) 191±71

Symptoms Typical angina 630 (37%)

Atypical angina 413 (24%)

Nonanginal 654 (39%)

Cardiovascular risk score 18±11

CACS (Agatston units) 21 [0 to 230]

CCTA findings Normal 611 (36%)

Non-obstructive 651 (38%)

Obstructive 435 (26%)

Number (%), mean ± SD or median [interquartile interval].

CACS, Agatston coronary artery calcium score; CCTA, coronary computed tomography angiography.
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Table 2.

Mean peri-coronary adipose tissue attenuation across all vessels according to baseline characteristic variables.

PCAT (HU) PCAT(HU) P

Age (years) <60 −75.6 ± 8.1 ≥ 60 −76.0 ± 8.5 0.511

Sex Male −73.5 ± 6.8 Female −76.7 ± 6.9 <0.001

Body mass index (kg/m 2 ) <30 −74.3 ± 7.2 ≥30 −75.7 ± 6.7 <0.01

Atrial fibrillation Yes −76.0 ± 9.1 No −75.9 ± 8.3 0.912

Previous coronary heart disease Yes −75.8 ± 8.4 No −75.9 ± 8.3 0.791

Previous cerebrovascular disease Yes −75.2 ± 7.8 No −75.9 ± 8.3 0.343

Previous peripheral vascular disease Yes −76.2 ± 6.4 No −74.9 ± 7.1 0.514

Smoking status Current/ex smoker −76.1 ± 8.1 Non-smoker −75.6 ± 8.3 0.617

Hypertension Yes −76.0 ± 7.8 No −75.9 ± 8.5 0.143

Diabetes mellitus Yes −76.5 ± 7.8 No − 75.8 ± 8.4 0.113

Family history of CHD Yes −76.3 ± 7.9 No −75.6 ± 8.7 0.311

Hypercholesterolaemia Yes −75.9 ± 8.3 No −75.7 ± 8.3 0.751

Typical angina Yes −75.0 ± 8.2 No −76.5 ± 8.3 <0.001

Cardiovascular risk score <10 % −76.09 ± 7.9 >10% −75.85 ± 8.4 0.742

CCTA coronary stenosis Obstructive (>70%) −74.8 ± 8.3 Non-obstructive −75.8 ± 8.1 0.002

PCAT: Pericoronary adipose tissue attenuation expressed in mean ± SD

CCTA, coronary computed tomography angiography, CHD, coronary heart disease
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Table 3.

Peri-coronary adipose tissue attenuation and quantitative plaque burden in patients with and without 

subsequent myocardial infarction.

No event Event p value

Plaque burden (%) 38.9 [0 to 49.2] 50.1 [43.0 to 53.8] <0.001

Noncalcified plaque burden (%) 35.4 [0 to 45.3] 42 [37.39 to 48.95] <0.001

Low-attenuation plaque burden (%) 4.1 [0 to 6.7] 7.4 [4.8 to 9.1] <0.001

Calcified plaque burden (%) 0.39 [0 to 2.69] 3.18 [0.9 to 7.97] <0.001

PCAT-RCA (HU) −76.0 ± 7.8 −72.5 ± 8.3 0.009

PCAT-LAD (HU) −77.0 ± 7.8 −76.2 ± 8.6 0.543

PCAT-LCx (HU) −73.3 ± 7.7 −71.6 ± 7.3 0.334

CACS (Agatston Units) 19 [0 to 218] 283 [59 to 1041] <0.001

Obstructive disease 416 (25%) 19 (51%) <0.001

Cardiovascular risk score (%) 18 ± 11 22 ± 12 0.039

High-risk plaque features (≥1) 565 (34%) 23 (62%) <0.001

PCAT-RCA Volume (mm3) 639± 189 656± 197 0.480

Median [interquartile interval], mean ± standard deviation or number (%).

CACS, coronary artery calcium score; HU, Hounsfield units; PCAT, pericoronary adipose tissue attenuation; RCA, right coronary artery; LAD, left 
anterior descending coronary artery; LCx, left circumflex coronary artery.

JACC Cardiovasc Imaging. Author manuscript; available in PMC 2023 June 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Tzolos et al. Page 22

Table 4.

Univariable and multivariable analysis for the prediction of myocardial infarction

Univariable Multivariable
#

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

Total plaque burden* 1.44 (1.15–1.18) <0.001 1.33 (0.97–1.82) 0.072

NCP burden* 1.41 (1.14–1.75) <0.001 1.30 (0.96–1.75) 0.088

LAP burden* 1.87 (1.36–2.57) <0.001 1.80 (1.16–2.80) 0.009

CP burden* 1.70 (1.26–2.12) <0.001 1.55 (0.92–2.63) 0.102

PCAT-RCA
§ 1.55 (1.08–2.22) 0.017 1.54 (1.02–2.12) 0.038

Cardiovascular risk score 1.03 (1.00–1.05) 0.046 1.01 (0.98 – 1.05) 0.374

CACS* 1.2 (1.10–1.3) <0.001 0.93 (0.74 – 1.16) 0.493

Obstructive disease 3.02 (1.60–5.8) <0.001 1.09 (0.47 – 2.52) 0.835

High-risk plaque features (≥1) 3.12 (1.60–6.06) <0.001 0.95 (0.41–2.19) 0.901

PCAT-RCA volume
§ 1.082 (0.77–1.52) 0.654 1.00 (0.99–1.00) 0.615

#
Multivariable analysis includes the individual quantitative plaque measure, Agatston calcium score, obstructive disease and cardiovascular risk 

score. Full model results are presented in Table i in the Supplemental Appendix. Multivariable analysis of cardiovascular risk score, CACS, 
obstructive disease, presence of high-risk plaque features and adipose tissue volume (PCAT-RCA volume) includes all different types of plaque 
burden.

*
Per doubling.

§
Per 1 standard deviation increment in PCAT attenuation.

HR, hazard ratio; CI, confidence interval; NCP, non-calcified plaque; LAP, low-attenuation plaque; CP, calcified plaque; PCAT-RCA, pericoronary 
adipose tissue attenuation of the right coronary artery; CACS, coronary artery calcium score.
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