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See the editorial comment for this article ‘Eat, stress, inflame: examining the link between chronic stress, coronary inflammation 
and plaque’, by N.N. Mannakkara and J.R. Weir-McCall, https://doi.org/10.1093/ehjci/jeaf223.

Aims Pericoronary adipose tissue (PCAT) attenuation is a novel imaging biomarker of coronary inflammation associated with an 
increased risk of coronary artery disease (CAD). However, no studies have examined the relationship between chronic 
stress and PCAT. This study aimed to evaluate the intersection between chronic stress, inflammatory biomarkers, coronary 
plaque features, and PCAT attenuation.

Methods 
and results

A total of 98 participants without known CAD were included. PCAT attenuation, total plaque volume (TPV) quantification, 
and vulnerable plaque features were assessed by coronary CT angiography and chronic stress was measured by hair cortisol 
concentration (HCC) and vital exhaustion questionnaire. Regression models were used to analyse associations of PCAT 
with the inflammatory biomarkers interleukin-6 (IL-6) and tumour necrosis factor-α (TNF-α), TPV, vulnerable plaque fea
tures, and coronary stenosis. Moderating analyses were performed to test whether chronic stress modulated the association 
between inflammatory biomarkers and PCAT attenuation. PCAT attenuation was significantly associated with IL-6 (mean 
difference 1.05, 95% CI 0.21–1.89, P = 0.014), TNF-α (mean difference 0.60, 95% CI 0.06–1.13, P = 0.027), and a greater 
TPV (mean difference 3.51, 95% CI 0.02–7.00, P = 0.048), but not vulnerable plaque features or coronary stenosis. HCC 
(interaction term −0.12, 95% CI −0.22 to −0.02, P = 0.019) and vital exhaustion (interaction term 0.13, 95% CI 0.01– 
0.25, P = 0.024) moderated the relationship between IL-6, but not TNF-α, and PCAT attenuation.

Conclusion This study suggests that circulating inflammatory biomarkers are associated with PCAT attenuation, which was further cor
related with TPV. Chronic stress may moderate the relationship between inflammatory cytokines and PCAT attenuation.
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Introduction
Coronary artery disease (CAD) has been shown to be the leading cause 
of death worldwide. Although the prognosis of patients suffering from 
CAD could be substantially improved through preventive and thera
peutic measures over the last decades, the risk of developing CAD re
mains high. This is mainly due to the major risk factors associated with 
CAD, such as smoking, diabetes, dyslipidaemia, or arterial hypertension.1

On a pathophysiological level, endothelial injury, abnormal lipid me
tabolism, and haemodynamic damage together with flow-mediated in
flammatory changes in the endothelium are the main contributors to 
atherosclerosis development.2 Atherosclerosis as a main feature of 
CAD is inflammatory in nature, progressive and finally leads to plaque 
formation in vessels via complex pathophysiological pathways. In fact, 
circulating levels of inflammatory cytokines, such as tumour necrosis 
factor-α (TNF-α) and interleukin-6 (IL-6), are associated with CAD 
risk independent of conventional risk factors.3

Several studies suggested that the pericoronary adipose tissue 
(PCAT) may be linked to the coronary artery wall by regulating vascular 
biology via paracrine cross-talk signals and thus may play a pivotal role in 

the development of CAD.4 The phenotypic changes in PCAT can be 
traced by coronary computed tomography angiography (CCTA), as 
measured by the PCAT attenuation. Recently, PCAT attenuation has 
been proposed as a novel imaging biomarker of coronary inflamma
tion.5 Indeed, an elevated PCAT attenuation was indicative of CAD, as
sociated with vulnerable plaque features and stenosis severity, and a 
higher risk of cardiac death.5–7

Chronic emotional stress has been found to promote systemic in
flammation and endothelial dysfunction.8 Vital exhaustion has been sug
gested as a state of excessive psychophysical fatigue and is considered a 
form of adaptation to prolonged distress.9,10 Prior studies indicated 
that vital exhaustion may be linked to an increased risk of cardiovascular 
disease,10 augmented lipid metabolism,11 and higher levels of inflamma
tory cytokines.12 Another recent study suggested that hair cortisol con
centration (HCC), a biological marker of chronic stress exposure, may 
be a significant predictor of coronary atherosclerosis.13 This raises the 
question whether chronic stress may influence the PCAT and its dens
ity, the PCAT attenuation. Of note, there has been so far no study that 
examined the association of chronic stress with the PCAT, despite the 
potential clinical implications.
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Thus, our interests were three-fold: first, we evaluated the associ
ation between pro-inflammatory cytokines, chronic stress, and the 
PCAT attenuation in patients with suspected CAD. A second aim 
was to analyse the potential repercussions of an elevated PCAT attenu
ation, such as coronary stenosis, total plaque volume (TPV), or vulner
able plaque features. Third, as chronic stress facilitates systemic 
inflammation,8 we aimed to assess the moderating effects of HCC 
and vital exhaustion on PCAT attenuation, plaque burden, and 
pro-inflammatory cytokines.

Methods
Setting and sample
We retrospectively analysed data from a prospective study cohort, includ
ing 98 patients without known CAD and with a very low to moderate pre- 
test probability (PTP) of CAD. These were referred by their treating phy
sicians for a CCTA at the Department of Nuclear Medicine, University 
Hospital Zurich, between January 2020 and December 2023 to exclude 
CAD. Inclusion criteria were age ≥ 18 years, written informed consent 
and sufficient German language skills. Patients were excluded if they had a 
history of coronary artery stenting, coronary artery bypass grafting, or an 
implanted cardiac device. Additionally, patients with diabetes and those 
who had a history of smoking within the past five years were excluded. 
The study was approved by the Cantonal Ethics Committee of Zurich 
(BASEC no. 2019–00251, and BASEC no. 2023-00935).

Measurements
CAD risk factors and PTP of CAD
Besides sociodemographic variables, such as age and sex, we assessed risk fac
tors of CAD: dyslipidaemia and arterial hypertension (diagnoses were obtained 
from the patients’ medical records). A positive family history of heart disease 
was defined as a diagnosis of cardiovascular disease in a first-rank male relative 
under the age of 55, and in a first-rank female relative under the age of 65. 
Smoking status was declared by the patient and verified on the day of their 
CCTA scan. Furthermore, present medication was documented.

The European Society of Cardiology (ESC) guidelines of 2024 had been 
applied to determine PTP of CAD.14,15 57 (58.2%) of our participants ful
filled criteria for very low (≤5%), 26 (26.5%) for low (>5–15%), and 15 
(15.3%) for moderate (>15–50%) PTP. The indication for CCTA was de
termined by the referring physicians based on previous tests, such as resting 
or exercise electrocardiogram (ECG), resting echocardiography, or due to 
limiting symptoms including typical and atypical angina pectoris, palpitations, 
or dyspnoea.14,15

Quantitative analysis of HCC, IL-6, and TNF-α
Hair samples were collected from the back of each participant’s head. To as
sess the direction of hair growth, each hair sample was aligned, tied with 
thread, and secured with tape at the scalp end. Consequently, hair samples 
were washed, cut into snippets, and extracted for 4 h in 1 mL methanol in 
the ultrasonic bath. Afterwards, a fully automated supported liquid extrac
tion with ethyl acetate on a Biotage Extrahera (Uppsala, Sweden) worksta
tion was performed. A liquid chromatography-tandem mass spectrometry 
method was used for the quantification of cortisol. Concentrations were cal
culated in pg/mg using the Sciex OS software (version 3.3, Sciex, Germany). 
This method has been fully validated according to international guidelines 
and provides information on systemic cortisol exposure over the past 
months.16 Laboratory chemical analysis of IL-6 (ng/L) and TNF-α (pg/mL) 
was conducted according to standard clinical practice.

Maastricht vital exhaustion questionnaire short version
To assess vital exhaustion on the day of the CCTA, the short version of the 
Maastricht Vital Exhaustion Questionnaire (MVEQ) was used.9 It consists of 

nine items which are self-rated with 0 (no), 1 (do not know), or 2 (yes), re
sulting in a total score ranging between 0 and 18 points. Higher scores in
dicate greater levels of vital exhaustion.

CCTA protocol
All patients underwent a CCTA scan on a 256-slice CT scanner (CT 
Revolution, GE Healthcare, Waukesha, WI, USA) with prospective ECG 
triggering.17 The standard protocol included intravenous metoprolol 
(Beloc Zok, AstraZeneca, London, UK) application if the heart rate was  
> 65 beats per minute, unless contraindicated. All patients received a 
2.5 mg sub-lingual dose of isosorbide dinitrate (Isoket, Schwarz Pharma, 
Monheim, Germany) 3–5 min before image acquisition. Tube voltage 
(100–120 kilovolt peak), the tube current (180–550 milliampere) as well 
as contrast agent volume (Visipaque 320, 320 mg J/mL, GE Healthcare) 
were adapted to body mass index as previously described.18

CCTA plaque analysis
CCTA scans were analysed by readers with several years of experience in 
cardiac imaging, using semi-automated plaque analysis software (QAngio 
CT, Research Edition, Version 3.2.14.4, Medis Medical Imaging Systems, 
Leiden, The Netherlands). Readers were blinded to sociodemographic 
and clinical characteristics of the participants. Stenosis severity of the cor
onary arteries was assessed in multi-planar reformatted images recon
structed in short-axis and long-axis view. The presence of CAD was 
defined as obstructive (at least 50% stenosis) and non-obstructive CAD ac
cording to the Coronary Artery Disease-Reporting and Data System 
(CAD-RADS).19 Coronary plaques were visually categorized into non- 
calcified or calcified plaques. Automated contouring of the inner lumen 
and outer wall of each vessel was conducted, and manual adjustments 
were applied whenever clear deviations were detected. TPV (both calcified 
and non-calcified plaques) was determined by subtracting the inner lumen 
volume from the volume comprising the whole vessel, including the outer 
wall (Figure 1).

Plaque morphology was described using the following high risk plaque 
features as previously defined20: positive remodelling, low attenuation pla
que, spotty calcification, and the napkin-ring sign.

PCAT attenuation analysis
The PCAT was defined as the tissue moving radially outward from the out
er vessel wall, and analysed with an established software (see section ‘CCTA 
plaque analysis’). Our investigation focused on the proximal 10–50 mm of 
the right coronary artery (RCA), as did previous studies.4,5 To avoid aortic 
wall interference, we excluded 10 mm from the RCA ostium.4,5 All voxels 
with values between −190 and −30 Hounsfield units (HU) were identified 
as PCAT. The PCAT attenuation was determined by averaging the HU va
lues of the PCAT, which is located within a radial distance from the outer 
vessel wall equal to the average diameter of the respective vessel 
(Figure 1).4,5

Statistical procedures
IBM SPSS Statistics for Windows, Version 29 (Armonk, NY: IBM Corp) was 
used for statistical analysis. Mean values, standard deviation, and relative and 
absolute distributions were calculated to describe patient characteristics. A 
one-way ANOVA was used to compare normally distributed continuous 
variables and boxplot values, and a χ2 or Fisher’s exact test to compare cat
egorical variables. To investigate associations between pro-inflammatory 
cytokines (IL-6 and TNF-α) as independent variables and the PCAT attenu
ation as dependent variable, we conducted a multi-variable linear regression 
analysis. Another multi-variable linear regression analysis was applied to ex
plore potential clinical sequelae of an elevated PCAT attenuation as inde
pendent variable and the TPV, calcified plaque volume, or the total 
number of vulnerable plaque features as dependent variables. An ordinal lo
gistic regression model was performed to examine associations of the 
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PCAT attenuation as independent variable with the presence of CAD (no 
CAD, non-obstructive CAD, and obstructive CAD) as dependent variable. 
At last, we applied the PROCESS regression path analysis modelling tool 
for SPSS to test moderating synergistic effects of chronic stress (HCC in 
pg/mg or short version of the MVEQ total score) on pro-inflammatory cyto
kines (IL-6 or TNF-α) as independent and the PCAT attenuation as depend
ent variable, and, in a second step, on the PCAT attenuation as independent 
and the TPV as dependent variable. All models were adjusted for age, sex, ar
terial hypertension, dyslipidaemia, past smoking (never vs. smoking history 
more than 5 years ago), a positive family history of heart disease, and also 
for chronic stress (HCC and vital exhaustion total score). Collinearity statis
tics did not demonstrate any issues of multi-collinearity, unless otherwise 
noted. Significance level (two-sided P-value) was set at P < 0.05.

Results
Sample
Sociodemographic and clinical characteristics of the study sample are 
illustrated in Table 1. Participants with obstructive CAD and non- 
obstructive CAD were significantly older and more frequently had ar
terial hypertension compared with those without CAD. Males had a 
significantly higher prevalence of obstructive CAD than women. The 
TPV and the calcified plaque volume, as well as positive remodelling, 
napkin-ring signs, spotty calcifications, and the number of high risk pla
que features were significantly higher in participants with obstructive 
CAD compared with those with non-obstructive CAD and those with
out CAD. The remaining variables did not differ significantly.

On the day of the examination, 30 participants (30.6%) were receiv
ing Angiotensin-converting enzyme (ACE) inhibitors or Angiotensin II 

receptor blockers (ARB), 11 (11.2%) were on antiplatelet treatment 
such as acetylsalicylic acid, and 17 (17.3%) were taking statins.

Associations between IL-6, TNF-α, PCAT 
attenuation, and chronic stress
In Table 2, the results of the multi-variable linear regression analyses ex
ploring associations of IL-6 and TNF-α, as well as chronic stress, with 
the PCAT attenuation are demonstrated. The pro-inflammatory cyto
kines (IL-6 and TNF-α) were analysed separately due to collinearity. 
Participants with higher IL-6 and TNF-α values were more likely to 
show an elevated PCAT attenuation of the RCA. However, chronic 
stress did not indicate any direct effect on the PCAT attenuation. 
Figure 2 illustrates differences between IL-6 or TNF-α groups categor
ized into percentiles and the PCAT attenuation. The ≥95th percentile 
IL-6 group demonstrated significantly higher PCAT attenuation values 
when compared with each of the other IL-6 groups (P = 0.004). 
Furthermore, the ≥95th percentile TNF-α group had significantly high
er PCAT attenuation values than the 10th (P = 0.027) and 11th to 75th 
percentile group (P = 0.035). Another multi-variable linear regression 
analysis tested effects of medication on the PCAT attenuation, but 
did not identify significant associations (see Supplementary data 
online, Table S1).

Associations between PCAT attenuation, 
chronic stress, CAD, plaque volume, and 
morphology
A separate multi-variable linear regression analysis was applied, using 
the TPV as dependent, and the PCAT attenuation of the RCA as the 

Figure 1 Coronary computed tomography angiography (CCTA) analysis. (A) CCTA reconstruction and demonstration of the right coronary artery 
(RCA, rectangle). (B and C ) The proximal 10-50 mm of the RCA were analysed, shown here in a curved multi-planar reconstruction (B) and axial section 
(C ) with visualization of pericoronary adipose tissue (PCAT) attenuation in the corresponding colour map (−190 to −30 Hounsfield units). (C and D) 
Highlight the contour of the inner lumen and outer vessel wall. Total plaque volume (TPV) was defined as volume between the two lines. D illustrates a 
calcified plaque.
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independent variable. An increased PCAT attenuation was significantly 
associated with a greater TPV [mean difference 3.51, 95% confidence 
interval (CI) 0.02 to 7.00, P = 0.048]. Yet, there were no significant dir
ect effects of chronic stress (HCC: mean difference −0.12, 95% CI 
−5.13 to 4.89, P = 0.962; vital exhaustion: mean difference 5.43, 95% 
CI −1.49 to 12.35, P = 0.122) on TPV. Moreover, there was no signifi
cant association between the calcified plaque volume as dependent, and 

the PCAT attenuation as the independent variable (mean difference 
1.73, 95% CI −0.13 to 3.60, P = 0.068).

The number of high risk plaque features as a dependent variable did 
not indicate any significant associations with the PCAT attenuation 
(mean difference 0.01, 95% CI −0.02 to 0.04, P = 0.429), or chronic 
stress (HCC: mean difference 0.03, 95% CI −0.01 to 0.07, P = 0.209; 
vital exhaustion: mean difference 0.04, 95% CI −0.01 to 0.10, P =  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Overview of the study sample

Total sample  
(n = 98)

Obstructive  
CAD (n = 22)

Non-obstructive  
CAD (n = 22)

No CAD  
(n = 54)

P-value  
(P < 0.05)

Male Sex, n (%) 54 (55.1) 18 (81.8) 14 (63.6) 22 (40.7) 0.003

Age (y), mean (SD) 57.9 (11.8) 66.0 (11.3) 61.3 (9.9) 53.2 (10.4) <0.001

Dyslipidaemia, n (%) 31 (31.6) 7 (31.8) 8 (36.4) 16 (29.6) 0.849

Arterial hypertension, n (%) 34 (34.7) 12 (54.5) 11 (50.0) 11 (20.4) 0.004

Family history of cardiac disease, n (%) 31 (31.6) 6 (27.3) 7 (31.8) 18 (33.3) 0.875

Past smoker, n (%) 27 (27.6) 8 (36.4) 5 (22.7) 14 (25.9) 0.553

PCAT attenuation RCA (HU), mean (SD) −80.5 (9.0) −77.4 (9.9) −81.3 (6.1) −81.4 (9.5) 0.195

TPV (mm3), mean (SD) 74.0 (180.8) 280.4 (294.6) 39.9 (63.5) 3.2 (7.5) <0.001

Calcified plaque volume (mm3), mean (SD) 37.0 (96.3) 144.8 (157.5) 16.3 (35.9) 0.5 (2.1) <0.001

Positive remodelling, n (%) 26 (26.5) 19 (86.3) 7 (31.8) 0 (0) <0.001

Low attenuation plaque, n (%) 0 (0) 0 (0) 0 (0) 0 (0) /

Napkin-ring sign, n (%) 5 (5.1) 5 (22.7) 0 (0) 0 (0) <0.001

Spotty calcifications, n (%) 9 (9.2) 7 (31.8) 2 (9.1) 0 (0) <0.001

Number of high risk plaque features, mean (SD) 0.8 (1.5) 3.1 (1.9) 0.3 (0.5) 0 (0) <0.001

IL-6 (ng/L), mean (SD) 2.1 (2.3) 2.7 (3.0) 1.8 (1.1) 2.0 (2.4) 0.501

TNF-α (pg/mL), mean (SD) 7.2 (3.6) 7.5 (2.8) 7.3 (1.7) 7.1 (4.4) 0.909

HCC (pg/mg), mean (SD) 6.7 (6.5) 6.9 (6.5) 7.4 (7.1) 6.3 (6.4) 0.769

Vital exhaustion (MVEQ total score), mean (SD) 5.9 (5.0) 6.0 (4.9) 5.7 (4.6) 5.8 (5.2) 0.979

n, number; y, years; SD, standard deviation; PCAT, pericoronary adipose tissue; RCA, right coronary artery; HU, Hounsfield units; TPV, total plaque volume; CAD, coronary artery 
disease; IL-6, interleukin-6; TNF-α, tumour necrosis factor-α; HCC, hair cortisol concentration; MVEQ, Maastricht vital exhaustion questionnaire. Significant P-values are marked bold.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Multi-variable linear regression for the PCAT attenuation as dependent variable

Model I Model II

Variables Mean difference (95% CI) P-value Mean difference (95% CI) P-value

Male sex 1.94 (−1.90 to 5.78) 0.319 2.02 (−1.84 to 5.89) 0.301

Age 0.01 (−0.14 to 0.18) 0.846 0.05 (−0.11 to 0.22) 0.510

Dyslipidaemia 1.79 (−2.41 to 6.00) 0.398 1.37 (−2.80 to 5.55) 0.514

Arterial hypertension −0.28 (−4.39 to 3.83) 0.893 −0.42 (−4.62 to 3.76) 0.840

Family history of cardiac disease −3.69 (−7.82 to 0.42) 0.078 −3.40 (−7.52 to 0.72) 0.105

Past smoker 1.86 (−2.20 to 5.93) 0.366 0.94 (−3.11 to 5.01) 0.644

HCC (pg/mg) −0.10 (−0.39 to 0.17) 0.452 −0.12 (−0.40 to 0.16) 0.406

Vital exhaustion (MVEQ total score) 0.13 (−0.25 to 0.52) 0.489 0.17 (−0.21 to 0.57) 0.371

IL-6 (ng/L) 1.05 (0.21 to 1.89) 0.014

TNF-α (pg/mL) 0.60 (0.06 to 1.13) 0.027

CI, confidence interval. Significant P-values are marked bold.
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0.167). Additionally, the PCAT attenuation was not linked to positive 
remodelling in CCTA as dependent variable (mean difference 0.01, 
95% CI −0.01 to 0.04, P = 0.393).

An ordinary logistic regression analysis examining associations be
tween the PCAT attenuation as independent and the presence of 
CAD as dependent variable did not reach statistical significance [odds 
ratio (OR) 1.03, 95% CI 0.97 to 1.09, P = 0.300]. Chronic stress as an
other independent variable did also not suggest any significant associ
ation with the presence of CAD (HCC: OR 1.06, 95% CI 0.98 to 
1.14, P = 0.115; vital exhaustion: OR 1.09, 95% CI 0.97 to 1.21, P =  
0.123).

Moderation effects of chronic stress on 
IL-6, TNF-α, and the PCAT attenuation
A moderation analysis suggested significant effect sizes of HCC as mod
erator with synergistic effects on IL-6 and the PCAT attenuation 
(Table 3 and Figure 3). The model was statistically significant and ex
plained a variance of 20% (P = 0.003, adjusted R2 = 0.20). In contrast, 
HCC did not moderate the relationship between TNF-α and the 
PCAT attenuation. Greater vital exhaustion, as measured by the 
MVEQ score, had a significant synergistic effect on IL-6 as independent 
and the PCAT attenuation as dependent variable (Table 3; model sum
mary: P = 0.004, adjusted R2 = 0.20). However, there was no significant 

Figure 2 Boxplots of IL-6 and TNF-α groups regarding PCAT attenuation. (A) Boxplots illustrating PCAT attenuation by different Interleukin-6 (IL-6) 
groups categorized into <10th (≤1 ng/L), 11th to 75th (>1–2.45 ng/L), 76th to 94th (>2.45–5.4 ng/L), and ≥95th percentile (>5.4 ng/L). (B) Boxplots 
illustrating PCAT attenuation by different tumour necrosis factor-α (TNF-α) groups categorized into <10th (≤3.9 pg/mL), 11th to 75th (>3.9–8.1 pg/ 
mL), 76th to 94th (>8.1–12.1 pg/mL), and ≥95th percentile (>12.1 pg/mL). Asterisks show significant differences when compared with the ≥95th 
percentile.
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moderation effect of vital exhaustion on TNF-α and the PCAT attenu
ation. In a second moderation analysis that explored moderation effects 
of chronic stress on the PCAT attenuation and TPV, no significant inter
action terms could be identified (Table 3).

Discussion
In this cross-sectional study, higher circulating levels of the 
pro-inflammatory cytokines IL-6 and TNF-α were significantly linked 
to an elevated PCAT attenuation of the RCA in patients without known 
CAD. Furthermore, an increased PCAT attenuation was associated 
with a greater TPV. Interestingly, chronic stress, as assessed by hair cor
tisol concentration and vital exhaustion, demonstrated synergistic 
moderating effects on IL-6 and the PCAT attenuation.

The identified relationship between IL-6, TNF-α, and the PCAT at
tenuation confirms previous findings.4 Cytokines expressed from ath
erosclerotic plaques or by the inflamed vascular wall could lead to 
adipocyte dedifferentiation and further secretion of chemokines in 
PCAT, and consequently an accelerated development of perivascular 
inflammation.21 On the other hand, the PCAT may release 
pro-inflammatory cytokines, including IL-6 and TNF-α, in response to 
pre-hypertensive increases in blood pressure. Then, these cytokines 
cause vascular dysfunction and stiffness, as well as oxidative stress, all 
of which are pivotal in the development of atherosclerosis and 
CAD.22 Additionally, the observation of a greater TPV in patients 
with an elevated PCAT attenuation had also been suggested by past 
studies, in which the PCAT attenuation predicted the degree of sten
osis of the coronary arteries, and even an increased risk of cardiac 

death.5,6 In contrast to these findings, the present study did not demon
strate significant associations of an elevated PCAT attenuation with the 
presence of obstructive CAD or vulnerable plaque features. The cur
rent findings suggest that inflammation-related changes in PCAT may 
precede overt obstructive CAD, highlighting their potential role in early 
disease stages, particularly in this study with relatively healthy 
participants.

A novel finding of this study is the moderating effect of chronic stress 
on the PCAT attenuation and its associated pro-inflammatory cytokine 
IL-6. This is in line with results of other studies that suggested a relation
ship between HCC or vital exhaustion and coronary atherosclerosis, 
cardiovascular disease, augmented lipid metabolism, and increased le
vels of cytokines.10–13 It is known that chronic stress leads to the acti
vation of the hypothalamus-pituitary-adrenal axis and consequently to 
raised concentrations of cortisol.13 Then, the persistent exposure to 
cortisol may result in glucocorticoid resistance, a reduced capability 
of cortisol to inhibit pro-inflammatory cytokine production and to in
duce anti-inflammatory cytokine expression.23 Finally, the excessive se
cretion of cortisol that leads to a pro-inflammatory state may initiate 
the development of cardiovascular disease risk factors and accelerate 
the advancement of atherosclerotic plaques.24 Moreover, a recent 
study revealed that stress-related neural activity assessed by amygdalar 
activity may be significantly correlated with PCAT attenuation and high 
risk plaque features in patients with CAD.25 This aligns with our find
ings, highlighting the critical pathway linking stress to inflammation 
and PCAT attenuation. Yet, it remains unclear why chronic stress de
monstrated significant moderating effects on PCAT attenuation and 
IL-6, but not TNF-α. This might be explained by the relatively small sam
ple size. A previous study that investigated the relationship of PCAT 

Figure 3 Moderation model. Effects of chronic stress on IL-6 and the PCAT attenuation. IL-6 was the independent variable, the PCAT attenuation 
the dependent variable, and hair cortisol concentration (pg/mg) or vital exhaustion the moderator.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 3 Interaction terms for chronic stress on IL-6, TNF-α, the PCAT attenuation, and TPV

Model I

Variables Interaction term (95% CI) P-value

HCC × IL-6 -> PCAT attenuation −0.12 (−0.22 to −0.02) 0.019

HCC × TNF-α -> PCAT attenuation −0.05 (−0.15 to 0.04) 0.272

Vital exhaustion × IL-6 -> PCAT attenuation 0.13 (0.01 to 0.25) 0.024

Vital exhaustion × TNF-α -> PCAT attenuation 0.06 (−0.03 to 0.16) 0.197

HCC × PCAT attenuation -> TPV −0.43 (−1.21 to 0.35) 0.277

Vital exhaustion × PCAT attenuation -> TPV 0.53 (−0.67 to 1.73) 0.382

CI, confidence interval. Significant P-values are marked bold.
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attenuation with serum levels of inflammatory markers concluded that 
circulating biomarkers, such as IL-6 and TNF-α, might be useful in de
tecting systemic and coronary inflammation. However, its serum le
vels might be often influenced by other systemic or non-cardiac 
infections.26 This could be a possible confounder, and it is still not 
known how chronic stress interacts with IL-6 and TNF-α, and 
PCAT attenuation.

It is well known that vascular inflammation drives atherogenesis and 
can trigger acute coronary syndromes, even in the absence of obstruct
ive CAD. Identifying and treating patients with inflamed coronary arter
ies, with or without atherosclerotic plaques, particularly in the absence 
of obstructive CAD, presents a major unmet need in preventive medi
cine. The PCAT attenuation may provide a useful estimate of coronary 
artery inflammation. This approach may transform CCTA from a test 
to triage patients with obstructive CAD to further intervention into 
a prevention tool that guides management for all patients undergoing 
CCTA. Our finding of significant moderating effects of chronic stress 
on pro-inflammatory cytokines and PCAT, but not on TPV, might em
phasize the need to also target coronary inflammation and not only cor
onary atherosclerosis. Evidence from clinical trials suggests that 
anti-inflammatory treatments, such as statins, colchicine, or 
anti-interleukin-1β reduce cardiovascular events. Given the potential 
unwanted actions of anti-inflammatory treatments, targeting treat
ments specifically to patients with coronary artery inflammation could 
improve the allocation of the anti-inflammatory treatments more pre
cisely than systemic markers, such as C-reactive protein assays.27 In our 
study, use of ACE inhibitors/ARB, antiplatelet treatment, or statins, did 
not indicate any association with PCAT attenuation. Yet, this medica
tion was not applied to treat coronary inflammation, and thus, further 
studies are warranted to elucidate this question.

Among our 98 participants, only 22 subjects showed signs of an ob
structive CAD. Thus, the PCAT attenuation may have an additional va
lue in subjects without (obstructive) CAD, suggesting in this case a 
potential effective primary prevention of CAD based on anti- 
inflammatory agents and stress reduction. These results may be even 
more intriguing when bearing in mind the current ESC guidelines for 
the management of chronic coronary syndromes of 2024,15 when in 
patients with a very low PTP of <5% any further diagnostic testing 
should be usually deferred.

This study has several limitations. First, it was cross-sectional and lon
gitudinal studies are needed to infer statements of causality. Second, 
this study was conducted at a single centre, which may restrict gener
alizability. Furthermore, mostly participants with a very low to low PTP 
of CAD were included, and thus patients with more severe levels of in
flammation may have been excluded from the present study. This could 
also explain why, rather, participants with highest levels of IL-6 and 
TNF-α demonstrated an elevated PCAT, and why overall IL-6 and 
TNF-α levels were relatively low. Yet, this might lead to a certain bias 
in our findings, which should be taken into account. Additionally, this 
study considered the PCAT attenuation of the RCA, as did many other 
studies, since the analysis in that vessel is technically more robust.4,5

However, future studies should strive to include the other coronary ar
teries. Moreover, ideally the TPV should be indexed to the lumen vol
ume to reduce the impact of sex and body size on the plaque volume, 
which is another limitation of this study.

Conclusion
The current study confirms the PCAT attenuation as novel inflamma
tory imaging biomarker, which seems to be correlated with 
pro-inflammatory cytokines and TPV, and moderated by chronic stress. 
These findings may imply that PCAT attenuation presents a modifiable 
risk parameter for the development of atherosclerotic plaques and car
diovascular disease. PCAT attenuation could be used as a specific 

marker of vascular inflammation to test the effects of novel therapeu
tics and psychosocial interventions.

Supplementary data
Supplementary data are available at European Heart Journal - 
Cardiovascular Imaging online.
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