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ABSTRACT

The aim of this study was to demonstrate that the transluminal contrast attenuation gradient 
(TAG), a new CT imaging-derived marker of functional significance of a coronary stenosis, is 
directly associated with the vulnerability degree of atheromatous coronary plaques. Material 
and methods: This is a prospective study on 21 patients with 30 atheromatous plaques in the 
coronary arteries, who underwent cardiac computed tomography angiography (CCTA) for as-
sessment of coronary plaques. Results: Twelve plaques were classified as vulnerable (40%) 
and 18 plaques (60%) as non-vulnerable. Plaques associated with a TAG value above 10 HU 
exhibited in a significantly higher proportion CCTA markers of plaque vulnerability, as com-
pared to plaques in which the attenuation gradient was below 10 HU. TAG values >10 HU were 
associated with a higher amount of plaque volume (107.4 ± 91.2 mm3 vs. 56.0 ± 37.5 mm3, p 
= 0.009), necrotic core (32.5 ± 36.9 mm3 vs. 3.1 ± 3.2 mm3, p = 0.0003), and fibro-fatty tis-
sue (17.7 ± 16.3 mm3 vs. 4.0 ± 2.6 mm3, p = 0.0002), as compared to those lesions with TAG 
values below 10 HU. Linear regression analysis revealed a significant correlation between TAG 
values and CCTA features of plaque instability: necrotic core (r = −0.73, p <0.0001), fibro-
fatty tissue (r = −0.63, p = 0.0002), and plaque volume (r = −0.48, p = 0.006). Conclusions: 
In patients with coronary artery disease, contrast attenuation gradient along the coronary 
plaques, determined by CCTA, correlates with CT markers of plaque vulnerability. Vulnerable 
coronary plaques are associated with a higher functional significance than the stable ones 
with a similar anatomic profile.
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INTRODUCTION

Despite of recent advances in the field of cardiovascular 
prevention and rehabilitation, coronary artery disease 
continues to be associated with high mortality and mor-
bidity rates.1,2 Coronary atherosclerosis remains one of the 
most devastating diseases in the current ages, and its most 
severe form is represented by acute coronary syndromes 
(ACS), which are responsible for an increased number of 
deaths worldwide.1 The mortality of patients with acute 
myocardial infarction can reach 20% in the absence of ap-
propriate reperfusion treatment.2

According to the current definitions, the main forms of 
ACS are represented by unstable angina, acute myocardial 
infarction with ST-segment elevation, and acute myo-
cardial infarction without ST-segment elevation.3 Despite 
the differences in the clinical presentation of these three 
forms, the common substrate that triggers the acute coro-
nary event in all of them is represented by the presence 
of a vulnerable atheromatous plaque inside the coronary 
artery.4 

The concept of plaque vulnerability has been introduced 
in the literature in the last decades, describing an athero-
matous coronary plaque which is exposed to a higher risk 
of rupture, leading to coronary occlusion and myocardial 
infarction.5 Many studies tried to explain the complex 
process of plaque vulnerabilization and to characterize the 
features associated with coronary plaque vulnerability, in 
an attempt to identify imaging-derived biomarkers that 
could predict a future coronary event.6,7 

Imaging studies based on cardiac computed tomog-
raphy angiography (CCTA) identified several CT features 
that have been validated as relevant markers of plaque 
vulnerability.8,9 Some of them are related to plaque com-
position, such as the amount of necrotic core, the plaque 
burden, the amount of low-density plaque with a CT den-
sity below 30 Hounsfield Units (HU), or the presence of 
spotty calcifications inside the plaque.10 Other features are 
related to morphological characteristics of the diseased 
vessel, such as the extent of positive remodeling at the 
site of the atherosclerotic lesion.11 However, there are very 
limited data published so far related to the perturbation of 
coronary flow at the site of vulnerable plaques and their 
potential role in plaque vulnerabilization.12 

When evaluating a coronary artery stenosis, another 
important feature is represented by the functional signifi-
cance of the luminal narrowing.13 This feature is currently 
assessed with the help of invasive fractional flow reserve 
(FFR); however, alternative techniques have been sug-
gested to play a significant role in the assessment of func-

tional significance of a stenotic coronary lesion.14,15 The 
attenuation of contrast media along a coronary stenosis 
at CT examination has been proposed to serve as a reli-
able measure of the hemodynamic significance of a coro-
nary artery narrowing.16,17 However, there are no studies 
published so far to elucidate the correlation between the 
attenuation of contrast material along a coronary plaque 
and the vulnerability of the plaque. 

The aim of this study was to demonstrate that a new 
CT imaging-derived marker of functional significance of 
a coronary stenosis, represented by the transluminal con-
trast attenuation gradient (TAG) along the coronary ste-
nosis, is directly associated with the vulnerability degree 
of atheromatous coronary plaques in patients with coro-
nary artery disease. At the same time, this study aimed 
to demonstrate the correlation between TAG and other CT 
imaging-derived vulnerability markers present at the site 
of the vulnerable coronary lesions. 

Material and Methods

This is a prospective study on 21 patients with coronary 
artery disease, in whom CCTA was performed for assess-
ment of 30 coronary plaques identified along the entire 
coronary tree. 

The clinical presentation was stable angina, unstable 
angina, or non-ST-segment elevation acute myocardi-
al infarction, while patients with ST-segment elevation 
acute myocardial infarction, hemodynamic instability, 
or renal failure have been excluded from the study. Beta-
blocker administration was used prior to CCTA examina-
tion with dose adjustment in order to achieve a sufficient-
ly low heart rate to allow a good quality examination, with 
the threshold set at 60/min. An intravenous line was used 
for systemic injection of contrast material at a flow rate 
of 6.1 mL/s, followed by a 150 mL saline flush at the same 
flow rate.

A Siemens Somatom 128-slice CT equipment (Siemens, 
Erlangen, Germany) was used for image acquisition and 
reconstruction. In total, 30 coronary lesions have been 
identified in the 21 patients and were analyzed using a 
dedicated software for quantification of plaque compo-
nents: QANgioCT RE software (Medis, Leiden, The Neth-
erlands), which allowed quantification of different plaque 
features such as lesion length, plaque volume, mean bur-
den of the atheromatous plaque, the volume of fibro-fatty 
and fibrotic tissue, necrotic core volume, dense calcium 
volume, % stenosis, and mean TAG along the lesion. 

TAG, expressed in HU, was defined as the drop in con-
trast density along the coronary stenosis, calculated as 
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the difference in contrast density between the segments 
located proximally and distally to the stenosis, using as 
reference points the point located 1 mm proximally to the 
plaque and the point located 1 mm distally to the lesion 
(Figure 1). The TAG ratio (TAGr) was defined as the ratio 
between the TAG value across the lesion and the entire 
length of the lesion and was expressed in HU/mm. 

The study protocol was approved by the ethics com-
mittee of the medical center where examinations and 
analyses were performed, and written informed con-
sent was obtained from each participant included in the 
study. All the study procedures have been carried out ac-
cording to the principles stipulated in the Declaration of 
Helsinki.

GraphPad InStat 3.0 software was used for statistical 
analysis, using Fisher’s exact test (or Student’s t-test for 
age) for comparison of patients and plaque characteristics 
between the groups. Continuous values were expressed as 
mean and standard deviation, and the Mann-Whitney test 
was used for determination of statistical significance in 
comparison between the groups. Statistical significance 
was considered for p values <0.05, and all p values were 
two-sided. 

Results

Clinical and demographic characteristics of the study 
population are presented in Table 1. No statistically signif-
icant differences were recorded between the study groups 
in respect to age, gender, and cardiovascular risk factors 
(hypertension, obesity, smoking status, dyslipidemia).

From the total of 30 plaques analyzed, 12 were classi-
fied as vulnerable (40%) and 18 (60%) as non-vulnerable, 
based on CCTA analysis of plaque features. 

CCTA analysis of plaque composition revealed that 
the following CCTA features were significantly higher in 
vulnerable plaques as compared to non-vulnerable ones: 
plaque volume (p = 0.1), mean plaque burden (p = 0.009), 
volume of fibro-fatty tissue (p = 0.009), volume of ne-
crotic core (p <0.0001). On the contrary, dense calcium 
volume (p = 0.05) was significantly larger in non-vul-
nerable coronary plaques as compared to vulnerable ones 
(Table 2).

The severity of coronary artery stenosis, as expressed 
by the degree of luminal narrowing, was not significant-
ly different between the two groups of plaques (55.3% ± 
12.5% in vulnerable ones and 64.12% ± 14.8% in non-vul-
nerable ones, p = 0.1). Similarly, the length of the lesion 
was not significantly different (p = 0.7), showing a simi-
lar anatomic pattern in the group of vulnerable and non-
vulnerable plaques. However, TAG and TAGr values across 
the vulnerable coronary plaques were significantly higher 
than those recorded along the non-vulnerable plaques 
(Figure 2). 

At the same time, plaques associated with a TAG value 
above 10 HU exhibited in a significantly higher propor-
tion CCTA markers of plaque vulnerability, as compared 
to plaques in which the attenuation gradient was below 
10 HU. TAG values >10 HU were associated with a high-
er amount of plaque volume (107.4 ± 91.2 mm3, 95% CI: 
56.9–157.9 vs. 56.0 ± 37.5 mm3, 95% CI: 35.2–76.9, p = 
0.009), necrotic core (32.5 ± 36.9 mm3, 95% CI: 12.1–53.0 
vs. 3.1 ± 3.2 mm3, 95% CI: 1.2–5.0, p = 0.0003), and fibro-
fatty tissue (17.7 ± 16.3 mm3, 95% CI: 8.6–26.7 vs. 4.0 ± 

TABLE 1.  Patient characteristics in the study group 

 n (%)

Age, years 60.1 ± 12.4

Gender, male 10 (47.6)

Hypertension 8 (38.1)

Hyperlipidemia 12 (57.1)

Obesity (BMI >25 kg/m2) 7 (33.3)

Smoker * 11 (52.3)

Diabetes 10 (47.6)

*past or present

FIGURE 1.  Software-based automated computing of a coronary 
plaque. A – reference markers for determination of transluminal 
attenuation gradient along the plaque (arrows); B – color coded 
representation of plaque components; C – plaque components 
computing based on contrast density inside the plaque.
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2.6 mm3, 95% CI: 2.5–5.5, p = 0.0002) as compared to 
the lesions with TAG values below 10 HU. However, mean 
plaque burden was not significantly different in lesions 
with high TAG values as compared to those with low TAG 
values (70.7 ± 6.8 mm3, 95% CI: 66.9–74.4 vs. 66.6 ± 8.9 
mm3, 95% CI: 61.6–70.9, p = 0.2) (Figure 3). 

Linear regression analysis revealed a significant corre-
lation between TAG values and CCTA features of plaque 
instability: necrotic core (r = −0.73, p <0.0001), fibro-fat-
ty tissue (r = −0.63, p = 0.0002), and plaque volume (r = 
−0.48, p = 0.006) (Figure 4), indicating that plaque vul-
nerability is associated with a more expressed decrease in 

contrast density along the lesion as compared with non-
vulnerable ones. 

Discussions

Assessment of the functional significance of a coronary 
artery stenosis produced by an atheromatous plaque has 
become possible in the last years with the help of the re-
cently introduced imaging technologies, such as FFR on 
invasive or noninvasive route.4 Invasive FFR represents 
today the gold standard for the assessment of hemody-
namic significance of a coronary lesion, while noninvasive 

TABLE 2.  Plaque characteristics in vulnerable vs. non-vulnerable plaques

Variable
Mean ± SD (95% CI)

Group 1  
Vulnerable plaques  

n = 12

Group 2 
Non-vulnerable plaques  

n = 18 

p value

Lesion length (mm) 6.3 ± 4.0 (3.7–8.9) 5.9 ± 2.0 (4.9–6.9) 0.7

% stenosis (%) 55.3 ± 12.5 (46.9–63.8) 64.1 ± 14.8 (56.7–71.5) 0.1

Mean plaque burden (%) 72.9 ± 7.2 (68.3–77.6) 65.2 ± 7.4 (61.5–68.9) 0.009

Plaque volume (mm3) 113.7 ± 103.8 (47.7–179.7) 60.4 ± 31.5 (44.7–76.1) 0.1

TAG (HU) -38.4 ± 32.4 (-59.0–17.8) 6.5 ± 4.3 (8.7–4.4) 0.0004

TAGr (HU/mm) -5.8 ± 4.3 (-8.6–3.1) -1.2 ± 0.8 (-1.6–0.8) <0.0001

Fibrotic tissue volume (mm3) 29.7 ± 30.7 (9.1–50.4) 21.3 ± 9.6 (16.5–26.1) 0.8

Fibrofatty tissue (mm3) 21.6 ± 17.3 (9.9–33.3) 4.6 ± 3.4 (2.9–6.3) 0.009

Calcium volume (mm3) 13.3 ± 22.0 (4.3–30.3) 33.2 ± 26.0 (19.8–46.6) 0.05

Necrotic core tissue (mm3) 43.7 ± 37.5 (18.5–68.9) 2.8 ± 1.8 (1.9–3.8) <0.0001

*TAG = transluminal attenuation gradient

FIGURE 2.  Morphologic and functional assessment of vulnerable versus non-vulnerable coronary plaques, 
as expressed by % stenosis, TAG, and TAGr 
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FFR assessment based on CCTA has been proposed as a 
promising alternative technique, able to replace the in-
vasive one for this purpose.4 At the same time, CCTA is 
currently validated as an extremely useful tool for the 
identification of vulnerable coronary plaques based on 
visualization and quantification of several biomarkers of 
vulnerability inside the plaque.8,9 

Determination of TAG by CCTA has been suggested in 
the last years as a faster and reliable alternative to both 
invasive and noninvasive FFR for assessing the functional 
significance of a coronary lesion, based on the concept 
that the more severe the luminal narrowing is, the higher 

drop in the contrast density along the coronary plaque will 
be recorded.18 

A recently published meta-analysis showed that in pa-
tients with coronary artery stenosis, TAG is an indepen-
dent predictor of major adverse cardiac events (MACE) 
and can serve as a long-term prognostic tool with a pre-
diction power higher than other clinical predictors or bio-
markers.18 In recent studies, TAG has shown its superi-
ority compared to invasive FFR in intermediate lesions, 
showing good sensitivity and specificity for discriminat-
ing between significant and non-significant plaques in the 
group of lesions with stenosis between 30% and 70%.15 

fIGURE 3. CCTA markers of plaque vulnerability in the group of plaques with TAG >10 HU versus TAG <10 HU

fIGURE 4. Correlation between gradual TAG values and CCTA markers of plaque vulnerability
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However, in the DISCOVER-FLOW and DeFACTO studies, 
TAG did not show superiority over CT-FFR in the evalua-
tion of stenosis degree.19 

The role of plaque vulnerability in determination of the 
functional severity of a stenosis is still unclear, and there 
are no studies published so far to demonstrate if vulnera-
ble plaques can cause a more severe ischemia as compared 
with the stable ones.20–23

As demonstrated in this study, CCTA can serve as a reli-
able imaging tool to provide anatomical, quantitative, and 
functional plaque assessment in a single step. A previous 
pilot study published by the authors demonstrated a good 
correlation between CCTA-derived TAG and vulnerability 
markers in the culprit lesions of patients with acute coro-
nary syndromes. 

In this study, we proved that the presence of vulner-
ability markers at the site of an atheromatous plaque 
is associated with higher TAG values, reflecting an in-
creased functional significance of vulnerable plaques.12 
As there were no statistically significant differences in 
lesion length or stenosis degree between the vulnerable 
and non-vulnerable lesions, the difference in TAG can 
be attributed only to the complex mechanisms related to 
plaque vulnerabilization. The complex local inflammatory 
mechanisms associated with vulnerable plaques can al-
ter the intracoronary hemodynamic forces, leading to an 
increased hemodynamic impact on the coronary bed and 
therefore increased myocardial ischemia, thus explaining 
the increased MACE rates reported in several studies for 
lesions with increased TAG.18 

A large number of studies evaluated the role of CCTA 
in assessing plaque vulnerability and its associated risk 
to trigger an acute myocardial infarction. In a study by 
Benedek et al., the volume of low-density plaque with a 
CT density below 30 HU was significantly higher in cul-
prit lesions as compared to non-culprit ones.22 At the 
same time, another study demonstrated that this amount 
of low-density volume is similar to the volume of ne-
crotic core determined by intracoronary imaging using 
intravascular ultrasound, suggesting that the necrotic 
core could be quantified by CCTA as the core of the plaque 
with very low CT density.24 However, the functional im-
pact of such a low density core has not been established 
so far. 

According to the authors’ knowledge, this is the first 
study which demonstrated the hypothesis that plaque 
vulnerabilization can lead to an increased functional sig-
nificance of the coronary lesion, decreasing coronary per-
fusion distally to the vulnerable lesion and leading to a 
more pronounced lesion-specific ischemia.

In a subgroup analysis, we also aimed to assess the vul-
nerability features in the group of plaques with high TAG 
versus those with low TAG, using a TAG value of 10 HU 
as a reference point. We demonstrated that plaques which 
exhibit attenuation higher than 10 HU along the stenosis 
present larger volumes of atheromatous plaque, as well 
as fibro-fatty tissue and necrotic core inside the plaque, 
markers traditionally associated with vulnerability. 

Our study demonstrates that the presence of a large ne-
crotic core is significantly associated with increased TAG 
values, and this necrotic core volume was significantly 
higher in plaques with TAG values above 10 HU. 

In the present study, we succeeded to demonstrate that 
TAG, a new CCTA imaging-derived parameter character-
izing the hemodynamic significance of coronary stenosis, 
is highly associated with several CCTA markers of plaque 
vulnerability, such as necrotic core, fibro-fatty tissue, or 
plaque volume. This study shows that TAG can represent a 
new biomarker associated with plaque vulnerability, being 
significantly increased in vulnerable coronary plaques. At 
the same time, this indicates that in a coronary plaque, the 
presence of vulnerability features results in an increased 
functional significance of the stenosis. This probably hap-
pens via a complex mechanism which involves exacerba-
tion of local inflammation at the site of the vulnerable 
plaques that leads to modifications of the local hemorheo-
logic status and alters the coronary flow in the segments 
located distal to the vulnerable plaque. However, further 
studies, on larger number of patients, are required to elu-
cidate this hypothesis.

Conclusion

In patients with coronary artery disease, TAG along the 
coronary plaques, determined by CCTA, correlates with 
CT-derived markers of plaque vulnerability. Vulnerable 
coronary artery plaques present a higher functional sig-
nificance than the stable ones with a similar anatomic 
profile, indicating that vulnerabilization of a coronary 
plaque could lead to an increased functional significance 
of the lesion.
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