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Abstract
Objectives To evaluate the diagnostic accuracy of translumi-
nal attenuation gradient (TAG) for stenosis severity of calci-
fied lesions assessed by coronary computed tomography an-
giography (CCTA).
Methods One hundred seven patients who underwent CCTA
and coronary angiography (CAG) were enrolled. TAGs of 309
major epicardial coronary arteries were measured. The impact
of plaque composition, Agatston scores, and lesion length
ratio on TAG were analyzed. Diagnostic performance vs.
CAG of TAG, CCTA, and combined TAG/CCTAwere eval-
uated, and incremental value of TAG for reclassification of
CCTA stenosis severity in calcified lesions was also analyzed.
Results TAG decreased consistently with stenosis severity.
TAG was significantly lower in coronary arteries with calcifi-
cation scores >300 and lesion length ratios >2/3. TAG im-
proved diagnostic accuracy of CCTA (c-statistic =0.982 vs.
0.942, P=0.0001) in calcified lesions, and the sensitivity,
specificity, positive, and negative predictive values of TAG
cutoff≤−11.33 were 72 %, 91 %, 88 %, and 78 %, respective-
ly. The addition of TAG to CCTA resulted in significant
reclassification (NRI =0.093, P=0.022) in calcified vessels.
Conclusions Measurement of TAG may improve diagnostic
performance and reclassification of CCTA in coronary steno-
sis caused by calcified lesions.

Key Points
• TAG decreased as calcification scores and lesion length
increased.

• TAG markedly improved the diagnostic performance of
CCTA for calcified lesions.

• TAG improved reclassification of coronary artery stenosis
severity in CCTA.
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Abbreviations
AUC Area under the ROC curve
CAG Coronary angiography
CCTA Coronary computed tomography angiography
CI Confidence interval
DSCT Dual-source CT
FBP Filtered back-projection
FFR Fractional flow reserve
HU Hounsfield units
LLR Lesion length ratio
MSCT Multislice computed tomography
NPV Negative predictive value
NRI Net reclassification improvement
PPV Positive predictive value
ROC Receiver-operating characteristics
ROI Region of interest
TAG Transluminal attenuation gradient

Introduction

Multislice computed tomography (MSCT) has been proven to
be a valuable tool in noninvasive coronary imaging, with high
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sensitivity and negative predictive value for coronary artery
disease [1–3]. However, the evaluation of stenosis is often
hampered by the occurrence of “blooming” artefacts as a
result of calcification. These artefacts can cause an apparent
enlargement of the calcified plaque and preclude visual obser-
vation of the intraluminal stenosis. Hence, coronary arterial
calcification, especially severe calcification, would signifi-
cantly influence the diagnostic performance of coronary com-
puted tomography angiography (CCTA) [4–6]. The false-
positive results have been observed primarily in highly calci-
fied segments due to partial volume effects, leading to an
overestimation of stenosis severity [7, 8].

Quantification of transluminal attenuation gradient
(TAG), defined as the linear regression coefficient be-
tween luminal contrast opacification and distance from
the coronary ostium, reflects the rate of fall-off of con-
trast opacification along a vessel, and thus has the po-
tential to indirectly estimate coronary blood flow [9].
Initial work [10] has demonstrated that plots of TAG
values are generally linear, and that TAG falls off more
rapidly in the presence of a significant stenosis than in
the absence of stenosis. A study from Choi et al. [11]
validated that adding TAG to CCTA improved diagnostic
accuracy, especially in vessels with calcified lesions. The
addition of TAG also resulted in reclassification from
one class of stenosis severity to another in coronary
arteries with calcified lesions, but did not result in sig-
nificant stenosis severity reclassification in coronary ar-
teries with noncalcified lesions. In this regard, this tech-
nique may be of special use for estimating flow across
non-evaluable coronary segments such as severe calcifi-
cation or stents, and may improve the diagnostic accura-
cy of CCTA. There has no subsequent study, however, to
further validate the added values of TAG for CCTA
diagnostic performance and stenosis severity reclassifica-
tion in severely calcified coronary arteries compared with
coronary angiography (CAG), although some studies
[12–14] have validated the diagnostic accuracy of TAG
in predicting functional stenosis severity evaluated by
fractional flow reserve (FFR).

Hence, the potential of TAG for improving diagnostic
performance and reclassification in CCTA for calcified
lesions must be further validated. In addition, some de-
tails such as the impact of plaque composition, Agatston
score, and lesion length ratio on TAG have never been
evaluated. Previous clinical studies in TAG have gener-
ally used 64- and 320-detector-row CT, and thus far, the
assessment of TAG on dual-source CT has not been
reported. The primary aim of this study was to determine
the diagnostic performance of TAG and the CCTA/TAG
combination using dual-source CT (DSCT) for the eval-
uation of calcified stenosis severity in patients undergo-
ing invasive coronary angiography (CAG).

Materials and methods

Study population

One hundred seven consecutive patients with suspected or
known coronary artery disease were prospectively screened
for analysis. All patients underwent CCTA and diagnostic
CAG within 30 days. Patients with arrhythmia (auricular
fibrillation, atrial flutter, or recurrent atrial or ventricular pre-
mature beat), renal insufficiency (serum creatinine level great-
er than 1.5 mg/dl), a history of allergic reaction to contrast
medium, a history of surgery or stenting for coronary
artery disease, heart failure, or congenital heart disease
were not included. The institutional review board com-
mittee approved the study protocol, and all patients pro-
vided written informed consent.

CT image acquisition and reconstruction

ECG-triggered spiral acquisition of CCTAwas retrospectively
performed on a second-generation 128-slice DSCT system
(Somatom Definition Flash, Siemens Healthcare, Forchheim,
Germany). Oral metoprolol was administered for patients with
a heart rate >65 beats/min. Every patient received a sublingual
dose of isosorbide dinitrate 2.5 mg (Isoket; Schwarz Pharma,
Monheim, Germany) two minutes before imaging.

Non-enhanced imaging for calcium scoring was performed
from 1 cm below the level of the tracheal bifurcation to the
diaphragm in a craniocaudal direction using the following
scanning parameters: detector collimation 64×0.6 mm; slice
acquisition 128×0.6 mm, by means of a z-flying focal spot;
gantry rotation time 0.28 s; pitch of 0.2–0.5, adapted to the
heart rate; reference tube current 80 mAs per rotation; and
tube potential 120 kV.

The CCTA imaging parameters were as follows: pitch of
0.2–0.5, adapted to the heart rate; collimation 2×64×0.6 mm;
slice collimation 2×128×0.6 mm, by means of z-flying focal
spot; tube voltage 100 kV; reference tube current 300 mAs,
with automatic tube current modulation; gantry rotation time
0.28 s; and image acquisition range from 2 cm below the
bifurcation of trachea to the diaphragm. Full tube current
was applied from 65 % to 77 % of the R–R interval. Tube
current was reduced to 4 % of full tube current outside the
pulsing window.

An intravenous bolus of 1 ml/kg iopromide 370
(370 mg/ml, Ultravist 370, Bayer Schering Pharma, Berlin,
Germany) was injected at a flow rate of 5 ml/s, followed by
40 ml saline solution. Contrast agent application was con-
trolled by bolus tracking. The region of interest (ROI) was
placed into the aortic root, and image acquisition started 5 s
after the signal attenuation reached a predefined threshold of
100 Hounsfield units (HU).
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For calcium scoring, non-overlapping images with a slice
width of 3 mm were reconstructed using a medium-sharp
convolution kernel (B35f). All CCTA images were recon-
structed using a conventional FBP (filtered back-projection)
algorithm with a medium-smooth kernel designed for cardiac
imaging (B26f), and an edge-enhancing tissue convolution
kernel for imaging of severely calcified coronary arteries
(B46f). All images were reconstructed with a slice thickness
of 0.75 mm and increment of 0.5 mm. All images were
transferred to an external workstation (syngo MMWP VE
36A, Siemens Healthcare, Forchheim, Germany) for further
evaluation.

Invasive coronary angiography

The maximal diameter stenosis in each major epicardial cor-
onary artery was evaluated using quantitative CAG (AXIOM
Artis dBA, Siemens Healthcare, Forchheim, Germany). This
semi-automatic evaluation was performed by an experienced
cardiologist (Li J.), who was blinded to TAG and CCTA
findings.

CT image analysis

The mean Agatston score was calculated for each major
coronary artery from the non-enhanced DSCT images, with
a detection threshold of 130 HU, using semi-automated soft-
ware (syngo Calcium Scoring, Siemens Healthcare,
Forchheim, Germany).

For CCTA analysis, all images were interpreted by three
cardiovascular radiologists who were blinded to clinical and
invasive CAG results. Each coronary artery tree was divided
into 18 segments [15]. Plaque composition was classified as
noncalcified (<30 % calcified plaque volume), partially calci-
fied (30 % to 70 %), or calcified (>70 %), according to the
volume of calcific component (>130 HU) in the plaque. For
convenience of analysis, partially calcified and calcified
plaques were all treated as calcified plaques. Vessels were
classified as noncalcified lesions if the most stenotic portion
was noncalcified, and as calcified lesions if the most stenotic
portion was calcified or partially calcified.

The severity of luminal stenosis was classified and
expressed on an ordinal scale as mild (0 % to 49 %),
moderate (50 % to 69 %), severe (70 % to 99 %), or
total occlusion (100 %). For the analysis of maximum
stenosis in each vessel, no stenosis to mild stenosis was
considered as a single category.

The length of the lesion and all involved vessels were
measured. The length of the coronary artery with complete
absence of detectable luminal enhancement was determined,
and the lesion length ratio (LLR) was calculated by dividing
the lesion length by the coronary artery length. The LLR was
used as an estimate for involving extent.

Attenuation values measurement and TAG calculation

Cross-sectional images perpendicular to the vessel
centreline were reconstructed for each major coronary
artery, and manually corrected if necessary. The mean
luminal attenuation (HU) was measured at 5-mm inter-
vals, from the ostium to the distal level where the vessel
cross-sectional area fell below 2.0 mm2 [11]. The ROI
contour was positioned in the centre of the cross-
sectional images, and the contour of the ROI was man-
ually corrected if necessary. For reproducibility and
agreement of measurement, three cardiovascular radiolo-
gists measured CT values in the same vessels six times
in total (each one measured twice), and then the mean
CT values of the six measurements in each vessel were
recorded and used for TAG calculation. TAG was deter-
mined from the change in HU per 10-mm length of
coronary artery, and defined as the linear regression
coefficient between intraluminal attenuation (HU) and
length from the ostium (mm). Representative examples
are shown in Figs. 1 and 2.

Impacts of plaque composition, Agatston score, and lesion
length on TAG were analyzed. The diagnostic accuracy of
TAG, CCTA, and the TAG/CCTA combination were com-
pared with CAG on a per-vessel basis. The incremental value
of TAG for reclassification of CCTA stenosis severity in
calcified lesions was also analyzed.

Statistical analysis

All analyses were performed on a per-vessel basis, and no
adjustments were made for multiple vessels or segments with-
in individuals. Continuous variables were expressed as mean
±standard deviation (SD), whereas categorical variables were
expressed as frequencies and percentages. Correlations be-
tween two continuous variables and continuous and categor-
ical variables were tested using the Pearson correlation coef-
ficient. Receiver operating characteristics (ROC) curve anal-
ysis was used to assess the diagnostic performance of CCTA,
TAG, and the CCTA/TAG combination for detection of ste-
nosis severity. The area under the ROC curve (AUC) was
calculated, and AUCs were compared using the DeLong
method and net reclassification improvement index [16].
The optimal cutoff of measured variables was determined by
values with the highest Youden’s J statistics. With an optimal
cutoff value, the sensitivity, specificity, positive predictive
value (PPV), and negative predictive value (NPV) were cal-
culated on a per-vessel basis and expressed with a correspond-
ing 95 % confidence interval. P<0.05 was considered statis-
tically significance.

All statistical analyses were performed using SPSS 17.0
(SPSS, Inc., Chicago, IL, USA) andMedCalc version 12.3.0.0
(MedCalc Software, Mariakerke, Belgium).
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Results

Clinical characteristics

The CCTA studies from 111 patients with invasive coronary
angiography were screened for evaluation. Four patients
(3.5 %, 4/111) with CCTA images that were determined to
be non-evaluable for TAG were excluded. Twelve coronary
arteries (3.7 %, 12/321) with a diameter of less than 1.5 mm
were also excluded. A total of 107 patients and 309 coronary
arteries were enrolled for the final analysis. The clinical char-
acteristics of the study population are summarized in Table 1.

TAG and CCTA in relation to luminal stenosis severity
by CAG

TAG decreased progressively as CAG-determined stenosis
severity increased, from −6.10±6.97 HU/10 mm for stenosis
<50 % to −20.45±13.69 HU/10 mm for stenosis of 70 % to
99 % (P=0.002). This tendency was similar in calcified ves-
sels. However, the TAG for total-occlusion lesions (stenosis
100 %) was −17.96±20.36 HU/10 mm, which was not lower
than that for stenosis of 70 % to 99 %. TAG performance in
different levels of stenosis severity is shown in Table 2. The

stenosis severity determined by CCTA was positively corre-
lated to that as determined by CAG.

Impact of plaque composition, Agatston score, and lesion
length ratio on TAG

To facilitate analysis, partially calcified plaques (n=57) and
calcified plaques (n=56) were considered as a single group,
for a total of 113 (36.6 %) calcified lesions and 196 (63.4 %)
noncalcified lesions among 309 coronary arteries. There was
no significant difference in TAG between noncalcified
plaques and calcified plaques in the total number of plaques
or level of stenosis severity defined by CAG (P>0.05 for all
comparisons) (Table 3). In calcified lesions, TAG decreased
progressively as Agatston scores increased, from −13.93±
14.84 HU/10 mm for scores of <100, to −28.64±18.26 HU/
10 mm for scores >300 (P=0.000), although there was no
significant difference in TAG between scores of <100 and
scores of 100 to 300 (−13.93±14.84 vs. −17.25±13.91, P=
0.198) (Table 4, Fig. 3). TAG also decreased as lesion length
ratio (LLR) increased, from −10.90±10.19 HU/10 mm for
LLR of <1/3 to −32.61±16.64 HU/10 mm for LLR of 1/2 to
2/3 ( P=0.000) (Table 4, Fig. 4). However, the TAG for LLR

Fig. 1 An example of luminal attenuation measurement and TAG
performance in coronary artery with mild stenosis. (A) Left circumflex
artery with mild stenosis imaged by CAG. (B) Left circumflex artery with
mild stenosis imaged by CCTA. (C–G) Curved planar reformation image
and representative cross-sectional views with corresponding luminal

attenuation (HU) of CCTA. (H) TAG was shown as -8.98 HU/10 mm.
Black dots represent 5-mm intervals at which intraluminal attenuation
(HU) was measured. TAG: transluminal attenuation gradient; CAG:
coronary angiography; CCTA: coronary computed tomography
angiography; HU: Hounsfield unit
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Fig. 2 An example of luminal attenuation measurement and TAG
performance in coronary artery with severe stenosis. (A) Right coronary
artery with severe stenosis imaged by CAG. (B) Right coronary artery
with severe stenosis imaged by CCTA. (C–G) Curved planar reformation
image and representative cross-sectional views with corresponding

luminal attenuation (HU) of CCTA. (H) TAG was shown as -25.84 HU/
10 mm. Black dots represent 5-mm intervals at which intraluminal
attenuation (HU) was measured. TAG: transluminal attenuation
gradient; CAG: coronary angiography; CCTA: coronary computed
tomography angiography; HU: Hounsfield unit.

Table 1 Patient Characteristics

n=107

Age (years) 61.67±1.53

Male 81 (75.7)

Body mass index (kg/m2) 24.97±0.98

Cardiac risk factors

Hypertension 61 (57.0)

Hyperlipidemia 14 (13.1)

Diabetes 12 (11.2)

Smoking 48 (44.9)

Obesity 32 (29.9)

Family history of CAD 15 (14.0)

Symptoms

Angina pectoris 58 (54.2)

Probable angina pectoris 40 (37.4)

Atypical chest pain 9 (8.4)

Values are expressed as mean±SD or n (%).

CAD coronary artery disease

Table 2 TAG Performance in Different Levels of Stenosis Severity

N (309) CAG stenosis TAG (HU/10 mm) P value

119 0 % – 49 % –6.10±6.97 0.002*; 0.000**

39 50 % – 69 % –12.75±7.46 0.000†; 0.076††

123 70 % – 99 % –20.45±13.69 0.311‡

28 100 % –17.96±20.36 0.000††

Values are expressed as mean±SD

* P=0.002 for comparison of TAG between mild (0 % to 49 %) and
moderate (50 % to 69 %) stenosis

**P=0.000 for comparison of TAG between mild (0 % to 49 %) and
severe (70 % to 99 %) stenosis

† P=0.000 for comparison of TAG betweenmoderate (50% to 69%) and
severe (70 % to 99 %) stenosis

††P=0.076 for comparison of TAG between moderate (50 % to 69 %)
stenosis and total occlusion (100 %)

‡ P=0.311 for comparison of TAG between severe (70 % to 99 %)
stenosis and total occlusion (100 %)

‡‡P=0.000 for comparison of TAG between mild (0 % to 49 %) stenosis
and total occlusion (100 %)

TAG transluminal attenuation gradient, CAG coronary angiography, HU
Hounsfield unit
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of >2/3 was −14.51±10.58 HU/10 mm, which was not lower
than that for LLR 1/2 to 2/3.

Accuracy of CCTA in calcified lesions compared to CAG

The diagnostic performance of CCTA, TAG, and TAG +
CCTA in total (Fig. 5A) and calcified vessels (Fig. 5B) was

analyzed on a vessel basis and is shown in Table 5. CCTA
showed relative high sensitivity [95 %; 95 % confidence
interval (CI) =90–99 %] and moderate specificity (78 %;
95 % CI =70–84 %), while TAG showed moderate sensitivity
(73 %; 95 % CI =66–80 %) and high specificity (92 %; 95 %
CI =87–96 %). Adding TAG to CCTA significantly augment-
ed the overall diagnostic performance of CCTA, especially in
improved specificity. In calcified vessels, CCTA showed
moderate sensitivity [70 %; 95 % CI =57–82 %] and low
specificity (66 %; 95 % CI =54–76 %), while TAG showed
moderate sensitivity (72 %; 95 % CI =64–79 %) and high
specificity (91 %; 95 % CI =86–95 %). The addition of TAG
to the CCTA markedly improved the diagnostic performance
of CCTA for calcified lesions (Fig. 6), and resulted in in-
creased sensitivity (84 %; 95 % CI =72–92 %) and specificity
(89 %; 95 % CI =77–96 %).

Adding TAG to CCTA resulted in reclassification from one
class of stenosis severity to another in a large number of
vessels with calcified lesions (net reclassification improve-
ment [NRI] 0.093, net proportion of patients reclassified
5.31 %; P=0.022). However, addition of TAG to CCTA did
not result in significant stenosis severity reclassification
among total vessels (NRI 0.009; P=0.09).

Discussion

The results of this study confirmed that the addition of TAG to
CCTA improved the diagnostic accuracy of CCTA. TAG
showed high specificity and positive predictive value, and
adding TAG to CCTA resulted in improved diagnostic accu-
racy of CCTA as well. Particularly in calcified lesions, the
sensitivity, specificity, positive predictive value, and negative
predictive value of CCTA significantly increased when TAG
was taken into account.

This study firstly validated the potential impact of Agatston
scores and lesion length ratios on TAG. TAG significantly
decreased as Agatston scores increased, from −13.93±
14.84 HU/10 mm for scores of <100, to −28.64±18.26 HU/
10 mm for scores of >300 (P=0.000). TAG also decreased as
LLR increased, from −10.75±10.14 HU/10 mm for LLR of
<1/3, to −32.61±16.64 HU/10 mm for LLR of 1/2 to 2/3 (P=
0.000). However, the TAG values for LLR of >2/3 were not
progressively lower than for LLR of 1/2 to 2/3. This may have
been due to the inconsistencies in measurements of CT atten-
uation values in vessels with extensive lesions, and some
vessels with LLR of >2/3 were total-occlusion vessels
(28.6 %, 8/28) with collateral blood supply. The study also
confirmed that there was no significant difference in TAG
between noncalcified plaque and calcified plaque in the total
number of plaques or in different levels of stenosis severity
(P>0.05 for all comparisons). Results from this study may

Table 3 TAG Performance in Different Types of Plaque Composition

CAG
stenosis

TAG P value

Non-calcified plaque Calcified plaque

Total −11.72±12.82
(n=196)

−17.21±13.59
(n=113)

0.353

0–49 % −6.09±7.03 (n=99) −6.13±6.79 (n=20) 0.948

50–69 % −11.53±7.10 (n=19) −13.91±7.79 (n=20) 0.772

70–99 % −19.66±13.42 (n=63) −21.27±14.03 (n=60) 0.941

100 % −15.70±23.58 (n=15) −20.56±16.45 (n=13) 0.181

Values are expressed as means±SD.

TAG transluminal attenuation gradient, CAG coronary angiography

Table 4 TAG Performance in Different Calcification Scores and
Lesion Length Ratios (LLR)

Category N TAG P value

Agatston scores 162

Scores <100 50 –13.93±14.84 0.198*

Scores 100–300 95 –17.25±13.91 0.004†

Scores >300 17 –28.64±18.26 0.000‡

LLR 309

< 1/3 218 –10.75±10.14 0.000**; 0.000***

1/3–1/2 62 –19.72±13.36 0.000††; 0.178†††

1/2–2/3 19 –32.61±16.64 0.000‡‡

>2/3 10 –14.51±10.58 0.306‡‡‡

*P value for comparison of TAG between Agatston score <100 and
Agatston score of 100 to 300
† P value for comparison of TAG between Agatston score of 100 to 300
and Agatston score >300
‡ P value for comparison of TAG between Agatston score <100 and
Agatston score >300

** P=0.000 for comparison of TAG between LLR <1/3 and LLR of 1/3
to 1/2

***P=0.000 for comparison of TAG LLR <1/3 and LLR of 1/2 to 2/3
† † P=0.000 for comparison of TAG between LLR of 1/3 to 1/2 and LLR
of 1/2 to 2/3
†††P=0.178 for comparison of TAG between LLR of 1/3 to 1/2 and LLR
>2/3
‡‡ P value for comparison of TAG between LLR of 1/2 to 2/3 and LLR
>2/3
‡‡‡P value for comparison of TAG between LLR <1/3 and LLR >2/3

TAG transluminal attenuation gradient, LLR lesion length ratio
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contribute to improving diagnostic confidence in CCTA for
calcified lesions that make visual estimation difficult. It should
be noted that it took only approximately five minutes of

additional analysis time for manually measuring ROIs and
calculating TAG for each patient in this study. Therefore, this
methodology may be feasible in daily clinical routine.

Fig. 3 TAG performance in
different Agatston scores grades.
There was a significant difference
of TAG between Agatston score
100–300 and Agatston score
>300 (P=0.004) or Agatston
score <100 and Agatston score
>300 (P=0.000), respectively, but
no significant difference of TAG
between Agatston score <100 and
Agatston score 100-300 (P=
0.198). TAG: transluminal
attenuation gradient.

Fig. 4 TAG performance in
different lesion length ratios
(LLR). There were significant
differences of TAG among LLR
<1/3, LLR 1/3-1/2 and LLR 1/2-
2/3 (P<0.05 for all comparisons).
Other statistical comparisons are
listed in Table 4. TAG:
transluminal attenuation gradient.
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The results from this study demonstrated that TAG de-
creased consistently with maximum stenosis severity, in line
with the results from two other studies [9, 10]. However, the
TAG for total-occlusion lesions was not the lowest in all
stenosis categories, and was slightly different from previous
descriptions [11]. This may be due to distal retrograde flow
derived from collateral circulation after chronic total occlusion
[17], which could result in an increased attenuation gradient at
the distal segment of total-occlusion vessels.

The results of this study revealed that there was no signif-
icant difference in TAG between noncalcified plaque and
calcified plaque. These findings are consistent with those in
CCTA and CAG; there were no significant differences in

stenosis severity between noncalcified and calcified plaques
in this cohort. However, TAG decreased consistently as
Agatston coronary artery calcification score and lesion length
increased. These results can be explained as follows. The
calcification score is specifically related to atherosclerosis,
and its extent is a good marker of the total burden of coronary
atherosclerosis [18]. In a previous study [19], the total coro-
nary calcification score was related to coronary stenosis. For a
complex calcified lesion, where it is difficult to visually esti-
mate stenosis severity, the decreased trend of TAG with cal-
cification score may result in reclassification from one class of
stenosis severity to another. Our results also suggest that the
decreased tendency of TAG in parallel with increased lesion

Fig. 5 Predicted probability of TAG in addition to CCTA stenosis
severity. (A) Predicted probability of TAG in addition to CCTA stenosis
severity in total relevant vessels on a reference of results from CAG. (B)
Predicted probability of TAG in calcified vessels in addition to CCTA

stenosis severity on a reference of results fromCAG.Area under the ROC
curve is shown as mean±SD. (See Table 5 for details). TAG: transluminal
attenuation gradient; CAG: coronary angiography; CCTA: coronary
computed tomography angiography.

Table 5 Diagnostic Accuracy of CCTA, TAG, and CCTA/TAG in Total and Calcified Vessels

Optimal cut-off C-Statistics Sensitivity (%) Specificity (%) PPV (%) NPV (%)

Total vessels

CCTA 0.942±0.01 (0.910–0.966) 94.71 (90.19–98.79) 77.70 (69.86–84.32) 83.85 (77.87–88.76) 92.31 (85.90–96.42)

TAG≤-11.33 0.839±0.02 (0.794–0.879) 73.47 (65.56–80.40) 92.12 (86.90–95.74) 89.26 (82.33–94.15) 79.58 (73.16–85.06)

TAG + CCTA 0.975±0.01 (0.927–0.995 94.02 (88.06–97.56) 93.75 (89.34–96.73) 90.16 (83.44–94.81) 96.26 (92.44–98.48)

Calcified vessels

CCTA 0.955±0.02 (0.899–0.985) 70.18 (56.60–81.57) 65.79 (54.01–76.29) 60.61 (47.81–72.42) 74.63 (62.51–84.47)

TAG≤-11.33 0.850±0.04 (0.771–0.910) 71.9 1(63.89–79.03) 91.41 (86.01–95.22) 88.24 (81.05–93.42) 78.42 (71.89–84.05)

TAG + CCTA 0.982±0.01 (0.960–0.994) 83.61 (71.91–91.85) 88.89 (77.37–95.81) 89.47 (78.48–96.04) 82.76 (70.57–91.41)

TAG transluminal attenuation gradient,CAG coronary angiography,CCTACoronary computed tomography angiography, PPV positive predictive value,
NPV: negative predictive value
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length may contribute to improve diagnostic confidence with
regard to stenosis severity, as it provides relevant predictive
information even though it is only a visual scale.

It is widely recognized that a reliable assessment of stenosis
severity can be challenging in heavily calcified or complex
coronary artery lesions. Moreover, an anatomic measure of
stenosis is not a good predictor of functionally significance.
The high sensitivity and negative predictive value of CCTA
have been validated in prospective multicentre studies [20],
but specificity and positive predictive value still have much
room for improvement [21]. Increased specificity and a pos-
itive predictive value of CCTA could be critical for guiding or
triggering revascularization or other treatment strategies [22,
23]. The diagnostic value of coronary stenosis severity
assessed by TAG over anatomic stenosis evaluation by CCTA
was demonstrated in a previous study [11]. The results from
the present study provide further validation and detail.

For reclassification of coronary artery stenosis severity,
however, the results were discrepant. Choi et al. [11] found
that TAG contributed to improved classification of coronary
artery stenosis severity, particularly in severely calcified le-
sions. The results from another study [13], however, demon-
strated that the addition of TAG to CCTA did not result in
significant reclassification. The disparity between results in

these two studies may be due to different reference standards,
namely invasive CAG and fractional flow reserve (FFR),
respectively. In the present study, with CAG as reference
standard, although there was no improvement in total reclas-
sification of coronary artery stenosis severity, TAG did im-
prove the reclassification of calcified coronary artery stenosis
severity. These results also conflict with those of a previous
study [11]. A possible explanation might be that the frequency
of calcified lesions (36.6 %, 113/309) in this study was higher
than in the previous study (32 %, 117/370). In addition,
different imaging systems may also influence the results of
the measurement of TAG [12].

There were several limitations to our study. The first is the
generally limiting nature of a single-centre study. The results
from this study represent a prospective experience involving
309 vessels in 107 patients, and thus require confirmation
involving larger multicentre studies. Second, in this study,
TAG was measured in major epicardial vessels derived from
attenuation values taken at points of the artery with cross-
sectional areas of <2.0 mm2. The values at smaller luminal
sizes or in main branches were not measured and thus are
unknown. Third, the use of dual-source CT with retrospec-
tively ECG-triggered acquisition is limited by its inherent
longitudinal axis coverage of 3.8 cm, and may not allow the

Fig. 6 CCTA, TAG, and CAG
diagnostic performance in a 56-
year-old man with suspected
coronary artery disease (mean
heart rate during imaging 77 bpm,
Agatston score 536). (A) CCTA
curved planar reformation image
showed calcified plaque (arrow)
in the proximal segment of left
anterior descending artery, and
the assessment of stenosis
severity was difficult because of
the cover of lumen by calcified
plaque. A moderate stenosis was
determined by three
cardiovascular radiologists. (C)
TAG showed a value of -6.787
HU/10 mm and predicted a mild
stenosis. Combined with TAG
and CCTA, the final diagnosis of
stenosis severity was mild
stenosis. (B) CAG validated a
mild stenosis in the proximal
segment of left anterior
descending artery (arrow).
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entire heart volume to be imaged in a single heartbeat. There-
fore, the value of TAG may be non-flat in nature. Finally, the
TAG cutoff value from this study using dual-source CT may
not be generalizable for studies performed on other MDCT
systems with different imaging techniques, as value may
differ.
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