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Introduction

Coronary computed tomography angiography (CTA) is a 
non-invasive alternative to coronary angiography for diag-
nosing coronary arterial disease. Recent multicenter trials 
proved the efficacy of coronary CTA as a diagnostic and 
prognostic tool [1–3]. However, coronary CTA has limited 
predictive ability for identifying borderline morphologically 
significant stenosis because of its lower spatial resolution 
compared to invasive coronary angiography (ICA).

To improve the diagnostic accuracy of coronary CTA, 
some trials have reported the use of a combination of coro-
nary CTA and myocardial perfusion CT [4] or fractional 
flow reserve assessment by computed tomography (FFR-CT) 
[5, 6]. Despite of the high diagnostic accuracies brought 
by these techniques, their processes are very complex or 
time-consuming.

The transluminal attenuation gradient (TAG), defined as 
the gradient of intraluminal attenuation, reflects the hemo-
dynamics of the coronary artery and is an index for lesion 
severity. It is calculated as a numerical value and represents 
the decrease in contrast attenuation in the lumen at the 
proximal and distal coronary arteries. Recent studies have 
described the utility of TAG for assessing the significance 
of obstructive coronary stenosis [7, 8]. In the present study, 
we focused on the ability of TAG for improving the diag-
nostic accuracies of morphologically significant stenosis by 
coronary CTA in comparison with quantitative coronary 
angiography (QCA). So far, there is no consensus on how 
to interpret contradictory TAG and coronary CTA findings. 
Therefore, the aim of the present study was to evaluate the 
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diagnostic accuracy of TAG compared with that of coronary 
artery angiography (CAG), and the improvement in diag-
nostic accuracy when TAG was combined with coronary 
CTA, especially in cases with discrepant TAG and coronary 
CTA results. This article describes the patterns of combined 
coronary CTA and TAG.

Materials and methods

Patients

This retrospective study was approved by our institutional 
review board. A total of 35 consecutive patients who under-
went both coronary CTA and ICA between May and October 
2015 were included. Exclusion criteria in our study were as 
follows: coronary artery occlusion, multiple significant sten-
oses (> 50% diameter stenosis) in a single coronary artery 
branch on coronary CTA or ICA, small vessel (lumen cross-
sectional area less than 2 mm2), history of percutaneous cor-
onary intervention or bypass grafting, motion artifacts on 
CT (due to poor breath-holding or severe arrhythmia), heart 
rate > 65 beats/min (despite β-blocker use), no prospective 
electrocardiographic gating covering 70–80% of the R–R 
interval, and coronary artery calcification score > 1500 [9]. 
We obtained TAG measurements of the left coronary artery 
(left anterior descending artery and left circumflex artery) 
and right coronary artery (American Heart Association seg-
ment #4PD and #4AV). Among 140 coronary vessels of 35 
patients, 10 coronary vessels were excluded (9 were small 
vessels and 1 had motion artifacts). Thus, the final study 
population comprised 35 patients (30 men, 5 women; mean 
age 64 ± 10.8 years; range 41–85 years) and a total of 130 
coronary vessels.

CT protocol

A previously described CT scanning protocol was utilized 
[8]. Patients were scanned using a 320-multidetector row CT 
scanner (Aquilion ONE VISION Edition; Toshiba Medical 
Systems, Otawara, Japan). The detailed scanning param-
eters were as follows: tube voltage, 120 kV; tube current, 
100–450 mA (targeting image noise of 28 HU); collima-
tion, 0.5 mm × 320 row; and gantry rotation time, 0.275 s/
rotation. Prospective electrocardiographic gating was used, 
covering 70–80% of the R–R interval [7, 8]. Patients with 
heart rates > 65 beats/min were intravenously administered 
0.125-mg/kg landiolol (Corebeta; Ono Pharmaceutical, 
Tokyo, Japan). Scan data were acquired during the injec-
tion of contrast medium containing 370 mg/ml of iodine 
(Iopamiron 370; Bayer Japan, Osaka, Japan) or 350 mg/ml 
of (Omnipaque 350; Daiichi Sankyo Co., Tokyo, Japan) at 
a rate of 0.07 ml/kg/s for 10 s followed by a 35-ml saline 

flush. The threshold of bolus tracking was 150 Hounsfield 
units (HU), with the region of interest set in the ascending 
aorta. Subsequent to the triggering, image acquisition began 
automatically at 6 s.

An experienced cardiovascular CT technician determined 
the optimal stationary cardiac phase from the available scan-
ning data. All axial CT data were reconstructed with the 
half-scan reconstruction using a kernel of FC44 with the 
hybrid iterative reconstruction (IR) technique (Adaptive 
Iterative Dose Reduction 3D enhanced; AIDRe 3D, Toshiba 
Medical Systems) at a thickness of 0.5 mm with 0.5-mm 
increments in the axial plane.

ICA

ICA was performed as a diagnostic or pre-procedural imag-
ing technique in conjunction with percutaneous translumi-
nal coronary intervention using the Allura Xper FD20/10 or 
Allura Xper FD10/10 system (Philips Electronics Japan Ltd., 
Tokyo, Japan). A 4-Fr or 5-Fr diagnostic catheter (Judkins 
or Amplatz) was placed via the transfemoral or transbrachial 
approach. High-concentration contrast medium (iohexol 
350 mg/ml) was administered using ACIST (DVx Co, Ltd, 
Tokyo, Japan). The injection volume and rate of contrast 
medium was 6.2 ml and 3 ml/s for the left coronary artery, 
and 5.4 ml and 2.5 ml/s for the right coronary artery, respec-
tively. The extent of stenosis in each major coronary artery 
was evaluated using QCA (QAngio XA 7.1; Medis Medical 
Imaging Systems bv, Leiden, the Netherlands). Significant 
stenosis was defined as ≥ 50% diameter stenosis on QCA.

TAG

TAG was defined as the linear regression coefficient between 
the intraluminal radiological attenuation (in HU) and the dis-
tance from the coronary ostium (in mm), and was determined 
as the change in HU per 10 mm of length (i.e., HU/10 mm) 
[7, 8]. We measured TAG using a commercially available 
workstation (Vitrea version 7.3; Toshiba Medical Systems, 
Otawara, Japan). Cross-sectional images perpendicular to 
the vessel centerline were automatically reconstructed for 
each major coronary vessel, and CT values (HU) were meas-
ured at 5-mm intervals from the proximal to the distal level 
where the vessel cross-sectional area fell below 2.0 mm2. 
Representative examples are shown in Fig. 1.

Coronary CTA combined with TAG

Significant stenosis was defined as ≥ 50% diameter steno-
sis measured on coronary CTA using a caliper method. For 
reclassification of the significant stenosis, two models were 
designed for coronary CTA in conjunction with TAG: (1) 
the diagnosis was deemed negative when both coronary 
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CTA and TAG results were negative (logical disjunction: 
CCTA||TAG); or (2) the diagnosis was deemed negative 
when either the coronary CTA or the TAG result was nega-
tive (logical conjunction: CCTA&&TAG). The results deter-
mined by coronary CTA, TAG alone, and coronary CTA 
combined with TAG (CCTA||TAG and CCTA&&TAG) were 
compared with the result of QCA, and their diagnostic accu-
racies were evaluated.

Statistical analyses

Data following a parametric distribution (Shapiro–Wilk test, 
p > 0.05) are described using the mean ± standard deviation 
(SD). Nonparametric data are described using the median 
and ranges. Numbers and percentages were used to describe 
categorical variables. Two independent and blinded observ-
ers evaluated coronary CTA. We classified interobserver 
agreement based on the κ value as follows: κ < 0.4, poor; 
0.4 ≤ κ < 0.6, moderate; 0.6 ≤ κ < 0.8, good; and κ ≥ 0.8, 
excellent. Receiver-operating characteristic (ROC) analysis 
was used to assess the performance of TAG for detecting 
ischemia-causing stenosis. The area under the ROC curve 
(AUC) was calculated for TAG. The optimal cutoff value 
was derived from the ROC analysis and was defined as the 
value at maximum sensitivity + (1 − specificity). The sen-
sitivity, specificity, positive predictive value (PPV), and 
negative predictive value (NPV) for TAG, coronary CTA, 

and coronary CTA combined with TAG were calculated on 
a per-vessel basis and are expressed with the corresponding 
95% confidence interval (CI). Differences in the diagnostic 
abilities of coronary CTA and coronary CTA combined with 
TAG were evaluated using McNemar’s test.

A p value of less than 0.05 was defined to indicate sta-
tistical significance. All statistical analyses were performed 
using SPSS version 22 software (IBM Co., Armonk, NY, 
USA).

Results

The clinical characteristics of the study population are sum-
marized in Table 1. Most of the patients were male [30/35 
(85.7%)], and the mean coronary calcium score was 252. 
Twenty of 35 (57.1%) patients and 30 of 130 (23.0%) vessels 
had obstructive coronary artery disease (CAD) on QCA. The 
prevalence of CAD in patients and in vessels was 57.1 and 
23.0%, respectively. The coronary CTA results were inter-
preted by two radiologists (κ value 0.83).

The ROC analysis for TAG in all patients yielded an AUC 
of 0.745 (95% CI 0.653–0.835), with an optimal cutoff value 
of − 15.4 HU/10 mm. The AUCs of the TAG in the left 
anterior descending artery, left circumflex artery, and right 
coronary artery were 0.710 (95% CI 0.537–0.883), 0.706 
(95% CI 0.501–0.912), and 0.761 (95% CI 0.612–0.910), 

Fig. 1   Representative case 
of transluminal attenuation 
gradient (TAG) measurements 
of the left anterior descend-
ing artery. The white dots 
represent 5-mm intervals at 
which intraluminal attenuation 
[Hounsfield units (HU)] was 
measured. TAG is shown as 
an approximate straight line 
with the least-squares method. 
a Without significant stenosis, 
TAG has a moderate negative 
value (− 0.812 HU/10 mm). b 
With significant stenosis, TAG 
has a severe negative value 
(− 45.35 HU/10 mm)
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respectively (Fig. 2). The resulting bootstrapped sensitiv-
ity, specificity, PPV, NPV, and accuracy of TAG were 75% 
(95% CI 60–86), 63% (95% CI 59–67), 40% (95% CI 32–46), 
89% (95% CI 82–94), and 66% (95% CI 59–72), respectively 
(Table 2). The diagnostic values of coronary CTA in terms 
of sensitivity, specificity, PPV, NPV, and accuracy were 75% 
(95% CI 63–85), 86% (95% CI 80–90), 71% (95% CI 59–80), 
89% (95% CI 83–93), and 83% (95% CI 75–89), respectively. 
The diagnostic values of CCTA||TAG in terms of sensitiv-
ity, specificity, PPV, NPV, and accuracy were 94% (95% CI 
84–98), 61% (95% CI 55–63), 56% (95% CI 50–59), 94% 
(95% CI 86–99), and 72% (95% CI 65–75), respectively; 
the diagnostic values of CCTA&&TAG in terms of sensitiv-
ity, specificity, PPV, NPV, and accuracy were 73% (95% CI 
63–75), 98% (95% CI 94–99), 88% (95% CI 83–99), 90% 
(95% CI 85–90), and 90% (95% CI 65–92), respectively 
(Table 2). The specificity and accuracy of CCTA||TAG 
were significantly worse compared to those of coronary CT 
angiography. In contrast, those of CCTA&&TAG were sig-
nificantly improved without a reduction in sensitivity, PPV, 
and NPV (Table 3).  

Discussion

TAG may be useful as a diagnostic tool for significant coro-
nary stenosis. In some cases in our study, TAG was more 
useful than coronary CTA for diagnosing significant coro-
nary stenosis (Fig. 3). In the present study, we demonstrated 
that TAG in combination with coronary CTA improves the 
diagnostic accuracy of morphologically significant steno-
sis. The cutoff value of TAG is an objective criterion that 
can be used to determine significant coronary stenosis. In a 
study that compared TAG between multi- and single-beat 

scanning using 128-slice dual source CT [10], the cutoff 
value of single-beat scans was − 14.3 HU/10 mm, which 
was significantly higher than that of multi-beat scans 
(− 13.3 HU/10 mm). The cutoff values of TAG using helical 
or multi-beat scanning have also been shown to vary widely 
[11–14]. TAG data produced by different types of scanners 
can be biased. Because a contrast gradient is used in front of 
and behind the lesion, data acquisition in a single phase of 
the same cardiac cycle is ideal. We used 320-row CT, with 
which whole-heart data acquisition is achieved in one heart-
beat. Therefore, there is no time lag among the slices. The 
cutoff value of TAG from our data was − 15.4 HU/10 mm, 
which is similar to that reported previously in a study using 
320-row CT (− 15.1 HU/10 mm) [7].

Different scanners might also influence the diagnostic 
accuracy of TAG. There are many pros and cons to the 
utility of TAG [7, 8, 10–15]. Because of the differences 
between CT scanners, reproducibility of TAG may be lim-
ited. However, with the prospective scanning of the entire 
heart in one cardiac cycle using 320-row CT, the repro-
ducibility of TAG might improve, because each vascular 
lumen can be evaluated in the same cardiac phase.

A prior study that compared diagnostic accuracies 
between FFR-CT and TAG versus invasive fractional flow 
reserve measurement showed that FFR-CT had the best 
results [15]. However, the diagnostic value of TAG was 
still better than that of coronary CT angiography only. 
Moreover, TAG analysis is less time-consuming (less than 
5 min) than FFR-CT analysis, which is convenient in clini-
cal settings.

TAG used in combination with CTA showed improved 
diagnostic value. In this study, only the logical conjunc-
tion (CCTA&&TAG) of coronary CTA and TAG was 
assessed. With logical disjunction of coronary CTA and 
TAG (CCTA||TAG), the sensitivity and NPV of diagnosis 
of obstructive CAD were improved, but specificity and PPV 
were decreased. On the other hand, with logical conjunction 
of coronary CTA and TAG (CCTA&&TAG), the specificity, 
PPV, and NPV were improved with preserved sensitivity. 
The most reliable point of coronary CTA is its high NPV; 
however, false positives should be minimized when using 
a clinical diagnostic tool. The CCTA&&TAG method was 
more accurate than the CCTA||TAG method in the reclas-
sification of significant coronary artery stenosis. There was a 
significant difference between the specificity, PPV, NPV, and 
accuracy of CCTA&&TAG and those of coronary CTA. Sta-
tistically, CCTA&&TAG significantly improved specificity; 
therefore, CCTA&&TAG is considered clinically superior 
to CCTA||TAG. Thus, when the TAG result is different from 
the positive finding by coronary CTA, interpreting the final 
result as negative is optimal.

The present study has several limitations. First, this 
study included a relatively small number of patients. 

Table 1   Clinical characteristics of the patients (n = 35)

Values are the mean ± standard deviation or n (%) unless otherwise 
noted
a Coronary calcium score data are the median (range)

Characteristic

Age (years) 64 ± 10.8
Sex (n) 30 men; 5 women
Body mass index (kg/m2) 24 ± 2.5
Hypertension (n) 19 (54)
Diabetes (n) 5 (14)
Hyperlipidemia (n) 19 (54)
Coronary calcium scorea 155 (0–1381)
Coronary artery disease (n)
 1-vessel disease 14 (40)
 2-vessel disease 3 (9)
 3-vessel disease 4 (11)



55Jpn J Radiol (2018) 36:51–58	

1 3

Second, TAG was not analyzed in patients with a high 
coronary calcium score (> 1500). In the present study, 
the maximum calcium score was 1381. Therefore, the effi-
cacy of this method is uncertain in patients with severe 

coronary artery calcification. Moreover, we excluded 
patients with various conditions, which may affect the 
generalizability of the results. In addition, the TAG cutoff 
value from our study may not be generalizable to studies 

Fig. 2   The areas under the receiver-operating characteristics curve 
for transluminal attenuation gradient (TAG). The receiver-operating 
characteristics (ROC) curve indicates the optimal cutoff value of TAG 

assessment is − 15.4 HU/10 mm. RCA right coronary artery, LAD left 
anterior descending artery, LCX left circumflex artery
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that use different CT scanners and/or scanning protocols. 
Third, the lack of correlation with fractional flow reserve 
might also be a major limitation. In our study group, only 
a few fractional flow reserve measurements were under-
taken. Therefore, we could not analyze the correlation of 
TAG with fractional flow reserve.

In conclusion, TAG combined with coronary CTA had 
improved specificity, PPV, NPV, and accuracy compared 

to coronary CTA alone. The logical conjunction of coro-
nary CTA and TAG improved the diagnostic accuracy of 
coronary CTA.

Table 2   Diagnostic accuracies 
of coronary CTA, TAG, and 
coronary CTA combined with 
TAG

Data in parentheses are 95% confidence intervals
TAG transluminal attenuation gradient, CTA computed tomography angiography, RCA right coronary 
artery, LAD left anterior descending artery, LCX left circumflex artery, PPV positive predictive value, NPV 
negative predictive value, Coronary CTA||TAG the logical disjunction of coronary CTA and TAG, Coro-
nary CTA&&TAG the logical conjunction of coronary CTA and TAG

% Sensitivity % Specificity % PPV % NPV % Accuracy

Coronary CTA
 All vessels 75 (63–85) 86 (80–90) 71 (59–80) 89 (83–93) 83 (75–89)
 LAD 93 (76–99) 80 (67–82) 78 (64–82) 95 (79–99) 86 (71–90)
 LCX 57 (28–79) 89 (82–95) 57 (28–79) 89 (82–95) 83 (71–92)
 RCA 73 (50–87) 88 (77–94) 73 (50–87) 88 (77–94) 83 (68–92)

TAG
 All vessels 75 (60–86) 63 (59–67) 40 (32–46) 89 (82–94) 66 (59–72)
 LAD 80 (61–92) 60 (46–67) 60 (46–69) 80 (61–92) 69 (52–79)
 LCX 71 (40–91) 40 (33–46) 24 (13–31) 85 (67–95) 47 (34–55)
 RCA 70 (42–89) 77 (71–80) 37 (22–47) 93 (86–97) 75 (66–82)

Coronary CTA||TAG
 All vessels 94 (84–98) 61 (55–63) 56 (50–59) 94 (86–99) 72 (65–75)
 LAD 100 (84–100) 60 (48–60) 65 (55–65) 100 (80–100) 77 (64–77)
 LCX 100 (71–100) 29 (21–29) 26 (18–26) 100 (74–100) 57 (57–69)
 RCA 81 (59–94) 86 (73–89) 69 (50–80) 95 (79–97) 83 (68–91)

Coronary CTA&&TAG
 All vessels 73 (63–75) 98 (94–99) 88 (83–99) 90 (85–90) 90 (85–92)
 LAD 80 (66–80) 95 (84–99) 93 (74–99) 91 (80–95) 91 (79–91)
 LCX 70 (46–71) 100 (94–100) 100 (64–100) 93 (87–93) 94 (84–94)
 RCA 64 (43–71) 96 (86–99) 88 (59–98) 85 (77–88) 86 (73–90)

Table 3   McNemar’s test results for coronary CTA vs coronary CTA combined with TAG

Data in parentheses are 95% confidence intervals
Bold indicate significant of p values
TAG transluminal attenuation gradient, CTA computed tomography angiography

Coronary CTA Coronary CTA||TAG p value

% Sensitivity 75 (64–85) 94 (84–98) 0.102
% Specificity 86 (80–90) 61 (55–63) < 0.05
% Accuracy 83 (75–89) 72 (65–75) < 0.05

Coronary CTA Coronary CTA&&TAG p value

% Sensitivity 75 (64–85) 73 (63–75) 0.41
% Specificity 86 (80–90) 98 (94–99) < 0.05
% Accuracy 83 (75–89) 90 (85–92) < 0.05
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Fig. 3   A case with borderline stenosis on coronary computed tomog-
raphy angiography (CTA) judged as negative in logical conjunction 
of coronary CTA and transluminal attenuation gradient (TAG). a In 
coronary CTA, the stenosis of the left anterior descending (LAD) 
artery was measured as 60% stenosis. b TAG value along the lesion 

was −  14.72  HU and we judged negative on TAG evaluation. In 
logical conjunction of coronary CTA and TAG (CCTA&&TAG), the 
lesion was defined as no significant stenosis. c On CAG in left ante-
rior oblique cranial view, the final judgment of the lesion on LAD 
was not significant
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