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ABSTRACT

OBJECTIVES The aim of this study was to investigate the incremental diagnostic value of transluminal attenuation

gradient (TAG), TAG with corrected contrast opacification (TAG-CCO), and transluminal diameter gradient (TDG) over

coronary computed tomography angiography (CTA)–derived diameter stenosis alone for the identification of ischemia as

defined by both the invasive reference standard fractional flow reserve (FFR) and the noninvasive reference standard

quantitative positron emission tomography (PET).

BACKGROUND In addition to anatomic information obtained by coronary CTA, several functional CT parameters have

been proposed to identify hemodynamically significant lesions more accurately, such as TAG, TAG-CCO, and more

recently TDG. However, clinical validation studies have reported conflicting results, and a recent study has suggested

that TAG may be affected by changes in vessel diameter.

METHODS Patients with suspected coronary artery disease underwent coronary CTA and [15O]H2O PET followed by

invasive coronary angiography with FFR of all major coronary arteries. TAG, TAG-CCO, and TDG were assessed, and the

incremental diagnostic value of these parameters over coronary CTA–derived diameter stenosis alone for ischemia as

defined by PET (hyperemic myocardial blood flow #2.30 ml/min/g) and FFR (#0.80) was determined.

RESULTS A total of 557 (91.9%) coronary arteries of 201 patients were included for analysis. TAG, TAG-CCO, and TDG

did not discriminate between vessels with or without ischemia as defined by either PET or FFR. Furthermore, these

parameters did not have incremental diagnostic accuracy over coronary CTA alone for the presence of ischemia as defined

by PET and FFR. There was a significant correlation between TDG and TAG (r ¼ 0.47; p < 0.001) and between TDG and

TAG-CCO (r ¼ 0.37; p < 0.001).

CONCLUSIONS TAG, TAG-CCO, and TDG do not provide incremental diagnostic value over coronary CTA alone for the

presence of ischemia as defined by [15O]H2O PET and/or FFR. The lack of diagnostic value of contrast enhancement–based

flow estimations appears related to coronary luminal dimension variability. (J Am Coll Cardiol Img 2019;12:323–33)
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C oronary computed tomography
angiography (CTA) is a widely avail-
able tool for noninvasive assess-

ment of patients with suspected coronary
artery disease (CAD) with a high sensitivity
and negative predictive value (1). However,
coronary CTA has relatively low specificity
for the detection of hemodynamically signif-
icant coronary stenoses. In an attempt to
increase specificity, several CT techniques
have been proposed, such as CT perfusion
imaging, CT-derived fractional flow reserve
(CT-FFR), and transluminal attenuation
gradient (TAG) (2–4). Unlike CT perfusion
imaging and CT-FFR, which require addi-
tional radiation or elaborate off-site post-
processing with dedicated software, TAG
analysis of intracoronary luminal attenua-
tion is available from standard coronary
CTA data. The basis of TAG is the concept
that in the presence of significant coronary
stenosis, luminal attenuation will decrease

more rapidly. To correct for the time-dependent
perturbation of coronary contrast delivery associated
with imaging of multiple heartbeats, TAG with
corrected coronary opacification (TAG-CCO) has
been proposed (5). Studies on the diagnostic value
of TAG and TAG-CCO to identify FFR-positive lesions

have yielded conflicting results (3,4,6–9). Moreover,
limited data exist on the comparison of TAG and
TAG-CCO with quantitative positron emission tomog-
raphy (PET) perfusion, which is considered the
noninvasive gold standard for myocardial perfusion.
Recently, correlation between luminal diameter
decrease along the course of the coronary artery,
expressed as transluminal diameter gradient (TDG),
and TAG has been suggested as an explanation for
the lack of diagnostic value of TAG (10). The aim of
this study was therefore to assess the diagnostic ac-
curacy of TDG, TAG, and TAG-CCO for the presence
of ischemia. Results were tested against the invasive
(FFR) and noninvasive reference standard ([15O]H2O

PET). Additionally, the potential correlation of TAG
and TDG was explored.

METHODS

STUDY POPULATION. The current report is a sub-
study of the PACIFIC (Prospective Head-to-Head
Comparison of Coronary CT Angiography, Myocardial
Perfusion SPECT, PET, and Hybrid Imaging for Diag-
nosis of Ischemic Heart Disease using Fractional Flow
Reserve as Index for Functional Severity of Coronary
Stenoses) trial, and details regarding the study design
are described previously (11). In brief, 208 patients
with suspected CAD underwent coronary CTA, single
photon emission CT, and [15O]H2O PET imaging, fol-
lowed by invasive coronary angiography (ICA) with
FFR measurement in all major coronary vessels. For
the current analysis, patients with both coronary CTA
and PET imaging were included (n ¼ 201). Vessels
with a chronic total occlusion (CTO) were excluded
from analysis because of an inability to measure distal
attenuation. In case of a significant left main coronary
artery stenosis ($50%), the left anterior descending
and left circumflex coronary arteries were excluded
from analysis because of an inability to measure
proximal attenuation (Figure 1). The study protocol
was approved by the Medical Ethics Committee of the
VU University Medical Center in Amsterdam, the
Netherlands, and written informed consent was
obtained.
CORONARY CTA ACQUISITION. Patient preparation
and image acquisition were performed as described
previously (11). In short, patients underwent coronary
CTA on a 256-slice CT-scanner (Brilliance iCT, Philips
Healthcare, Best, the Netherlands) with a collimation
of 128 � 0.625 mm and a tube rotation time of 270 ms.
A tube current between 200 and 360 mAs at 120 kV
was used, adjusting primarily the mAs on the basis of
body habitus. Axial scanning was performed with
prospective electrocardiographic gating (Step & Shoot
Cardiac, Philips Healthcare) at 75% of the R-R inter-
val. A bolus of 100 ml iobitridol (Xenetix 350) was
injected intravenously (5.7 ml/s) followed by a 50-ml
saline flush. The scan was triggered using an auto-
matic bolus tracking technique, with a region of
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interest placed in the descending thoracic aorta with
a threshold of 150 Hounsfield units (HU).

[15O]H2O POSITRON EMISSION TOMOGRAPHY. Patients
were scanned on a hybrid PET/CT device (Gemini
TF 64, Philips Healthcare) following intravenous
injection of 370 MBq of [15O]H2O. Scans were acquired
under resting conditions and during vasodilator stress
by intravenous infusion of adenosine (140 mg/kg/min).
Patients were instructed not to consume products
containing caffeine or xanthine 24 h before the scan.
Scanning protocol, image acquisition, and quantifica-
tion of myocardial blood flow (MBF) have been
described in detail previously (12).

INVASIVE CORONARY ANGIOGRAPHY AND FFR. ICA
and FFR measurements were performed as described
previously (11). In brief, all major coronary arteries
were routinely interrogated by FFR, except for
occluded or subtotal lesions $90%. Maximal hyper-
emia was induced by infusion of intracoronary
(150 mg) or intravenous (140 mg/kg/min) adenosine.
An FFR of #0.80 was considered hemodynamically
significant. In case of a missing FFR, subtotal
stenoses of $ 90% were deemed significant, whereas
lesions with stenosis of #30% (obtained with quantitative
coronary analysis) were deemed nonsignificant.

CORONARY CTA ANALYSIS. Obstructive CAD was
defined as a stenosis in any of the major coronary
vessels of $50%: the left main artery, left anterior
descending, left circumflex, or right coronary artery.
Grading of the coronary CTA images performed on an
intention-to-diagnose basis with noninterpretable
segments considered positive for obstructive CAD.
Analysis of stenosis grade was performed by inde-
pendent blinded core laboratories (Departments of
Radiology, St. Paul’s Hospital, Vancouver, Canada
and Weill Cornell Medical College, Dalio Institute of
Cardiovascular Imaging, New York-Presbyterian
Hospital, New York, New York).

TAG analysis was performed as described previ-
ously (4,5), with the use of CT Comprehensive Cardiac
Analysis (Philips Healthcare), and as depicted in
Figure 2. The centerline was reconstructed for each
major coronary artery. Cross-sectional images
perpendicular to the centerline were used for TAG
analysis. A circular region of interest of 1.0 mm2 was
manually positioned at 5-mm intervals from the
ostium to distal where the vessel’s cross-sectional area
fell below 2.0 mm2. TAG was expressed as the change
in Hounsfield units per 10-mm length of coronary
artery, defined as the linear regression coefficient
between intraluminal radiological attenuation and
length from the ostium. To correct for time-dependent
perturbation of contrast delivery associated with

imaging over several heart cycles, the TAG-CCO was
calculated. Each coronary attenuation measurement
was normalized to the attenuation of the descending
aorta of the corresponding cycle by dividing the
coronary attenuation by the aortic attenuation. In
accordance with TAG, the lumen diameter was
measured in cross-sectional images at 5-mm intervals
(Figure 2). TDG was defined as the linear regression
coefficient between the diameter and length from the
ostium and expressed as the change in diameter per
10-mm length (10). Attenuation and diameter mea-
surements at the level of stenosis and/or calcification
were excluded from TAG and TDG analysis.

PET ANALYSIS. PET scans were analyzed by an
independent blinded core laboratory (Turku Univer-
sity Hospital and University of Turku, Turku,
Finland). Ischemia was defined by a perfusion defect
of at least 2 adjacent myocardial segments with

FIGURE 1 Flowchart of Study Population

201 patients (96.6%);
557 vessels (91.9%)

PACIFIC study cohort
(n = 208 patients ; 624 vessels)

PET not performed (n = 4)

CT not interpretable (n = 3)

CTO vessels (n = 17)

Insufficient image quality (n = 10)

LM stenosis (n = 10)

Absence of RCA subtending LV
myocardium of perfusion (n = 8)

Vessel size <2 mm2 (n = 1)

201 patients (96.6%);
603 vessels (100%)

CT ¼ computed tomography; CTO ¼ chronic total occlusion; LM ¼ left main coronary

artery; LV ¼ left ventricular; PACIFIC ¼ Prospective Head-to-Head Comparison of

Coronary CT Angiography, Myocardial Perfusion SPECT, PET, and Hybrid Imaging for

Diagnosis of Ischemic Heart Disease using Fractional Flow Reserve as Index for

Functional Severity of Coronary Stenoses; PET ¼ positron emission tomography;

RCA ¼ right coronary artery.
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hyperemic MBF #2.30 ml/min/g (12). Standard seg-
mentation was used to assign coronary arteries to
vascular territories on parametric MBF images (13).

STATISTICAL ANALYSES. Statistical analyses were
performed using the SPSS software package version
20.0.0 (IBM SPSS Statistics, Armonk, New York).
Continuous variables were tested for normal

distribution. Normal distributed continuous variables
are presented as mean � SD. Non-normal distributed
variables are presented as median with interquartile
range. Categorical variables are presented as
frequencies with percentages. Continuous variables
of TAG, TAG-CCO, and TDG were compared among
groups using Generalized Estimating Equations to
account for multiple observations within patients.

FIGURE 2 Example of TAG and TDG Analysis
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Models included a main effect for the grouping
variables, and an exchangeable correlation structure
was used. Spearman correlation was used to measure
the association between TDG and TAG and between
TDG and TAG-CCO. The incremental value of TAG,
TAG-CCO, and TDG to coronary CTA-derived diameter
stenosis $50% for the presence of ischemia as defined
by both PET and FFR was determined by comparing
the respective areas under the receiver-operating
characteristic (ROC) curve using the method of
DeLong. A p value <0.05 was considered statistically
significant.

RESULTS

STUDY POPULATION. A total of 201 (96.6%) patients
with interpretable coronary CTA and PET images were
included for analysis. Of these patients, 13 vessels
were excluded because of inadequate coronary CTA
image quality to allow for TAG analysis. An additional

10 vessels were excluded for significant left main
coronary artery stenosis, 17 vessels for CTO, and 1
vessel because of vessel size <2 mm2. Furthermore,
the right coronary artery was excluded in 8 patients
because of a left-dominant coronary anatomy in
which the right coronary artery did not subtend left
ventricular myocardium. Ultimately, 557 (91.9%)
coronary arteries of 201 patients were included for
analysis (Figure 1). Baseline characteristics are listed
in Table 1.

CORONARY CTA AND PET. In 115 (57.2%) patients,
coronary CTA showed obstructive CAD in 206 (33.8%)
vessels. PET imaging showed reduced stress MBF in
93 (46.3%) patients and in 190 (34.1%) vascular
territories.

ICA AND FFR. Quantitative coronary analysis showed
a $50% stenosis at ICA in 88 (43.8%) patients and in
126 (22.6%) vessels. A total of 518 (93.0%) arteries
were interrogated with FFR. Of 39 (7.0%) vessels in
which FFR was not performed, 36 (6.5%) had a
diameter stenosis of >90%, and these vessels were
thus deemed hemodynamically significant. In 3
(0.5%) vessels, FFR assessment was not possible
because of severe tortuosity of the vessel. However,
none of these vessels had a lesion with a diameter
stenosis >30%, and these vessels were deemed
nonobstructed. A total of 83 (41.3%) patients had 1 or
more hemodynamically significant lesions. In these
patients, the number of vessels with hemodynami-
cally significant CAD was 125 (22.4%).

TRANSLUMINAL ATTENUATION GRADIENT. An
overview of TAG, TAG-CCO, and TDG values stratified
by PET results is depicted in Table 2. Mean values of
TAG, TAG-CCO, and TDG were not significantly
different between both groups of PET results
(p ¼ 0.38, p ¼ 0.59, and p ¼ 0.35, respectively). In the
subgroup of vessels with significant stenosis at coro-
nary CTA, there was also no significant difference in

TABLE 1 Baseline Characteristics (N ¼ 201)

Demographics

Age, yrs 58 � 9

Male 129 (64)

Body mass index, kg/m2 27 � 4

Cardiovascular risk factors

Diabetes mellitus type 2 32 (16)

Hypertension 94 (47)

Hyperlipidemia 79 (39)

Current tobacco use 40 (20)

History of tobacco use 99 (49)

Family history of CAD 103 (51)

Type of chest-pain

Typical angina 71 (35)

Atypical angina 75 (37)

Nonspecific chest discomfort 55 (27)

Values are mean � SD or n (%).

CAD ¼ coronary artery disease.

TABLE 2 TAG and TDG Analysis on a Per Vessel Basis Stratified by PET Results

Total Hyperemic MBF >2.30 Hyperemic MBF #2.30 p Value*

All vessels 557 367 190

TAG, HU � 10 mm-1 �9.88 � 10.9 �10.2 � 10.8 �9.20 � 11.2 0.38

TAG-CCO, HU � 10 mm-1 �0.0301 � 0.0359 �0.0310 � 0.0331 �0.0285 � 0.0408 0.59

TDG, mm � 10 mm-1 �0.217 � 0.140 �0.221 � 0.148 �0.209 � 0.123 0.35

CTA DS $50% 171 68 103

TAG, HU � 10 mm-1 �10.8 � 12.4 �10.5 � 11.1 �11.1 � 13.2 0.72

TAG-CCO, HU � 10 mm-1 �0.0332 � 0.0398 �0.0299 � 0.0281 �0.0353 � 0.0459 0.39

TDG, mm � 10 mm-1 �0.210 � 0.115 �0.199 � 0.0857 �0.217 � 0.131 0.39

Values are n or mean � SD. *p value for difference between hyperemic MBF groups.

CTA DS ¼ computed tomography angiography–derived diameter stenosis; HU ¼ Hounsfield units; MBF ¼ myocardial blood flow; PET ¼ positron emission tomography;
TAG ¼ transluminal attenuation gradient; TAG-CCO ¼ transluminal attenuation gradient with corrected contrast opacification; TDG ¼ transluminal attenuation gradient.
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TAG, TAG-CCO, and TDG values between vessels with
and without PET-defined ischemia (p ¼ 0.72, p ¼ 0.39,
and p ¼ 0.39, respectively). Table 3 shows mean TAG,
TAG-CCO, and TDG values stratified by FFR. Although
mean TAG and TAG-CCO were slightly lower in ves-
sels with a positive FFR than those with a negative
FFR, these changes were not statistically significant
(p ¼ 0.37 and p ¼ 0.17, respectively). Accordingly,

in vessels with a significant stenosis at coronary CTA,
no statistically significant differences in TAG, TAG-
CCO, and TDG were noted between FFR groups
(p ¼ 0.33, p ¼ 0.08, and p ¼ 0.76, respectively).

INCREMENTAL DIAGNOSTIC VALUE OF TAG, TAG-CCO,

AND TDG FOR PRESENCE OF ISCHEMIA. The results of
ROC analyses on the incremental value of TAG

TABLE 3 TAG and TDG Analysis on a Per Vessel Basis Stratified by FFR Results

Total FFR >0.80 FFR #0.80 p Value*

All vessels 557 125 432

TAG, HU � 10 mm-1 9.88 � 10.9 �9.65 � 10.7 �10.7 � 11.8 0.37

TAG-CCO, HU � 10 mm-1 �0.030 � 0.036 �0.0287 � 0.0340 �0.0350 � 0.0415 0.17

TDG, mm � 10 mm-1 �0.217 � 0.140 �0.219 � 0.149 �0.210 � 0.103 0.47

CTA DS $50% 171 86 85

TAG, HU � 10 mm-1 �10.8 � 12.4 �9.71 � 11.4 �12.0 � 13.3 0.33

TAG-CCO, HU � 10 mm-1 �0.0332 � 0.0398 �0.0270 � 0.0321 �0.0394 � 0.0456 0.08

TDG, mm � 10 mm-1 �0.210 � 0.115 �0.208 � 0.135 �0.211 � 0.0912 0.76

Values are n or mean � SD. *p value for difference between FFR groups.

FFR ¼ fractional flow reserve; other abbreviations as in Table 2.

FIGURE 3 Diagnostic Value of Coronary CTA Alone Versus Coronary CTA With TAG, TAG-CCO, and TDG for the Presence of Ischemia
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parameters to coronary CTA-derived diameter steno-
sis alone for the presence of ischemia, as defined by
PET and FFR, are illustrated in Figure 3. TAG,
TAG-CCO, and TDG did not significantly increase the
area under the curve (AUC) for the presence of
ischemia as defined by PET or FFR. However, there
was a nonsignificant trend for a minor increase in
AUC for the addition of both TAG and TAG-CCO to
coronary CTA-derived diameter stenosis alone for the
presence of ischemia as defined by PET perfusion
(p ¼ 0.053 and p ¼ 0.08, respectively).

CORRELATION OF TAG PARAMETERS WITH TDG. The
correlation between TAG parameters (TAG and
TAG-CCO) and TDG is shown in Figure 4. There was a
significant correlation between both TAG and TDG
(r ¼ 0.472; p < 0.001) and between TAG-CCO and TDG
(r ¼ 0.376; p < 0.001).

DISCUSSION

Our study assessed the diagnostic potential of TAG,
TAG-CCO, and TDG for the presence of ischemia as
defined by both the noninvasive gold standard [15O]
H2O PET and the invasive gold standard FFR. Results
show that TAG, TAG-CCO, or TDG did not provide
incremental diagnostic value over coronary
CTA-derived diameter stenosis alone for the identi-
fication of hemodynamically significant lesions
defined by either PET or FFR. Furthermore, the
change in coronary artery diameter, defined by TDG,
correlated with both TAG and TAG-CCO, a finding that

implies that TAG may be influenced by decreased
attenuation because of decrease in diameter.

DIAGNOSTIC VALUE OF TAG FOR THE PRESENCE OF

FFR-DEFINED ISCHEMIA. Previous studies of the
diagnostic value of TAG for the identification of
FFR-positive lesions have shown conflicting results
(6,7,9). An overview of these studies is represented in
Table 4. Choi et al. (7) retrospectively studied the
diagnostic performance of TAG and CCO compared
with coronary CTA alone in 65 patients with 64-row
coronary CTA. These investigators reported superior
diagnostic accuracy of TAG over coronary CTA alone,
with AUCs of 0.81 and 0.73, respectively. Subse-
quently, Yoon et al. (9) showed that TAG could
significantly predict the presence of FFR-positive
vessels (AUC: 0.63); however, the diagnostic perfor-
mance of TAG was not significantly different from that
of coronary CTA diameter stenosis. More recently, our
group prospectively investigated the value of TAG
over coronary CTA alone in 85 patients by using a
256-slice CT (6). There was no incremental diagnostic
value of TAG for the presence of hemodynamically
obstructed vessels, and in contrast to the aforemen-
tioned studies, TAG was not able to discriminate be-
tween vessels with or without hemodynamically
significant lesions. The results of the present study are
in line with our previous work. TAG values were
numerically lower in the FFR #0.80 group, although
this was not statistically significant. Furthermore,
TAG did not improve diagnostic accuracy over coro-
nary CTA alone for the presence of hemodynamically

FIGURE 4 Correlation Between TAG and TDG and TAG-CCO and TDG
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obstructed vessels. When comparing the incremental
value of TAG in the various studies, one must take
notice of the large heterogeneity in the diagnostic
value of coronary CTA alone, with an AUC ranging
from 0.73 to 0.85 (6,7,9). The relatively low diagnostic
value of coronary CTA alone in the present study may
be partly explained by the use of the intention-to-
diagnose analysis. Despite the low diagnostic value
of coronary CTA alone and although TAG was per-
formed only in selected patients in which TAG was
deemed feasible, TAG did not provide incremental
diagnostic accuracy over coronary CTA alone.
TEMPORAL UNIFORMITY IN TAG ANALYSIS. Accord-
ing to its theoretical framework, TAG is dependent on
temporal uniformity of image acquisition. Scanners
with very wide detector arrays or dual-source
CT-scanners with a high-pitch spiral scan mode can
image the entire heart in a single heartbeat. Most
studies on TAG, including the present study, have
used 64- to 256-slice CT scanners in axial scan mode
that require several heart cycles to acquire all images.
To correct for this temporal nonuniformity, CCO was
introduced, in which the intraluminal attenuation is
normalized to the attenuation of the descending aorta

of the corresponding cycle. As with TAG, reports on
the diagnostic value of CCO have shown conflicting
results (6,7,14). Wang et al. (14) retrospectively eval-
uated the diagnostic value of CCO in 32 patients (and
32 vessels) and reported good diagnostic performance
of CCO with an AUC of 0.85 for the identification of
FFR-positive lesions. The aforementioned study by
Choi et al. (7), however, did not show incremental
value of CCO over coronary CTA alone for the pres-
ence of FFR-positive lesions. In an effort to optimize
results, our group previously reported on the diag-
nostic value of TAG-CCO, in which CCO was calcu-
lated using linear regression of CCO values along the
coronary artery, as is done with TAG. Although lower
TAG-CCO values were found in vessels with a positive
FFR than in those with a negative FFR, TAG-CCO
did not improve diagnostic accuracy over coronary
CTA alone (6). In line with these results, the present
study showed no incremental value of TAG-CCO
over coronary CTA alone for the identification of he-
modynamically obstructed vessels. Limited studies
have reported on the diagnostic value of TAG
obtained in a single heartbeat with a 320-slice
CT (TAG-320). Wong et al. (4) reported that in a

TABLE 4 Overview of Studies on the Diagnostic Value of TAG and CCO

First Author
(Ref. #)

Number of
Patients (Vessels) CT Acquisition Reference Standard Parameter AUC

Incremental Value
to Coronary
CTA Alone

Choi et al. (7) 63 (97) 64-slice, retrospective
gating

FFR #0.80 Coronary CTA 0.73 —

Coronary CTA þ TAG 0.81 Yes

Coronary CTA þ CCO 0.78 No

Yoon et al. (9) 53 (82) 64-slice, retrospective
gating

FFR #0.80 Coronary CTA 0.73 —

TAG 0.63 N/A

Stuijfzand et al. (6) 85 (253) 256-slice, prospective
gating

FFR #0.80 Coronary CTA 0.85 —

Coronary CTA þ TAG 0.87 No

Coronary CTA þ TAG-CCO 0.88 No

Wang et al. (14) 32 (32) First-generation DSCT,
retrospective
gating; second-
generation DSCT,
prospective gating

FFR #0.80 CCO 0.85 Yes

TAG 0.68 No

Wong et al. (4) 54 (78) 320-slice, prospective
gating

FFR #0.80 Coronary CTA 0.79 —

Coronary CTA þ TAG 0.88 Yes

Ko et al. (15) 61 (82) 320-slice, prospective
gating

FFR #0.80 Coronary CTA 0.69 —

Coronary CTA þ TAG 0.72 No

Benz et al. (16) 39 (69) 64- or 256-slice,
prospective gating

NH3 PET: RFR <0.69 CCO 0.71 N/A

Present study 201 (557) 256-slice, prospective
gating

FFR #0.80 Coronary CTA 0.74 —

Coronary CTA þ TAG 0.75 No

Coronary CTA þ TAG-CCO 0.75 No

[15O]H2O PET: stress
MBF #2.30

Coronary CTA 0.68 —

Coronary CTA þ TAG 0.70 No

Coronary CTA þ TAG-CCO 0.70 No

AUC ¼ area under the curve; CTA ¼ computed tomography angiography–derived diameter stenosis $50%; CT ¼ computed tomography; DSCT ¼ dual-source computed to-
mography; N/A ¼ analysis on incremental value of TAG/CCO to coronary CTA-derived diameter stenosis alone not performed; other abbreviations as in Tables 2 and 3.
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cohort of 54 patients, TAG-320 had incremental value
over coronary CTA alone for detection of significant
FFR. Recently, Ko et al. (15) investigated the
diagnostic value of TAG-320 for the presence of sig-
nificant FFR in a substudy of the NXT (HeartFlowNXT
- HeartFlow Analysis of Coronary Blood Flow Using
Coronary CT Angiography) trial. TAG-320 was found
to add no incremental value when added to coronary
CTA, with AUCs of 0.69 and 0.75, respectively. Future
studies are warranted to elucidate the diagnostic
value of TAG-320.

DIAGNOSTIC VALUE OF TAG AND CCO FOR THE

PRESENCE OF PET-DEFINED ISCHEMIA. To date, no
studies have reported on the diagnostic value of TAG
in comparison with the noninvasive gold standard for
myocardial perfusion, quantitative PET perfusion.
For CCO, only 1 small retrospective study with 39
patients (and 69 vessels) has evaluated its diagnostic
value for the presence of ischemia, as defined by
relative flow reserve measured using [13N]NH3 PET
(16). CCO decrease was significantly correlated
with PET-defined ischemia (r ¼ �0.48). In the present
study, hyperemic MBF measured with [15O]H2O PET
was used as a reference standard. Because [15O]H2O
is metabolically inert and freely diffusible across
myocyte membranes, it is considered the optimal
tracer for quantification of MBF (17). Hyperemic MBF
was used as reference standard because it is reported
to have the highest diagnostic accuracy in quantita-
tive PET perfusion (12). In the present study, neither
TAG nor TAG-CCO was able to discriminate between
vessels with and without [15O]H2O PET-defined
ischemia. Furthermore, in line with the lack of diag-
nostic value for FFR-positive lesions, TAG and TAG-
CCO did not significantly increase the diagnostic
value of coronary CTA alone for the identification of
PET-defined ischemia (AUCs of 0.70, 0.70, and 0.68,
respectively).

Recently, Park et al. (10) showed, in a combined-
vessel phantom, animal, and clinical study, that
intraluminal attenuation is affected by the diameter of
the vessel. For their clinical investigation, TAG and
TDGwere calculated in 62 patients (and 152 vessels). In
line with the present findings, TAG was significantly
correlated with TDG (r ¼ 0.580), thus implying that
TAG could be related to decrease of attenuation
because of a decrease in luminal diameter. This could
partly explain the lack of diagnostic value of TAG. The
diminution of attenuation in smaller vessels could be
caused by the partial volume averaging effect, inwhich
several objects are encompassed on the same CT voxel
because of the limited spatial resolution (18). Park et al.
(10), however, proposed the point-spread function as a

possible mechanism. The point-spread function is the
response of an imaging system to a point source.
Widening of the point-spread function and subsequent
image blurring occurmore often in smaller objects (19).
Therefore CT density is underestimated in smaller
objects such as coronary arteries (20). In TAG analysis,
this could result in decreased attenuation along the
course of the vessel.

Park et al. (10) further reported that TDG was able
to discriminate between vessels with and without
significant stenosis at ICA, whereas TAG was not.
These investigators therefore proposed TDG as a
potential functional CT parameter. In the present
study, however, TDG had no incremental value to
coronary CTA alone for the identification of the
presence of ischemia.

Another limitation in TAG analysis is that TAG is
measured in a resting state and thus can represent
only resting coronary flow. Because resting flow is
known to remain stable up to the point of subtotal
occlusion (21), it is not unanticipated that TAG is
unable to identify hemodynamically obstructed cor-
onary arteries. To overcome this issue, a recent study
evaluated the use of TAG during pharmacological
stress (22). In a cohort of 27 patients, the investigators
found that stress TAG after intravenous adenosine
infusion was associated with added radiation expo-
sure and inferior image quality without improving
diagnostic accuracy.

STUDY LIMITATIONS. First, the presence of a CTO
with large collateral circulation is reported to result in
increased flow in the supplying donor artery (23).
Although 17 CTO vessels were excluded from analysis,
supplying donor arteries were not. Theoretically, the
presence of a CTO could have influenced TAG and
TAG-CCO measurements in these donor arteries.
However, our results did not change when donor
arteries where excluded from analysis (data not
shown). Second, some assumptions were made in case
of missing FFR measurements (39 vessels, 7.0%).
Although previous reports have shown that FFR is
positive in most cases with a >90% stenosis and
negative in all most all cases with <30% stenosis, mi-
nor influence of these assumptions on our study re-
sults may have occurred (24). Third, image
acquisition, contrast injection, scan-trigger protocol,
and CT scanner type are known to affect contrast
enhancement of coronary CTA and could have affected
our results (25). As mentioned previously, novel CT
scanners with single heartbeat imaging may be better
suited for the measurement of TAG parameters.
Finally, because standard segmentation according to
the American Heart Association was used to assign
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coronary arteries to PET perfusion territories (13),
some mismatch between coronary arteries and their
corresponding vascular territories may have occurred.
Prior studies therefore used an individualized
approach in which angiography was used to assign
coronary arteries to perfusion territories (12).
However, the clinical impact of this individualized
approach is disputable because similar results are re-
portedwith the use of the individualized approach and
the standard segmentation (26).

CONCLUSIONS

This study shows that TAG, TAG-CCO, or TDG did
not provide incremental diagnostic value for the
presence of ischemia, as defined by both the
noninvasive gold standard [15O]H2O PET perfusion
imaging and the invasive gold standard FFR.
Because TAG was significantly correlated with TDG,
the lack of diagnostic value of TAG may be a result of
interrelation with differences in coronary luminal
diameter.

ADDRESS FOR CORRESPONDENCE: Dr. Paul
Knaapen, Department of Cardiology, VU University
Medical Center, De Boelelaan 1118, 1081 HZ
Amsterdam, theNetherlands. E-mail: p.knaapen@vumc.nl.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: TAG,

TAG-CCO, and TDG obtained from coronary CTA have

been proposed as possible functional CT parameters.

Our study shows that these contrast-based flow

estimations have no additional diagnostic value for

the presence of ischemia as defined by the invasive

(FFR) and noninvasive (PET) reference standard.

TRANSLATIONAL OUTLOOK: Further studies are

warranted to examine the diagnostic potential of TAG

and TAG-CCO obtained from coronary CTA with single

heartbeat imaging.
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