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Objective: We assessed the diagnostic performance of

adenosine-stress dynamic CT perfusion (ASDCTP) imag-

ing and coronary CT angiography (CCTA) for the de-

tection of ischaemic myocardial lesions using 128-slice

dual-source CT compared with that of 1.5 T cardiac MRI.

Methods: Thisprospective study included33patients (6168

years, 82% male) with suspected coronary artery diseases

who underwent ASDCTP imaging and adenosine-stress

cardiac MRI. Two investigators independently evaluated

ASDCTP images in correlation with significant coronary

stenosis onCCTAusing twodifferent thresholds of 50%and

70% diameter stenosis. Hypoattenuated myocardial lesions

on ASDCTP associated with significant coronary stenoses

on CCTA were regarded as true perfusion defects. All

estimates of diagnostic performance were calculated and

compared with those of cardiac MRI.

Results: With use of a threshold of 50% diameter stenosis

on CCTA, the diagnostic estimates per-myocardial seg-

ment were as follows: sensitivity, 81% [95% confidence

interval (CI): 70–92%]; specificity, 94% (95% CI: 92–96%);

andaccuracy93%(95%CI: 91–95%).Withuseofa threshold

of 70%, the diagnostic estimates were as follows: sensitiv-

ity, 48% (95% CI: 34–62%); specificity, 99% (95% CI:

98–100%); and accuracy, 94% (95% CI: 92–96%).

Conclusion: Dynamic CTP using 128-slice dual-source CT

enables the assessmentof thephysiological significanceof

coronary artery lesions with high diagnostic accuracy in

patients with clinically suspected coronary artery disease.

Advances in knowledge: Combined CCTA and ASDCTP

yielded high accuracy in the detection of perfusion

defects regardless of the threshold of significant coro-

nary stenosis.

It is important to evaluate not only anatomical information
about coronary arteries but also physiological information
about myocardial perfusion for the precise assessment of
coronary artery disease (CAD) [1]. Myocardial perfusion
imaging (MPI) can provide haemodynamic information
during exercise-induced or pharmacological stress. Single-
photon emission tomography (SPECT), cardiac MRI or
positron emission tomography (PET) has been extensively
used for MPI [2,3]. Moreover, a normal MPI determined
using these techniques carries an excellent prognosis with
a low rate of cardiac events [4–6].

SPECT and PET are limited in their ability to evaluate cor-
onary artery morphology and cardiac structures. By contrast,
CTMPIwith coronary CTangiography (CCTA) can evaluate

not only anatomical structure, including coronary artery
morphology, but also myocardial perfusion status. Although
radiation dose associated with CT perfusion (CTP) is a con-
cern, recent studies have shown that exposure to radiation
can be reduced using different techniques, such as high-pitch
helical scan of static CTP, half-scan duration of dynamic CTP
and anatomical tube current modulation [7,8]. SPECT is
more frequently used than MRI as a reference standard for
evaluating the diagnostic accuracy of CTP. However, Jaarsma
et al [9] reported that both cardiac MRI and PET showed
a significantly higher diagnostic accuracy than SPECT for
detection of obstructive CAD. Among several techniques of
CTP, adenosine-stress dynamic CTP (ASDCTP) using 128-
slice dual-source CT (DSCT) has the advantages of quanti-
tative analysis of myocardial blood flow (MBF) and the use of
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dynamic data sets [10–14]. There have been 2 previous studies of
dynamic CTP using stress perfusionMRI as the reference standard
[13,15], but these reports enrolled only 10 patients in the study
arm evaluating dynamic CTP.

The purpose of this study was to evaluate the diagnostic per-
formance of ASDCTP using a 128-slice DSCT for the detection
of myocardial perfusion defects compared with adenosine-stress
cardiac MRI.

METHODS AND MATERIALS
Patients
Our institutional review board approved this prospective study, and
written informed consent was obtained from each patient. 33
patients with clinically suspected CAD were enrolled. They were
referred to our unit for MPI using ASDCTP and cardiac MRI. The
study included males and non-pregnant females who were older
than 50 years and able to hold their breath during CTorMRI scan.
The nature of the chest pain was evaluated with regard to three
characteristics: (1) substernal pain, (2) whether the symptomswere
precipitated by physical exertion or emotion and (3) whether
prompt relief occurred within 10 min with rest or nitroglycerin.
Typical anginawas defined as presence of all of these characteristics.
Atypical angina pectoris was defined as presence of two of the three
characteristics. Non-anginal chest pain was characterised as pres-
ence of one or absence of the described features. The pre-test
probability for obstructive CAD was estimated using the Duke
Clinical Score, which included age, gender and character of chest
discomfort [16,17]. Patients were categorised into low (1–30%),
intermediate (31–70%) or high (71–99%) estimated pre-test
probability. Exclusion criteria included poor renal function (se-
rum creatinine .1.5 mg dl21), coronary artery bypass graft
placement and haemodynamic and clinical instability (angina
during rest, malignant arrhythmia). Patients were screened for
contraindications to adenosine administration. Contra-
indications included second- or third-degree atrioventricular
block without a functioning pacemaker, a history of asthma or
severe obstructive lung disease, systolic blood pressure
,90 mmHg, acute myocardial infarction or unstable coronary
syndrome within 24 h after symptom onset, hypersensitivity to
adenosine and intake of caffeine- or xanthine-containing com-
pounds within the last 12 h.Metforminwas discontinued at the time
of CT imaging and was subsequently withheld for a minimum of
48 h in patients with an estimated glomerular filtration rate of
,60 ml min21 1.73 m22. Beta-blockers and nitrates were dis-
continued prior to the CTexamination.

CT protocol
All patients underwent cardiac CT using a DSCT system
(SOMATOM Definition Flash; Siemens Medical Solutions,
Forchheim, Germany) with 236430.6 mm detector collimation
and the z-axis flying focal spot technique, resulting in 23128
sections. Adenosine was infused in the left arm and contrast was
injected in the right arm using bilateral antecubital intravenous
catheters. Electrocardiography (ECG) leads were placed on the
patient’s chest, and a blood pressure cuff was placed on the
patient’s lower extremity. A detailed explanation of the CT ex-
amination with instructions for breath-holds was also included
in patient preparation.

For calcium scoring, single-heartbeat CT scans were acquired
with the following parameters: 280 ms gantry rotation time,
120 kV tube potential and 80 reference mAs per rotation tube
current time product with the automatic tube current modu-
lation technique (CARE Dose 4D; Siemens Medical Solutions).

Adenosine (0.14 mg kg21 min21) infusion was then started for
stress CTP, with monitoring of the patient’s vital signs. Iodine
contrast was also injected at 2 min and 54 s after the start of
adenosine infusion with 40–50 ml of iomeprol 350 mg I ml21,
followed by 40–50ml of saline injected at 4–5ml s21. TheCTP scan
was initiated at 3 min after the start of adenosine infusion and was
performed in dynamic acquisition mode for 30 s, while main-
taining adenosine infusion. Dynamic CTP was performed by
shuttling the table between the two alternating table positions with
ECG-triggered mode for every other R–R interval. The anatomical
coverage of this imaging technique was 73 mmwith a 10% overlap
between both acquisition ranges for a given detector width of
38 mm. 100 kV tube voltage and automatic tube current modu-
lation technique (CARE Dose 4D) with 350 reference mAs per
rotation were used for dynamic stress scan.

After the ASDCTP scan, the adenosine infusion was discontinued
immediately. This was followed by an interval of 5–10 min with
monitoring of the patient’s heart rate. When the patient’s heart
rate returned to baseline, CCTA was performed 1 min after sub-
lingual administration of 0.4 mg of nitroglycerin. Beta-blockers
were not administered before CCTA to reduce the time interval
between stress CTP and rest CCTA. In our institute, oral beta-
blockers are only available for use to patients undergoing CCTA.
However, it takes at least 1 h to be effective. Retrospective ECG-
gated helical mode scan was performed with the full radiation
dose window set at 68–78% of the R–R interval in patients with
heart rates #70 bpm or 200–400 ms after the R peak in patients
with a heart rate of .70 bpm. The minimum tube current with
4% of the full radiation dose (MinDose®; Siemens Medical Sol-
utions, Forchheim, Germany) was applied to the remainder of the
R–R interval to minimise radiation dose. The typical contrast
dose for CCTAwas 70–80ml of iomeprol 350 followed by 40ml of
saline at 4–5 ml s21. The CTscan was initiated 9 s after the bolus-
tracking trigger was activated in the ascending aorta with
a trigger threshold of 100 Hounsfield units. The acquisition
parameters were 236430.6 mm detector collimation, result-
ing in 2312830.6 mm sections, 280 ms gantry rotation time
and 100 kV tube potential and 330 mAs per rotation tube
current time product. The scan range was from above the or-
igin of the coronary arteries to below the dome of the di-
aphragm in the craniocaudal direction.

Cardiac MRI
Cardiac MRI was performed using a 1.5 T unit (MAGNETOM
Avanto; Siemens Medical Solutions, Erlangen, Germany). For
stress MR perfusion imaging, adenosine was injected in-
travenously at 0.14 mg kg21 min21) for 3 min before perfusion
MRI and continued during perfusion MRI. Four short-axis slices
(one each in the basal and apical levels, two in mid-ventricular
levels) were obtained. Sequences were acquired immediately after
the injection of gadobutrol (Gadovist®; Bayer Healthcare, Berlin,
Germany) at 0.1 mmol per kilogram of body weight at an
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injection rate of 4 ml s21, followed by a 40 ml saline flush. 10min
after stress perfusion imaging, a second bolus of 0.1 mmol kg21

gadobutrol was injected, and rest perfusion images were obtained.
Spoiled gradient echo techniques (Turbo-FLASH pulse sequences)
were used for stress and rest sequences (repetition time/echo time,
2.2/1.08 ms; flip angle, 12°; saturation pre-pulse delay, 110 ms;
matrix, 1043160; field of view, 3203292 mm; acquisition win-
dow, 120 ms; slice thickness, 8 mm).

After rest perfusion scans, delayed enhancement imaging was
performed using Turbo-FLASH sequences (field of view,
2923360 mm; repetition time/echo time, 8.2/3.17 ms; inversion
time, 250–350ms; flip angle, 25°;matrix, 1253256; slice thickness,
6mm). The inversion timewas selected for each series according to
a Look–Locker sequence to optimise myocardial nulling. The
images were acquired in a continuous short-axis view.

Image analysis
CTP images were evaluated by two experienced investigators (one
with 3 years and one with 4 years of ASDCTP experience), both of
whom were blinded to each subject’s clinical data and identifiers.
Readers independently analysed the images. Discordant findings
were reconciled during consensus reading. MR perfusion imaging
was considered the reference standard for the detection of CTP
defects. Two investigators, one with 3 years and one with 12 years
of stress perfusion cardiac MRI experience, analysed the images
for the presence of perfusion defects for consensus reading.

Diagnostic performance for the detection of
myocardial perfusion defects
Dynamic stress CTP images were reconstructed at 280 ms of the
R–R interval using a standard kernel (B23f). The stress images were
read in the cardiac short-axis view at a 4-mm slice thickness with
averaged reconstruction. The image quality of CTP images was
visually assessed using a four-point scale (15 poor, non-diagnostic
image; 2 5 fair, the presence of moderate artefacts which allow
diagnosis; 3 5 good, the presence of any artefacts which do not
interfere with image interpretation; 4 5 excellent, the absence of
any artefacts). Grade 2–4 qualities were regarded as diagnostic.
Artefacts included motion, beam-hardening, image reconstruction
and misalignment artefacts. To detect subtle perfusion defects,
observers used a user-defined narrow window width and window
level setting as described previously [18]. Dynamic stress CT images
were evaluated visually according to the 16 myocardial segments
excluding the apical segment [19]. Myocardial segments were
considered to show perfusion defects when hypoperfusion lasted
for more than six heartbeats on dynamic data sets [13]. We ex-
cluded myocardial segments which covered #50% of the thickness
of the myocardium because of limited scan coverage (73 mm).

We also evaluated the CCTA images simultaneously to differen-
tiate true perfusion defects from artefacts. First, coronary artery
stenosis was evaluated visually. Then, observers calculated the
percentage of diameter stenosis on vessel cross-section images
using commercial software (iNtuition™ v. 4.4.7; TeraRecon, Inc.,
Foster City, CA). Significant coronary artery stenosis was classi-
fied by two different thresholds ($50% and $70% diameter
stenosis) by using a modified 17-segment model of the coronary
artery tree [13]. Among the vessel segments with degree of

stenosis near the threshold, the stenotic lesions with blooming or
motion artefacts were also considered as significant stenosis.
Among myocardial segments with hypoattenuated lesions, only
the segments associated with significant coronary stenoses were
regarded as perfusion defects. The hypoattenuated segments
without associated significant coronary stenoses were considered
as artefacts. The results of the CTP images were compared with
those of cardiac MRI. Myocardial segments were considered as
showing perfusion defect when hypoperfusion lasted for more
than 2 s compared with remote healthy myocardium and per-
sisted for at least 10 frames on perfusion MRI [20].

Quantitative analysis of CT perfusion
A colour-coded map of CTP was generated using Volume Per-
fusion software (Leonardo™; Siemens Medical Solutions, Erlan-
gen, Germany). The MBF and myocardial blood volume (MBV)
were also calculated. A dedicated parametric deconvolution
technique was used to fit the time-attenuation curves for quan-
titative analysis. A two-compartment model of intravascular and
extravascular space was used for deconvolution [21]. To increase
the precision of the fit, double sampling of the arterial input
function (AIF) was conducted. The input functionwas sampled at
every table position in the descending thoracic aorta and was
integrated into one AIF. Therefore, AIF had double the sampling
rate than the tissue time-attenuation curve. An algorithm was
used to establish the maximum slope using the fit model curve for
every voxel and measured MBF from the following relationship:
MBF5maximum slope/maximum AIF, where the maximum
slope indicates the tissue time-attenuation curve, and the maxi-
mum AIF indicates the maximum AIF value [13,18]. MBF and
MBV were determined in each of the 16 myocardial segments,
excluding the apical segment [19].

Radiation dose
The effective radiation dose was derived by multiplying the
dose-length product (DLP) by the conservative constant k
(k50.014 mSv mGy21 cm21) according to the standard meth-
odology outlined in the European Guidelines on Quality Criteria
for Computed Tomography [22].

Statistical analysis
All continuous data were expressed as mean 6 standard de-
viation, whereas categorical variables were expressed as percen-
tages. The diagnostic estimates of ASDCTP for the detection of
perfusion defects, with cardiac MRI as the reference standard,
were defined by sensitivity, specificity, positive predictive value,
negative predictive value and accuracy; 95% confidence intervals
(CIs) were provided for each estimate. Calculations were per-
formed on a per-myocardial segment, a per-territory and a per-
patient basis. For interobserver agreements, the Cohen’s kappa
value was used. All reported diagnostic values are based on con-
sensus between the two observers. p,0.05 was considered to
indicate statistical significance. Statistical analysis was performed
using MedCalc® software (MedCalc, Mariakerke, Belgium).

RESULTS
Study population
All patients were examined using cardiac MRI within 1 month of
ASDCTP (1569 days; range, 0–30 days). Of the 33 patients
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(mean age, 6168 years), 27 (82%) patients were males, 23
(70%) patients had intermediate or high pre-test probability of
CAD and 18 (55%) patients were former or current smokers.
Patient characteristics are listed in Table 1.

CT scanning parameters
The CT scanning parameters are summarised in Table 2. The
mean heart rate was 76613 bmp at stress and 69610 bmp at rest
(p50.01). Mean effective radiation dose for the stress acquisitions
was 5.361.0 mSv and 376.4671.2 DLP. The radiation dose of rest
acquisitions was 4.060.7 mSv and 286.3648.3 DLP. The mean
total effective radiation exposure was 10.361.1 mSv and 735.86
78.7 DLP.

Diagnostic accuracy of combined CCTA and
ASDCTP for the detection of perfusion defects
In the assessment of coronary artery stenosis on CCTA, the
number of vessels with significant stenoses that were correlated
with myocardial segments with hypoattenuation was as follows:
27 vessels (14 vessels with blooming artefacts), with the
threshold of .50% diameter stenosis, and 10 vessels (2 vessels

with blooming artefacts), with the threshold of .70% diameter
stenosis. In the evaluation of ASDCTP, 6 (1%) basal anterior
segments of 528 segments were excluded from the analysis be-
cause of the limited anatomical coverage of the axial shuttle scan
mode. Therefore, a total of 522 (99%) segments were included
in the analysis. In the evaluation of MRI, 13 (39%) of the 33
patients and 52 (10%) of the 522 segments had perfusion ab-
normalities. Among them, 10 (30%) patients and 45 (9%)
segments had myocardial infarction on late gadolinium en-
hancement images. The diagnostic estimates of combined CCTA
and ASDCTP in the detection of perfusion defects were calcu-
lated based on myocardial segments, territories and patients
(Table 3).

With a cut-off value of .50% diameter stenosis (Figure 1), 18
(55%) of the 33 patients and 71 (14%) of the 522 segments had
perfusion abnormalities on ASDCTP images and concordant
coronary stenoses on CCTA images. On segment-based anal-
ysis of ASDCTP images, 441 (84%) segments were true nega-
tive, 42 (8%) segments true positive (Figure 2), 10 (2%)
segments false negative (Figure 3) and 29 (6%) segments false
positive. False-positive segments were correlated with 13 sig-
nificant coronary artery stenoses at CCTA: right coronary ar-
tery, n53; left anterior descending (LAD), n59; left
circumflex, n51. On patient-based analysis, 12 (36%) patients
were true negative, 10 (30%) patients true positive, 3 (10%)
patients false negative and 8 (24%) patients false positive. The
three patients with false-negative results had two or three
myocardial segments with perfusion defects, and two of the
three patients had reversible myocardial ischaemia on cardiac
MRI. By contrast, the 10 patients with true-positive results had
463 myocardial segments (range, 2–13 segments) with per-
fusion defects, and 9 of 10 patients had myocardial infarction
on cardiac MRI.

With a cut-off value.70%diameter stenosis (Figure 1), 7 (21%)
of the 33 patients and 30 (6%) of the 522 segments had perfusion
abnormalities on ASDCTP images and concordant coronary
stenoses on CCTA images. On segment-based analysis of
ASDCTP images, 465 (89%) segments were true negative, 25
(5%) segments true positive, 27 (5%) segments false negative
and 5 (1%) segments false positive. False-positive segments were
correlated with 2 LAD stenoses at CCTA. On the patient-based
analysis, 19 (58%) patients were true negative, 6 (18%) patients
true positive, 7 (21%) patients false negative and 1 (3%) patient
false positive. The 7 patients with false-negative results had 362
myocardial segments (range, 2–6 segments) with perfusion
defects, and 5 of the 7 patients had myocardial infarction on
cardiac MRI. By contrast, the 6 patients with true-positive
results had 364 myocardial segments (range, 2–13 segments)
with perfusion defects and 5 of the 6 patients had myocardial
infarction on cardiac MRI.

In all the analyses with per-myocardial segment, per-territory
and per-patient, sensitivities of threshold of 50% significant
stenosis were higher than those of threshold of 70%. The spe-
cificities and overall diagnostic accuracies of threshold of 70%
significant stenosis were higher than the threshold of 50%
(Table 3).

Table 1. Baseline characteristics of 33 patients

Age (years)a 6168

Male 27 (82%)

Body mass index (kg m22)a 24.462.9

Body weight (kg)a 66.6610.0

Pre-test probability of coronary artery disease

Low probability 10 (30%)

Intermediate probability 18 (55%)

High probability 5 (15%)

Coronary risk profile

Arterial HTNb 19 (58%)

Cigarette smoking 18 (55%)

Positive family history 7 (21%)

Dyslipidemiac 21 (64%)

Diabetesd 21 (64%)

Lipid level (mg dl21)a

Total cholesterol 161.5630.8

High-density lipoprotein cholesterol 47.668.4

Low-density lipoprotein cholesterol 90.4624.5

Serum triglyceride 132.5659.4

HTN, hypertension.
Unless otherwise noted, data are numbers of patients. Coronary risk
profile, diabetes and medical history were classified according to
documentation in the cardiologist’s notes.
aMean value 6 standard deviation.
bDiagnosis of HTN or blood pressure .140/90 or on medication for
HTN.
cDiagnosis of dyslipidemia or medication for dyslipidemia, total
cholesterol .200 mg dl21 or low-density lipoprotein cholesterol
.130 mg dl21.
dDiagnosis of diabetes mellitus or fasting blood sugar $126 mg dl21 at
least once or on medication for diabetes mellitus.
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Quantitative analysis of CT perfusion
Measurements of MBF andMBVare given in Table 4. 52 (10%) of
the 522 segments included had perfusion abnormalities on car-
diac MRI. Those segments were considered as true perfusion
defects by quantitative analysis. The mean MBF of all myocardial
segments during ASDCTP was 113.5628.2 ml 100 ml21 min21.
There was a significant difference in the MBF values between
normal (113.2626.0 ml 100 ml21 min21) and hypoperfused
(62.4621.8 ml 100 ml21 min21) myocardial segments (p,0.01).
The mean myocardial blood volume of all myocardial segments

during ASDCTP was 19.863.3 ml 100 ml21. There was a signif-
icant difference in the myocardial blood volume values between
normal (21.163.4 ml 100 ml21) and hypoperfused (13.26
5.5 ml 100 ml21) myocardial segments (p,0.01). Of the 52 seg-
ments with abnormal perfusion, 7 (15%) segments showed
myocardial ischaemia and 45 (85%) segments showedmyocardial
infarction on cardiac MRI. There was a significant difference in
theMBF values between ischaemic (78.267.6 ml 100ml21 min21)
and infarcted (59.6614.5 ml 100 ml21 min21) myocardial seg-
ments (p,0.01).

Table 2. CT parameters

Parameter Stress CT perfusion Rest CTA

Heart rate (bmp)

Minimum 58615 67611

Maximum 92616 74612

Mean 76613 69610

Scan mode Axial shuttle Helical

Tube voltage (kV) 100 100

Tube current (mAs) 350a 330

Effective radiation exposure (mSv) 5.361.0 4.060.7

Contrast

Volume (ml) 48.363.5 76.466.0

Flow rate (ml s21) 4.860.3 4.460.5

CTA, CT angiography.
Unless otherwise noted, data are mean values6standard deviation.
a350 reference mAs per rotation with tube current modulation (CARE Dose 4D; Siemens Medical Solutions, Forchheim, Germany).

Table 3. Diagnostic accuracy of combined coronary CT angiography and adenosine-stress dynamic CT perfusion for detection of
ischaemic myocardial lesions with use of cardiac MRI as the reference standard

Estimates Per-myocardial segment Per-territory Per-patient

Stenosis .50%

Sensitivity 81 (42/52) [70–92] 82 (14/17) [64–100] 77 (10/13) [54–100]

Specificity 94 (441/470) [92–96] 84 (69/82) [76–92] 60 (12/20) [39–82]

PPV 59 (42/71) [48–70] 52 (14/27) [33–71] 56 (10/18) [33–79]

NPV 98 (441/451) [97–99] 96 (69/72) [92–100] 80 (12/15) [60–100]

Accuracy 93 (483/522) [91–95] 84 (83/99) [77–91] 67 (22/33) [51–83]

Stenosis .70%

Sensitivity 48 (25/52) [34–62] 47 (8/17) [23–71] 46 (6/13) [19–73]

Specificity 99 (465/470) [98–100] 98 (80/82) [95–100] 95 (19/20) [85–100]

PPV 83 (25/30) [70–96] 80 (8/10) [55–100] 86 (6/7) [60–100]

NPV 95 (465/492) [93–97] 90 (80/89) [84–96] 73 (19/26) [56–90]

Accuracy 94(490/522) [92–96] 89 (88/99) [83–95] 76 (25/33) [61–91]

NPV, negative predictive value; PPV, positive predictive value.
All data are percentages. The absolute numbers used to calculate the percentages are in parentheses. Numbers in square brackets are 95% confidence
intervals as percentages. Per-myocardial segment analysis was based on data from a total of 522 myocardial segments. Six segments were excluded
from analysis because they were not covered by limited scan coverage. Per-territory analysis was based on data from a total of 99 territories.
Per-patient analysis was based on data from a total of 33 patients.
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Image quality assessment and
interobserver variability
On a patient-based image quality analysis of CTP images using
a four-point scale, the median score was 3 (range, 2–4). All CTP
images were defined as diagnostic. In the detection of perfusion
defects, the agreement between the blinded independent readers
regarding ASDCTP findings was 94% and the к-value was 0.70.

DISCUSSION
We evaluated the diagnostic performances of ASDCTP using
128-slice DSCT for the detection of perfusion defects in com-
parison with cardiac MRI as the gold standard in 33 patients
with clinically suspected CAD. Our data showed that sensitivity
(81%) of combined CCTA and ASDCTP was higher than the
threshold of $50% diameter stenosis on CCTA and their

Figure 1. Flow chart of analysis of adenosine-stress dynamic CT perfusion (ASDCTP) images. The results of ASDCTP were compared

with those of MR perfusion. C, concordant; CAS, coronary artery stenosis; CCTA, coronary CT angiography; D, discordant; FN, false

negative; FP, false positive; TN, true negative; TP, true positive.

Figure 2. Images of a 70-year-old male with unstable angina: (a) coronary CT angiography shows a significant stenosis in the

proximal RCA (white arrow); (b) dynamic CT perfusion shows a hypoattenuated lesion (black arrow) in the inferior wall at the mid-

ventricular level; (c) colour-coded map shows a perfusion defect in the right coronary artery territory (black arrows; colour visible in

online version only); (d) on cardiac MRI, adenosine-stress perfusion shows low signal intensity (black arrows), indicating

a subendocardial perfusion defect in the same myocardial segment; (e) there is no low-signal-intensity lesion on rest perfusion

imaging; and (f) there is no myocardial infarction on delayed enhancement imaging.
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specificity (99%) was higher than the threshold of $70% di-
ameter stenosis and the accuracies ($93%) were higher than both
thresholds. Recent studies have demonstrated the feasibility of
adenosine-induced CTP using static or dynamic scanning for
detecting perfusion defects compared with SPECTor cardiac MRI
[7,13–15,23–28]. Among them, two studies of dynamic CTP using
128-slice DSCT reported high sensitivity (86.1%) and specificity
(98.2%) compared with cardiac MRI as the reference standard
[13,15]. However, only 10 patients were enrolled in each study.

Our results showed that sensitivity (81%) was relatively lower
than 86.1% of previous studies [13,15]. It might be caused by
inclusion of lesions with intermediate stenosis with artefacts.
These lesions were classified as significant stenosis on CCTA. On
the territory-based analysis, false-positive cases were frequently
associated with LAD territories; 64% (9/13) with threshold of
$50% diameter stenosis and 100% (2/2) with threshold of
$70% diameter stenosis. This might be caused by scatter arte-
facts [29]. This artefact was noted in the septum, especially the
basal anteroseptal wall between the left-ventricle and right-
ventricle outflow tract. Application of scatter-correction algo-
rithm to dynamic CTP may help interpret myocardial CTP
images using current DSCT techniques [30].

The radiation dose is a major issue for clinical application of CTP.
In dynamic CTP studies using 128-slice DSCT, effective radiation
doses of stress scans ranged from 7.1 to 10.3 mSv and those of
total CTscans (including CCTA or rest CTP) ranged from 12.8 to
18.1 mSv [13,14]. These radiation doses were calculated using
a conversion factor of 0.014. This conversion factor was derived
for general chest CTand may underestimate the radiation dose of
cardiac imaging. Actually, Geleijns et al [31] proposed a conver-
sion factor of 0.030 for cardiac imaging. Therefore, the reduction
of radiation dose is more important for dynamic CTP. The ra-
diation dose of our protocol was relatively lower than those of
previous studies using dynamic CTP [13,14,26], because the au-
tomatic anatomical tube current modulation technique (CARE
Dose 4D) was applied to stress CTP in our study. A recent study
reported that dynamic CTP with this technique reduced the ra-
diation dose by up to 36% compared with radiation exposure of
fixed tube current [8]. Radiation dose may be decreased with
static CTP, especially with ECG-pulsing tube current modulation
or high-pitch technique. Feuchtner et al [7] demonstrated the
feasibility of low-dose static CTP with a high-pitch helical mode.
They reported that the mean effective radiation doses for the
stress and rest acquisitions were 0.93 mSv and 1.59 mSv, re-
spectively. The mean total effective radiation exposure was

Figure 3. Images of a 53-year-old male with unstable angina: (a) coronary CT angiography shows a significant stenosis in the

proximal left anterior descending (LAD) artery (white arrow); (b) dynamic CT perfusion shows no discrete hypo-attenuated lesion in

the LAD territory; (c) there is no territorial perfusion defect on colour-coded map (colour visible in online version only); (d) on

cardiac MRI, adenosine-stress perfusion shows an area of low signal intensity (black arrows), indicating a subendocardial perfusion

defect in the LAD territory of mid-ventricular level; (e) there is no low-signal-intensity lesion on rest perfusion imaging; and (f) there

is no myocardial infarction on delayed enhancement imaging.

Table 4. Quantitative analysis of CT perfusion

Parameter Normal myocardium Abnormal myocardium Whole myocardium

MBF (ml 100 ml21 min21) 113.2626.0 62.4621.8 113.5628.2

MBV (ml 100 ml21) 21.163.4 13.265.5 19.863.3

MBF, myocardial blood flow for 100 ml of myocardium per minute; MBV, myocardial blood volume for 100 ml of myocardium.
Unless otherwise noted, data are mean values 6 standard deviation.
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2.50 mSv. Using single static CTP techniques, cardiac motion
artefacts associated with high heart rates during adenosine stress
may not be easily discriminated from true perfusion defects. Al-
though dynamic CTP yields a higher radiation dose than static
CTP, its advantages include the ability to generate dynamic data
sets for visual analysis of serial dynamic images and quantitative
analysis ofMBF. For its widespread use, further studies are needed
to reduce the radiation dose of dynamic CTP.

Previous studies [12–14,32] reported that the MBFs of normal
myocardium ranged from 104.8 to 142.9 ml 100 ml21 min21

and theMBFs of hypoperfusedmyocardium ranged from 52.0 to
96.0 ml 100 ml21 min21. Bamberg et al [12] also reported that
the presence of coronary stenosis with a corresponding MBF
,75 ml 100 ml21 min21 indicated a high risk of haemodynamic
significance. Further studies are needed to determine the
threshold MBF values for myocardial ischaemia for quantitative
analysis of CTP.

Our study had some limitations. First, because only four slices of
perfusion MRI were available for analysis using current technol-
ogy, we could not compare the whole myocardium between CTP
and perfusion MRI. Second, we started CTor MRI scanning just
after adenosine infusion for around 3 min and could not record
the objective evidences of stress expressed by the patients’ reac-
tions to the adenosine infusion in the remaining part of adenosine
infusion during the examinations. We only monitored the
patients’ conditions during adenosine infusion. The third limi-
tation is that we could not compare absolute quantification of
MBF between CTP and perfusion MRI. Fourth, the scan duration
of dynamic CTP was 30 s. This might be too long for some
symptomatic patients to hold their breath completely. Therefore,
a shorter scan duration of dynamic CTP should be adopted or
motion correction algorithm of dynamically acquired images
should be developed to reduce respiratory motion artefact. Fifth,
only low-attenuated lesions associated with significant epicardial

coronary artery stenoses were considered as true perfusion defects
in this study. The use of this definition might miss perfusion
defects caused by microvascular disease. Sixth, selection bias in
patient recruitment might be present in our study. We did not
include the patients on the grounds of their pre-test probability of
CAD. A large proportion of myocardial segments had no perfu-
sion defects on ASDCTP. Thus, the results are only comparable to
a population with a similar prevalence of CAD as in our result.
Also, we did not separate and compare the estimates of diagnostic
accuracy for the detection of reversible and fixed perfusion
defects. Our CT protocol did not include delayed enhancement
scan, which might be useful to differentiate myocardial infarction
frommyocardial ischaemia. Rest CCTA provided the information
such as myocardial thinning or subendocardial fat infiltration,
and it might be helpful in discriminating myocardial infarction.
However, in our data, there were only several myocardial seg-
ments (1%, 7/522) with reversible myocardial ischaemia. The last
limitation of this study is that this study was a single-institution
study and the number of patients was relatively small.

CONCLUSIONS
Our results show that the overall diagnostic accuracies of the
combined CCTA and ASDCTP imaging are 93% and 94% in
comparison with adenosine-stress cardiac MRI with thresholds
of 50% and 70% diameter stenosis on CCTA, respectively. Our
findings support that dynamic CTP using 128-slice DSCT may
enable the functional testing of stenotic coronary vessels in patients
with clinically manifested CAD. Further technical improve-
ments for dynamic CTP using DSCT are required to reduce
artefacts and radiation dose for widespread clinical use of this
technique.
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