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 Purpose: First, to assess the feasibility of a protocol involving stress-
induced perfusion evaluated at computed tomography 
(CT) combined with cardiac CT angiography in a single 
examination and second, to assess the incremental value 
of perfusion imaging over cardiac CT angio graphy in a 
dual-source technique for the detection of obstructive 
coronary artery disease (CAD) in a high-risk population.

 Materials and 
Methods: 

  Institutional review board approval and informed patient 
consent were obtained before patient enrollment in the 
study. The study was HIPAA compliant. Thirty-fi ve patients 
at high risk for CAD were prospectively enrolled for evalu-
ation of the feasibility of CT perfusion imaging. All patients 
underwent retrospectively electrocardiographically gated 
(helical) adenosine stress CT perfusion imaging followed 
by prospectively electrocardiographically gated (axial) rest 
myocardial CT perfusion imaging. Analysis was performed 
in three steps:  (a) Coronary arterial stenoses were scored 
for severity and reader confi dence at cardiac CT angio-
graphy,  (b) myocardial perfusion defects were identifi ed 
and scored for severity and reversibility at CT perfusion 
imaging, and  (c) coronary stenosis severity was reclassifi ed 
according to perfusion fi ndings at combined cardiac CT 
angiography and CT perfusion imaging. The sensitivity, 
specifi city, negative predictive value (NPV), and positive 
predictive value (PPV) of cardiac CT angiography before 
and after CT perfusion analysis were calculated.

 Results: With use of a reference standard of greater than 50% 
stenosis at invasive angiography, all parameters of diagnos-
tic accuracy increased after CT perfusion analysis: Sensi-
tivity increased from 83% to 91%; specifi city, from 71% to 
91%; PPV, from 66% to 86%; and NPV, from 87% to 93%. 
The area under the receiver operating characteristic curve 
increased signifi cantly, from 0.77 to 0.90 ( P   ,  .005).

 Conclusion: A combination protocol involving adenosine perfusion CT 
imaging and cardiac CT angiography in a dual-source tech-
nique is feasible, and CT perfusion adds incremental value 
to cardiac CT angiography in the detection of signifi cant 
CAD.

 q  RSNA, 2010
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clusion criteria were acute clinical 
instability, contraindication to adenosine 
(eg, advanced heart blockage, asthma, 
critical aortic stenosis, or systolic blood 
pressure  ,  90 mm Hg), and contrain-
dication to iodinated contrast material 
(eg, known allergy or serum creatinine 
level  .  1.5 mg  /dL). We also excluded 
pregnant patients, patients who previ-
ously had undergone coronary artery 
bypass graft placement, and patients 
with atrial fi brillation. Of 768 subjects 
who met the inclusion criteria, 356 
refused to participate, 137 had a serum 
creatinine level higher than 1  .5 mg/dL, 
77 had undergone coronary artery by-
pass graft placement, 59 were in atrial 
fi brillation, 44 had asthma, 18 were al-
lergic to iodinated contrast material, 18 
were taking metformin, 10 were clinically 
unstable, seven had critical aortic steno-
sis, and one had advanced heart blockage. 
An additional six subjects did not un-
dergo invasive angiography. The recruit-
ment period was from March 2008 to 
May 2009. Our institutional review board 
approved the study protocol, and all pa-
tients signed an informed consent form 
prior to their enrollment in the study. 

perfusion imaging for the detection of 
perfusion abnormalities ( 18–21 ). In this 
context, a single cardiac CT angiographic 
examination at which coronary anatomy 
and myocardial perfusion information is 
combined is an attractive concept. Thus, 
the aims of our study were twofold: fi rst, 
to assess the feasibility of a combined 
CT perfusion imaging and cardiac CT 
angiographic protocol in a single exami-
nation and second, to assess the incre-
mental value of perfusion imaging over 
cardiac CT angiography in a dual-source 
technique for the detection of obstruc-
tive CAD in a high-risk population. 

 Materials and Methods 

 Astellas Pharma (Deerfi eld, Ill) provided 
partial support for this trial, supplying 
the adenosine administered and pro-
viding a research grant to one author 
(R.C.C.). The authors had full control 
of the data obtained in this trial. 

 Study Subjects 
 In this study, a cohort of patients was 
prospectively enrolled at Massachusetts 
General Hospital for assessment of the 
feasibility of CT perfusion imaging. Pa-
tients who underwent SPECT–myocardial 
perfusion imaging with a high clinical 
likelihood of undergoing subsequent 
invasive angiography and patients who 
underwent SPECT–myocardial perfu-
sion imaging and subsequent invasive 
angiography without coronary interven-
tion were contacted with the permission 
of their referring physician. Inclusion 
criteria were age older than 40 years, 
recent (within 3 months) SPECT–
myocardial perfusion imaging examina-
tion, and high clinical likelihood of being 
referred for invasive angiography. Ex-

             The diagnostic accuracy of cardiac 
computed tomographic (CT) an-
giography for the detection and 

exclusion of coronary artery disease 
(CAD) ( 1–9 ) has been demonstrated in 
several studies, including three recent 
multicenter trials ( 2,5,6 ). According 
to American Heart Association rec-
ommendations, symptomatic patients 
with intermediate risk for CAD gain 
the greatest benefi t from cardiac CT 
angiography ( 10 ). Currently, cardiac 
CT angiography is not recommended 
for high-risk patients, for whom initial 
examination with either combination 
single photon emission CT (SPECT) and 
myocardial perfusion imaging, or in-
vasive angiography might be preferred 
( 10,11 ). The main reasons cardiac CT 
angiography is not recommended for 
this group are that it yields anatomic 
information only and it leads to over-
estimation of CAD severity—because of 
the presence of calcifi ed plaques ( 12 ) 
and stents ( 13,14 )—which is a frequent 
challenge in these patients. 

 Combined assessment of coronary 
anatomy and myocardial perfusion at 
cardiac CT angiography and SPECT–
myocardial perfusion imaging has 
revealed the complementary value of 
these examinations in the detection of 
obstructive CAD ( 15–17 ). Moreover, 
the results of recent studies have shown 
that assessment of adenosine-mediated 
stress perfusion at CT (ie, CT perfusion 
imaging) is feasible, with results com-
parable to those of SPECT–myocardial 

 Implication for Patient Care 

 Use of myocardial stress perfu- n

sion CT combined with cardiac 
CT angiography in a single exam-
ination might lead to better 
detection of hemodynamically 
signifi cant stenosis and could 
guide clinicians’ assessment of 
the need for invasive angiography 
and revascularization. 

 Advance in Knowledge 

 CT assessment of myocardial  n

stress perfusion combined with 
cardiac CT angiography in a dual-
source protocol is feasible and 
improves the diagnostic accuracy 
of cardiac CT angiography in the 
detection of hemodynamically 
signifi cant stenosis—facilitating a 
signifi cant increase in the area 
under the receiver operating 
characteristic curve (from 0.77 
to 0.90 [P  ,  .005])—and can be 
performed with a reasonable 
mean radiation dose of 11.8 mSv 
 6  4.5. 
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(14%) of the 35 patients. Plaques were 
classifi ed according to severity of luminal 
narrowing as mild ( , 50%), moderate 
(50%–69%), and severe ( . 70%). Reader 
confi dence in the stenosis severity as-
signed for each vessel was graded by using 
a four-point scale: A score of 1 meant 
not confi dent; 2, low confi dence; 3, 
intermediate confi dence; and 4, high 
confi dence. 

 Step 2: CT perfusion image inter-
pretation. —   Stress and rest CT images 
were reconstructed at 65% of the R-R 
interval by using a B10f kernel. To 
ensure consistent analyses, the stress 
and rest images were coregistered in 
the same spatial location at a Leonardo 
workstation (Siemens Medical Solutions) 
by using the mitral annulus as a proxi-
mal reference and the left ventricular 
apex as a distal reference. The stress 
and rest images were read side by 
side in the short-axis view at a 10-mm 
section thickness. We used a user-
defi ned narrow   window width and win-
dow level setting to better evaluate 
subtle myocardial attenuation differ-
ences, as described previously ( 23 ). 
Perfusion defects were graded for 
extent and reversibility (fi xed, partial 
reversibility, or complete reversibility) 
and were classifi ed as transmural if they 
involved 50% or more of the myocar-
dial wall thickness and as subendocar-
dial if they involved less than 50% of 
the myocardial wall thickness. We also 
assessed the multiple-phase data set to 
confi rm that the suspected perfusion 
defect persisted throughout all phases 
of the cardiac cycle and thus differenti-
ate true defects from artifacts ( 24 ). The 
standard American College of Cardiology–
American Heart Association 17-segment 
model for standardized myocardial seg-
mentation was used for the perfusion 
image readings ( 25 ). 

 Step 3:   cardiac CT angiographic 
stenosis reclassifi cation. —   Readers were 
allowed to reclassify the stenosis severity 
and their confi dence in the determined 
stenosis severity on the basis of perfusion 
image readings. The   distribution of per-
fusion defects in the left ventricular myo-
cardium was assigned on the basis of the 
coronary anatomy previously observed 
during the cardiac CT angiographic image 

 Immediately after the stress images 
were acquired, the adenosine infusion 
was discontinued. At least 5 minutes 
were allotted after the infusion to allow 
the heart rate to return to baseline and 
to ensure the resolution of any symp-
toms before cardiac CT angiographic 
rest images were obtained. To reduce 
radiation exposure, an axial-mode pro-
spectively ECG-gated ( 22 ) (Siemens 
Sequential Scanning) acquisition cen-
tered at 65% of the R-R interval was 
performed by using a tube current vary-
ing from 150 to 258 mA and a section 
thickness of 0.75 mm (collimation, 32  3  
0.75 mm). The same tube voltage (100 
or 120 kV) and approximately the same 
contrast material volumes (65–70 mL) 
were used for the stress and rest im-
age acquisitions. In some cases, during 
rest scanning, we used 70 mL of contrast 
material due to a longer scanning time 
for the axial (prospectively ECG-gated) 
mode, which is sometimes increased 
because the scan acquisition only takes 
place on every second heartbeat to 
allow for the table movement and ECG 
synchronization. 

 Data Analysis 
 Two level-three fellowship-trained car-
diac CT image readers, a radiologist 
with 3 years experience (J.A.R.) and 
a cardiologist with 2 years experience 
(L.D.S.), both of whom were blinded to 
all patient identifi ers and clinical data, 
independently analyzed the cardiac CT 
angiographic and CT perfusion images 
in a three-step fashion: 

 Step 1: cardiac CT angiographic 
image interpretation. —   Raw data from the 
stress CT image acquisition were used 
to reconstruct images with a section 
thickness of 0.75 mm and an overlap 
of 0.4 mm at every 10% of the cardiac 
cycle. The resulting multiple-phase data 
set was used for cardiac CT angiographic 
analysis of axial images, multiplanar 
reformatted images, and thin-slab re-
formatted maximum intensity projec-
tion images. When the retrospectively 
ECG-gated (helical) stress scanning 
data set did not yield diagnostic infor-
mation for coronary analysis, we also 
used the prospectively ECG-triggered 
(axial) rest images obtained in fi ve 

 Stress Myocardial CT Perfusion Protocol 
 CT perfusion imaging was performed by 
using a Somatom Defi nition dual-source 
CT scanner (Siemens Medical Solutions, 
Forchheim, Germany). Intravenous cath-
eters were placed in the antecubital veins 
bilaterally: A 20-gauge catheter was used 
for adenosine (Astellas Pharma) infusion 
on the right, and an 18-gauge catheter 
was used for contrast material delivery 
on the left. After obtaining scout im-
ages, we used a test bolus technique to 
determine the optimal timing of contrast 
material delivery: 10 mL of contrast ma-
terial (370 mg of iopamidol per milliliter, 
Isovue 370; Bracco Diagnostics, Prince-
ton, NJ) was injected at 4 mL/sec and 
followed by a 20-mL saline fl ush. We then 
started the infusion of adenosine, which 
was administered at 140   µg/kg/min for 
3 minutes. Near the end of the infusion, 
stress scanning was performed from the 
level of the carina to the diaphragm with 
helical-mode retrospective electrocardio-
graphic (ECG) gating. 

 CT perfusion images were acquired 
by using a dual-source CT scanner at 2 
(source of x-ray beam)  3  32 (rows of de-
tectors)  3  0.6 mm (width of detector) with 
a gantry rotation time of 330 msec with a 
half-scan reconstruction algorithm and a 
dual-source technique, which resulted in 
a temporal resolution of 83 msec with-
out use of  b -blockers or a vasodilator. 
The tube voltage was selected accord-
ing to the body mass index (BMI): 100 
kV was used if the BMI was lower than 
30   kg/m 2 , and 120 kV was used if the BMI 
was equal to or higher than 30 kg/m 2 . 
The tube current varied from 330   to 
370 mAs according to the patient’s size. 
ECG-based tube current modulation was 
used with a pulsing window of 60%–70% 
of the R-R interval to minimize radiation 
exposure. Automatic heart rate–based 
adaptive pitch selection (0.2–0.4) was 
enabled, and 65 mL of iopamidol was in-
jected at a rate of 4–5 mL/sec according 
to the scanning duration. Throughout 
the adenosine infusion, the patient’s 
symptoms, heart rate, blood pressure, 
ECG readings, and rhythm strips were 
registered and monitored by an Ad-
vanced Cardiac Life Support–certifi ed 
radiologist   or cardiologist (R.C.C., L.D.S., 
R.B., B.G.). 
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 Results 

 Patient Characteristics 
 Patient characteristics are summarized 
in  Table 1  . Of the 35 study participants 
(mean age, 61.2 years  6  10.7 [stan-
dard deviation]), 83% were men, 31% 
had diabetes mellitus, 43% were obese 
(  BMI  �  30.0 kg/m 2 ), 66% were former 
or current smokers, 63% had experi-
enced angina pectoris previously, and 
37  % had experienced a myocardial 
infarction previously. In all patients, 
invasive angiography was performed 
within 30 days of the cardiac CT angio-
graphic examination. 

 CT Imaging Parameters 
 Imaging parameters are summarized 
in  Table 2  . During image acquisition, the 
mean heart rate was 78.0 beats per 
minute  6  12.7 at stress and 68.7 beats 
per minute  6  11.5 at rest ( P   ,  .001  ). 
The mean total image acquisition time 
was 8.5 minutes  6  2.3. Mean effective 

to a perfusion defect in the same vascu-
lar distribution. All reported diagnostic 
accuracy results are based on a consensus 
between the two readers.  P  = .05 at two-
tailed probability analysis was consid-
ered to indicate statistical signifi cance. 

 For assessment of interobserver vari-
ability, agreement between the readers 
regarding the stenosis severity determined 
before and after CT perfusion analysis was 
evaluated by using  k  statistics. Sensitivity 
and specifi city were compared by using 
McNemar testing, and areas under the 
receiver operating characteristic curve 
were compared by using the ROCCOMP 
command (Stata 10; StataCorp, College 
Station, Tex). All statistical analyses were 
performed by using Stata IC, version 
10.0, software (StataCorp). 

interpretations. During this reclassifi ca-
tion process, careful attention was given 
to correlate the coronary anatomy with 
the respective myocardial territory sup-
plied by each coronary vessel. We also 
assessed interobserver variability accord-
ing to three categories: noninterpretable, 
presence of signifi cant stenosis, and 
absence of signifi cant stenosis. 

 Reference Standard and Radiation Dose 
 Quantitative coronary angiography (QCA) 
was considered the reference standard 
and was performed offsite, at an inde-
pendent core laboratory (Harrington 
McLaughlin Heart and Vascular Institute, 
Case Western Reserve University, Cleve-
land, Ohio). The percentage diameter 
of stenosis was calculated by using an 
automated contour detection algorithm 
(CAAS II Analysis System; Pie Medical, 
Maastricht, the Netherlands) in at least 
two orthogonal angiographic views. The 
effective radiation dose for both stress 
and rest scanning was calculated as 
the product of the dose-length product 
times a conversion coeffi cient for the 
chest ( k  = 0.017 mSv/[mGy · cm]) ( 26 ). 

 Statistical Analyses 
 Continuous variable data are reported 
as means  6  standard deviations, and 
categorical variable data are presented 
as percentages. The diagnostic accu-
racy of cardiac CT angiography for the 
detection of signifi cant stenosis both 
before and after the CT perfusion 
image interpretations, with QCA as the 
reference standard, was expressed as 
sensitivity, specifi city, positive predic-
tive value (PPV), and negative predic-
tive value (NPV); 95% confi dence inter-
vals were provided for each estimate. 
Calculations were performed on both a 
per-vessel (left anterior descending, left 
circumfl ex, and right coronary arteries) 
basis and a per-patient basis, with two 
thresholds for signifi cant stenosis con-
sidered: greater than 50% luminal nar-
rowing and greater than 70% luminal 
narrowing. Noninterpretable vessels were 
assumed to represent signifi cant steno-
sis before CT perfusion analysis. After 
CT perfusion analysis, noninterpretable 
vessels were considered to be positive 
for stenosis only if they corresponded 

 Table 1 

 Baseline Characteristics of 35   Study 
Patients 

Characteristic * Value

Risk factor or demographic 
  feature
 Age (y)  †  61.2  6  10.7
 Male patients 29 (83)
 Diabetes mellitus 11 (31)
 Hypertension 31 (89)
 Dyslipidemia 30 (86%)
 Obesity  ‡  15 (43)
 Family history of CAD 18 (51)
 BMI (kg/m 2 )  †  30.7  6  5.5
 Smoking history 23 (66)
Medical history 
 Previous angina pectoris 22 (63)
 Prior myocardial infarction 13 (37)
 Prior coronary 
  revascularization

13 (37)

Biomarker or lipid level (mg/dL)  †  
 Total cholesterol 164.1  6  62.1
 HDL cholesterol 46.0  6  18.7
 LDL cholesterol 104.4  6  42.9
 Serum triglyceride 149.4  6  76.0

Note.—Unless otherwise noted, data are numbers of 
patients (of total of 35 patients), with percentages in 
parentheses. Family history, diabetes, and dyslipidemia 
were classifi ed according to documentation in the 
cardiologist’s notes.

* CABG = coronary artery bypass graft placement, CVA = 
cerebrovascular accident, HDL = high-density lipoprotein, 
LDL = low-density lipoprotein, PCI = percutaneous 
coronary intervention.

 †  Mean value  6  standard deviation.

 ‡  Obesity was defi ned as a BMI greater than or equal to 
30 kg/m 2 .

 Table 2 

 Myocardial CT Perfusion Imaging 
Parameters 

Parameter Stress Rest

Heart rate (beats/min)

 Minimum 72  6  16 60  6  12
 Maximum 87  6  17 78  6  16
 Mean 78  6  12.7 68.7  6  11.5
 Mean variability  *  15  6  19 17  6  16
Image acquisition 
 time (sec)

7  6  3 11  6  3

Pitch 0.36  6  0.08 …
Tube voltage (kV) 100 or 120 100 or 120
Tube current  †  330–370 150–258
Effective radiation 
 exposure (mSv)

9.8  6  4.5 2.0  6  0.7

Contrast material 
 dose (mL)

65  6  3 67  6  3

Note.—Unless otherwise noted, data are mean values 
 6  standard deviations.

* Mean variability is the maximal heart rate value minus 
the minimal heart rate value.

 †  Data are ranges. For retrospective triggering (helical 
scanning) at stress imaging, tube current is cited as the 
total tube current times the gantry rotation time ( � 0.33 
sec), in milliampere seconds. For prospective triggering 
(sequential scanning) at rest imaging, tube current is 
cited as the total tube current times the exposure time 
( � 0.2 sec), in milliamperes.
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91% (range, 77.4%–97.3%); specifi city, 
91% (range, 80.4%–96.4%); PPV, 86% 
(range, 72.6%–94.8%); and NPV, 93% 
(range, 84.1%–98.2%). The area under 
the receiver operating characteristic 
curve increased signifi cantly, from 0.77 
to 0.90, according to perfusion analysis 
fi ndings ( P  = .003). 

 With a cutoff value of 70% luminal 
narrowing at QCA used to defi ne sig-
nifi cant stenosis, the stenosis severity 
of 19 (18%) of the 105 vessels was re-
classifi ed and the stenosis severity of 86 
(82%) vessels was not. The stenosis re-
classifi cation for 18 (95%) of 19 vessels 
was in agreement with that rendered 
at invasive angiography, and the reclas-
sifi cation of one (5%) vessel was not. 
The stenosis severity of 77 (90%) of 
the 86 vessels that were not reclassifi ed 

lyzed was reclassifi ed, and the steno-
sis severity for 79 (75%) vessels was 
not. The stenosis reclassifi cation of 21 
(81%) of the 26 vessels was ultimately 
in agreement with QCA fi ndings, and 
the reclassifi cation of fi ve (19%) vessels 
was not. The stenosis severity of 64 
(81%) of the 79 vessels that were not 
reclassifi ed was ultimately in agreement 
with that rendered at QCA, and the 
stenosis severity of 15 (19%) vessels 
was not. Mean values of the diagnostic 
accuracy of pre–perfusion analysis car-
diac CT angiography were as follows: 
sensitivity, 83% (range, 68.6%–93.0%); 
specifi city, 71% (range, 58.7%–82.1%); 
PPV, 66% (range, 51.7%–78.5%); and 
NPV, 87% (range, 74.2%–94.4%). Mean 
post–perfusion analysis diagnostic accu-
racy values were as follows: sensitivity, 

radiation doses for the stress and rest 
acquisitions were 9.8 mSv  6  4.5 and 
2.0 mSv  6  0.7, respectively. The mean 
total effective radiation exposure was 
11.8 mSv  6  4.5. 

 Diagnostic Accuracy 
 Values of the diagnostic accuracy of 
the consensus reading of cardiac CT 
angiographic fi ndings for the detec-
tion of obstructive CAD before and af-
ter perfusion analysis (Figs 1–3   ), with 
signifi cant stenosis defi ned as greater 
than 50% luminal narrowing and as 
greater than 70% luminal narrowing 
at QCA, are summarized in  Table 3  . 
With a threshold of greater than 50% 
luminal narrowing used to defi ne sig-
nifi cant stenosis, the stenosis severity 
for 26 (25%) of the 105 vessels ana-

 Figure 1 

  
  Figure 1:   Images in 63-year-old man with history of CAD and single episode of neurocardiogenic syncope.  (a, d)  Curved multiplanar reformatted cardiac CT an-
giographic images read before the perfusion image reading show  (a)  mixed proximal left anterior descending arterial lesion (arrow) deemed to be signifi cant stenosis 
and  (d)  heavily calcifi ed right coronary artery   that was considered noninterpretable.  (b, e    )  Thick short-axis CT perfusion images obtained at mid ventricular level show 
inferolateral perfusion defect during stress CT perfusion (arrows in b) that is completely reversible on rest CT perfusion image (arrows in e).  (c, f )  Reference  -standard 
QCA images show mild disease in left anterior descending (white arrow) and right coronary arteries and subtotal occlusion of left circumfl ex artery (black arrow) 
causing a perfusion defect. The left circumfl ex arterial lesion is also appreciated at cardiac   CT angiography (d).    
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(8%) were minimally reversible, and three 
(3%) were not reversible. 

 Image Quality, Reader Confi dence, 
and Interobserver Variability 
 Reader confi dence in the stenosis clas-
sifi cations determined on a per-vessel 
basis at the cardiac CT angiographic 
examinations, both before and after 
perfusion analysis, are summarized 
in  Table 4  . On a per-vessel basis, 39 
of the 105 vessels analyzed were con-
sidered noninterpretable. Of these 
39 noninterpretable vessels, 35   (85%) 
were reclassifi ed correctly. The mean 
score for confi dence in the cardiac CT 
angiography–derived classifi cation im-
proved signifi cantly, from 2.8 before 
perfusion analysis to 3.8 after perfusion 
analysis ( P   ,  .05). 

 The main reason for the nondiag-
nostic image quality for the 105 vessels 
was blooming artifact caused by heav-
ily calcifi ed plaque in 32 (30%) vessels, 
followed by motion artifact in 16 (15%) 
vessels, the presence of stents in 11 (10%) 
vessels, poor contrast opacifi cation in 
10 (10%) vessels, and low contrast-to-
noise ratio in seven (7%) vessels. In some 
cases, more than one factor contributed 
to suboptimal image quality. After CT per-
fusion analysis, agreement between the 
blinded independent readers regarding 
cardiac CT angiographic fi ndings im-
proved from 87% to 94% and  k  values 
improved from 0.82 to 0.91. 

 Discussion 

 In this analysis of fi ndings in a patient 
cohort at high risk for CAD who were 
enrolled for assessment of the feasibil-
ity of adenosine-mediated stress myo-
cardial perfusion imaging with dual-
source CT, we found CT perfusion to 
have incremental value at cardiac CT 
angiography for the detection of hemo-
dynamically signifi cant CAD, defi ned as 
greater than 50% luminal narrowing or 
greater than 70% luminal narrowing at 
QCA. All parameters of diagnostic ac-
curacy were observed to increase after 
perfusion analysis. Moreover, specifi c-
ity and area under the receiver operat-
ing characteristic curve improved sig-
nifi cantly ( P   ,  .005) after the perfusion 

according to perfusion analysis fi ndings 
( P  = .049). 

 CT Perfusion Analysis 
 A total of 595 segments were assessed 
for perfusion analysis: 145   (24%) seg-
ments had perfusion abnormalities, and 
451 (76%) did not. Of the segments 
with perfusion abnormalities, 53 (37%) 
had transmural perfusion defects and 
92 (63%) had subendocardial defects. 
Nine (17%) of the 53 transmural de-
fects were completely reversible, 24 
(45%) were partially reversible, eight 
(15%) were minimally reversible, and 
12 (23%) were not reversible. Among 
the 92 subendocardial defects, 43 
(47%) were completely reversible, 39 
(42%) were partially reversible, seven 

was in agreement with that rendered at 
invasive angiography, and the stenosis 
severity for nine (11%) vessels was not. 
Mean values of the diagnostic accuracy 
of pre–perfusion analysis cardiac CT an-
giography for the detection of signifi cant 
CAD lesions were as follows: sensitivity, 
82% (range, 59.7%–94.8%); specifi city, 
64% (range, 52.6%–74.1%); PPV, 38% 
(range, 24.0%–52.6%); and NPV, 93% 
(range, 83.0%–98.1%). Mean post–
perfusion analysis diagnostic accuracy 
values were as follows: sensitivity, 91% 
(range, 70.8%–98.9%); specifi city, 78% 
(range, 67.9%–86.6%); PPV, 53% (range, 
35.8%–69.0%); and NPV, 97% (range, 
89.6%–99.6%). The area under the re-
ceiver operating characteristic curve in-
creased signifi cantly, from 0.72 to 0.84, 

 Figure 2 

  
  Figure 2:   Images in 51-year-old man with history of diabetes mellitus who presented with typical angina. 
 (a)  Curved multiplanar reformatted cardiac CT angiographic image read before perfusion image reading 
shows prominent motion artifact in right coronary artery (arrows) that persisted through all cardiac phases. 
 (b, d)      Thick short-axis CT perfusion images obtained at midventricular levels show perfusion defect (arrows 
in b) during stress CT perfusion in the inferior and inferolateral segments that is partially reversible during 
rest CT perfusion (arrows in d).  (c)  Reference-standard invasive angiogram fi ndings confi rm the presence of 
severely stenotic lesion in right coronary artery (arrow) that was seen at postperfusion cardiac CT angio-
graphic image reading.   
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cilitated improved diagnostic accuracy, 
a higher level of reader confi dence, and 
better interobserver variability. Initial 
data from the same cohort of patients 
( 20 ) indicated that the diagnostic ac-
curacy of CT perfusion imaging for the 
detection of myocardial perfusion de-
fects (79% sensitivity, 80% specifi city) 
was comparable to that of combination 
SPECT–myocardial perfusion imaging 
(67% sensitivity, 83% specifi city) when 
stenosis involving greater than 50% 
luminal narrowing at QCA served as the 
reference standard on a per-vessel basis. 

 Figure 3 

  
  Figure 3:   Images in 70-year-old man with history of diabetes mellitus and CAD.  (a)  Curved multiplanar 
reformatted cardiac CT angiographic image read before perfusion image reading shows stent in proximal left 
anterior descending artery, with proximal calcifi ed plaque that was deemed to be signifi cant disease   (arrow). 
 (b, d)    Thick short-axis CT perfusion images obtained at midventricular level show no perfusion defect 
on  (b)  stress CT perfusion (arrows) or  (d)  rest CT perfusion (arrows) images in the left anterior descending dis-
tribution.  (c)  Reference-standard invasive angiogram fi ndings confi rm the absence of signifi cant disease in left 
anterior descending distribution (arrow) determined at postperfusion cardiac CT angiographic image reading.   

  Table     3 

Diagnostic Accuracy of Cardiac CT Angiography for Detection of Signifi cant Stenosis before and after Perfusion Analysis 

Parameter

Per-Vessel Analysis Per-Patient Analysis

Before Perfusion Imaging After Perfusion Imaging Before Perfusion Imaging After Perfusion Imaging

Signifi cant stenosis defi ned as  . 50% luminal narrowing
 Sensitivity 83 (35/42) 91 (38/42) 96 (24/25) 96 (24/25)
 Specifi city 71 (45/63) 91 (57/63) 70 (7/10) 100 (10/10)
 PPV 66 (35/53) 86 (38/44) 89 (24/27) 100 (24/24)
 NPV 87 (45/52) 93 (57/61) 88 (7/8) 91 (10/11)
Signifi cant stenosis defi ned as  . 70% luminal narrowing
 Sensitivity 82 (18/22) 91 (20/22) 90 (17/19) 90 (17/19)
 Specifi city 64 (53/83) 78 (65/83) 44 (7/16) 69 (11/16)
 PPV 38 (18/48) 53 (20/38) 65 (17/26) 77 (17/22)
 NPV 93 (53/57) 97 (65/67) 78 (7/9) 85 (11/13)

Note.—All data are percentages. The absolute numbers used to calculate the percentages are in parentheses. Per-vessel analysis was based on data from a total of 105 vessels. Per-patient analysis 
was based on data from a total of 35 patients.

 Table 4 

 Reader Confi dence before and after 
Perfusion Analysis 

Artery * 
Cardiac CT 
Angiography

Combined 
Angiography-
Perfusion Imaging  †  

LAD 2.4 3.7
LCX 2.6 3.8
RCA 2.6 3.8
All arteries 2.8 3.8

Note.—Data are scores for reader confi dence in 
classifying stenosis severity in the given arteries.  P   ,  
.05 for all comparisons of confi dence scores between 
cardiac CT angiography and combined cardiac CT 
angiography–CT perfusion imaging.

* LAD = left anterior descending artery, LCX = left 
circumfl ex artery, RCA = right coronary artery.

 †  Combined angiography-perfusion imaging refers to 
cardiac CT angiography combined with CT perfusion 
imaging.

image readings. We, thus, found that 
the combination of cardiac CT angiog-

raphy and CT perfusion imaging in a 
single examination was feasible and fa-
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importance of combining anatomy and 
physiologic information to optimize pa-
tient care. Results   of the present study 
further support this assertion by dem-
onstrating the feasibility and additional 
value of perfusion imaging, relative to 
anatomic imaging performed by using a 
single modality, with high diagnostic ac-
curacy and acceptable radiation dose. 

 Our study had some limitations. The 
small sample size resulted in a wide range 
of confi dence intervals for diagnostic 
accuracy values. Also, we did not adjust 
the data for clustering of segments within 
patients, even using the Mc Nemar test, as 
this could have caused our results to have 
slightly lower diagnostic accuracy. Nev-
ertheless, we observed a signifi cant in-
crease in  C -statistic and specifi city values 
after perfusion analysis compared with 
these values before perfusion analysis. 

 Our imaging protocol was optimized 
for myocardial perfusion analysis, with 
a slightly decreased contrast material 
infusion rate. Additional studies and 
further protocol developments with dif-
ferent postprocessing data algorithms 
and/or optimized contrast material 
infusion rates may reveal a way to opti-
mize a protocol for both CT perfusion 
imaging and cardiac CT angiography 
without facilitating detriments to either 
component of the examination. The use 
of new-generation scanners with larger 
z-axis coverage, better spatial resolu-
tion, and faster temporal resolution may 
also lead to better image quality. The 
described protocol requires double the 
contrast material dose required for con-
ventional CT angiography and therefore 
should be avoided in patients with renal 
dysfunction. Although performing axial 
(prospective ECG triggered) examina-
tions has been shown in   recent studies 
(22) to substantially decrease the radia-
tion dose, we chose not to use axial scan-
ning for the stress image acquisitions 
because of the chronotropic effects of 
adenosine: The use of this agent would 
have increased the heart rate beyond 
the low rates known to be most suitable 
for axial scanning. If future scanners 
enable reliable prospectively ECG-gated 
axial scanning at high heart rates, fur-
ther decreases in radiation dose may be 
achieved. Finally, there was a potential 

rate control or nitroglycerin for coro-
nary vasodilation; the use of either of 
these agents probably would have 
improved image quality and diagnostic 
accuracy at cardiac CT angiography. 
Furthermore, although all vessels smaller 
than a cutoff diameter of 1.5 mm were 
excluded in these prior studies, we in-
cluded all vessels in our analysis. 

 Our study results are consistent 
with reported data on the diagnostic 
accuracy of combined protocols involv-
ing PET–myocardial perfusion imaging 
fused with cardiac CT angiography and 
SPECT–myocardial perfusion imaging 
fused with cardiac CT angiography, which, 
respectively, had sensitivities of 90% 
and 96%, specifi cities of 98% and 95%, 
PPVs of 82% and 77%, and NPVs of 
99% and 99% ( 16,17 ). 

 At clinical cardiac CT angiography, 
borderline and intermediate stenotic 
lesions   (50%–69% luminal narrowing) 
whose severity and hemodynamic sig-
nifi cance are diffi cult to establish are 
often seen. Furthermore, artifacts from 
calcium, stents, and coronary motion 
frequently result in noninterpretable 
segments. Thus, the incorporation of CT 
perfusion imaging in a standard clinical 
cardiac CT angiographic protocol would 
substantially improve diagnostic confi -
dence and diagnostic accuracy in these 
diffi cult situations. 

 Information on myocardial isch-
emia in addition to coronary anatomy 
may help to guide clinical manage-
ment and to determine the need 
for coronary revascularization. A recent 
COURAGE (Clinical Outcomes Utiliz-
ing Revascularization and Aggressive 
Drug Evaluation) Trial substudy revealed 
that myocardial perfusion imaging com-
bined with SPECT can enable the iden-
tifi cation of patients who will benefi t 
most from invasive angiography and 
coronary revascularization in addition 
to medical therapy versus those who 
should receive medical therapy alone 
( 27 ). Moreover, the use of fractional 
fl ow reserve during invasive angiogra-
phy has been shown to be superior to 
the use of invasive angiography alone, 
yielding better outcomes and reduced 
costs ( 28 ). Thus, there is a growing 
body of evidence demonstrating the 

 In the current study, we demon-
strated the utility of a combined pro-
tocol involving cardiac CT angiography 
and CT perfusion imaging for the classi-
fi cation of stenosis signifi cance in cases 
of obstructive CAD, especially since 
the PPV was observed to increase by 
more than 20% after the incorporation 
of CT perfusion analysis. Such a proto-
col may be particularly valuable in the 
examination of patients with a high pre-
test probability of CAD, since they are 
usually found at presentation to have a 
large calcifi c plaque burden that leads 
to lower overall image quality and di-
agnostic accuracy. Moreover, a previ-
ous study of single-source 64-detector 
CT revealed that, given a high pretest 
probability, a negative cardiac CT an-
giographic result still corresponds to an 
estimated posttest probability of CAD 
of 17% and thus an important fraction 
of patients with disease not being iden-
tifi ed ( 11 ). Therefore, at present, car-
diac CT angiography is not indicated 
for the assessment of CAD in high-risk 
patients, who are usually referred for 
myocardial perfusion imaging and/or 
invasive angiography ( 10 ). 

 Our study results showed the diag-
nostic performance of dual-source CT 
in the detection of hemodynamically 
signifi cant lesions (luminal narrowing 
 .  50%) in a high-risk patient cohort to 
be comparable to previously reported 
results ( 7–9 ). These studies revealed 
sensitivities ranging from 91.0% to 
98.3%, specifi cities of 84.0%–97.1%, 
PPVs of 70.0%–89.4%, and NPVs of 
96.0%–99.6% ( 7–9 ). The reported 
performance of single-source multide-
tector CT is slightly poorer in the same 
population, with sensitivities ranging 
from 75.0% to 91.7%, specifi cities of 
81%–93%, PPVs of 81.1%–95.0%, and 
NPVs of 82%–89% ( 3,6 ). Achenbach 
and co-workers ( 1 ) compared multide-
tector CT and dual-source CT in a group 
of randomly selected patients and ob-
served the performance of dual-source CT 
to be superior to that of 64-detector 
CT. However, unlike the protocols used 
in these prior studies, our imaging proto-
col was optimized for CT perfusion imag-
ing rather than cardiac CT angiography. 
We did not use  b -blockers for heart 
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for referral bias in our study design. 
However, patients with normal SPECT 
fi ndings were also included if there was 
a high clinical likelihood that they would 
be referred for invasive angiography. 
Nevertheless, the risk of referral bias in 
this high-risk population could not be 
completely avoided. 

 In conclusion, the results of this 
preliminary study show that use of a 
combined dual-source CT protocol for 
the assessment of myocardial perfusion 
and coronary anatomy is feasible and 
involves acceptable contrast material 
and radiation doses. Moreover, the 
addition of CT perfusion imaging im-
proves the diagnostic accuracy of car-
diac CT angiography and provides an 
opportunity for simultaneous assess-
ment of anatomy and perfusion in a 
single examination. This protocol may 
be particularly useful for facilitating 
the accurate classifi cation of stenosis 
signifi cance in high-risk patients with a 
large calcifi ed plaque burden or stents 
and could help to guide clinicians in as-
sessing the need for invasive angiogra-
phy and revascularization. 
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