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 Purpose: To determine the feasibility of computed tomography 
(CT)-based dynamic myocardial perfusion imaging for the 
detection of hemodynamically signifi cant coronary artery 
stenosis, as defi ned with fractional   fl ow reserve (FFR).

 Materials and 
Methods: 

Institutional review board approval and informed patient 
consent were obtained before patient enrollment in the 
study. The study was HIPAA compliant  . Subjects who were 
suspected of having or were known to have coronary artery 
disease underwent electrocardiographically triggered dy-
namic stress myocardial perfusion imaging. FFR measure-
ment was performed within all main coronary arteries with 
a luminal narrowing of 50%–85%. Estimated myocardial 
blood fl ow (MBF) was derived from CT images by using a 
model-based parametric deconvolution method for 16 myo-
cardial segments and was related to hemodynamically sig-
nifi cant coronary artery stenosis with an FFR of 0.75 or less 
in a blinded fashion. Conventional measures of diagnostic 
accuracy were derived, and discriminatory power analysis 
was performed by using logistic regression analysis.

 Results: Of 36 enrolled subjects, 33 (mean age, 68.1 years  6  10 
[standard deviation]; 25 [76%] men, eight [24%] women  ) 
completed the study protocol. An MBF cut point of 75 mL/100 
mL/min provided the highest discriminatory power ( C  sta-
tistic, 0.707;  P   , .001). While the diagnostic accuracy of 
CT for the detection of anatomically signifi cant coronary 
artery stenosis ( . 50%) was high, it was low for the detec-
tion of hemodynamically signifi cant stenosis (positive pre-
dictive value [PPV] per coronary segment, 49%; 95% confi -
dence interval [CI]: 36%, 60%). With use of estimated MBF 
to reclassify lesions depicted with CT angiography, 30 of 
70 (43%) coronary lesions were graded as not hemody-
namically signifi cant, which signifi cantly increased PPV 
to 78% (95% CI: 61%, 89%;  P  = .02). The presence of a 
coronary artery stenosis with a corresponding MBF less 
than 75 mL/100 mL/min had a high risk for hemodynamic 
signifi cance (odds ratio, 86.9; 95% CI:17.6, 430.4).

 Conclusion: Dynamic CT-based stress myocardial perfusion imaging may 
allow detection of hemodynamically signifi cant coronary ar-
tery stenosis.
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sick sinus syndrome, pregnant or breast-
feeding women, and metformin treat-
ment that could not be discontinued after 
CT. Any treatment with  b -adrenergic 
blocking agents and/or nitrates was dis-
continued prior to the scanning. 

 All image acquisitions were per-
formed by using a fast dual-source CT 
system (Somatom Defi nition Flash; Sie-
mens Healthcare, Forchheim, Germany) 
with a collimation of 64  3  2  3  0.6   mm 
and fl ying-focal spot, resulting in 2  3  128 
sections. Patient preparation included 
administration of two antecubital in-
travenous catheters and placement of 
electrocardiographic electrodes on the 
patient’s chest, as well as a detailed ex-
planation of the imaging procedure, in-
cluding practicing of breath holds. No 
 b -adrenergic blocking agent was admin-
istered prior to scanning. 

 The protocol (Fig E1 [online]) included 
prospective coronary CT angiography in 
0.75-mm sections to visualize the coro-
nary arteries under baseline conditions, 
followed by a dynamic stress acquisition 
in 3-mm sections over a period of 30 
seconds to visualize the myocardium. 

FFR. Our hypothesis was that dynamic 
assessment of MBF may improve the 
diagnostic accuracy of cardiac CT for 
the detection of hemodynamically sig-
nifi cant coronary artery stenosis. 

 Materials and Methods 

 Bayer Schering Pharma (Berlin, Germany) 
contributed partial support for this trial, 
providing an unrestricted research grant. 
The authors had full control of the data 
obtained in this trial. 

 The study was approved by the in-
stitutional review board and the Federal 
Radiation Safety Council (Bundesamt für 
Strahlenschutz), and all subjects provided 
written informed consent. This study was 
Health Insurance Portability and Ac-
countability Act compliant. 

 In this prospective feasibility study, 
patients who were referred for invasive 
angiography because they were suspected 
of having or were known to have CAD 
were enrolled. Inclusion criteria included 
the following: age 50 to 80 years, symp-
tomatic subjects who were scheduled 
to undergo diagnostic invasive coronary 
angiography for assessment of CAD, ab-
sence of atrial fi brillation or more than 
six ectopic beats per minute, and abil-
ity to perform a 30-second breath hold. 
Exclusion criteria were as follows: he-
modynamically and clinically unstable 
(angina at rest, malignant arrhythmias) 
conditions, history of allergy to iodinated 
contrast material or history of reactive 
airway disease, history of active hyper-
thyroidism among subjects older than 
60 years of age, serum creatinine levels 
greater than 1.5 mg/dL [132.6  m mol/L  ], 
atrioventricular block type II and III, and 

              Despite having an excellent diagnos-
tic accuracy for the detection of 
obstructive and nonobstructive cor-

onary artery diseases (CADs), cardiac 
computed tomography (CT) remains a 
limited test for evaluating the physiologic 
signifi cance of many anatomic lesions 
( 1 ). While there is growing evidence that 
coronary CT angiography may be useful 
in several clinical scenarios ( 2 ), assess-
ment of the hemodynamic signifi cance 
of coronary stenosis, either noninvasively 
with the use of myocardial perfusion 
imaging or invasively with techniques 
such as fractional fl ow reserve (FFR), 
plays a pivotal role in risk stratifi cation 
and selection of appropriate patients for 
coronary revascularization ( 3,4 ). 

 Over the past several years, prelimi-
nary studies have shown that detection 
of myocardial perfusion defects under 
rest ( 5–7 ) and stress conditions ( 8–11 ) 
may be feasible by using CT. Despite the 
promising results of these early stud-
ies, they were limited by the absence 
of quantitative techniques, as well as by 
the acquisition of images during a pre-
defi ned single point during early myo-
cardial perfusion. On the other hand, 
dynamic techniques for evaluating myo-
cardial perfusion imaging—most com-
monly with magnetic resonance (MR) 
imaging, positron emission tomography, 
or, recently, CT ( 12,13 )—may allow for 
noninvasive quantifi cation of myocardial 
blood fl ow (MBF), which may further 
improve identifi cation of hemodynamic 
relevance of luminal stenosis ( 14 ). 

 We therefore sought to determine 
the feasibility of CT-based dynamic myo-
cardial perfusion imaging for the de-
tection of hemodynamically signifi cant 
coronary artery stenosis as defi ned by 

 Implication for Patient Care 

 The use of quantitative dynamic  n

CT-based myocardial perfusion 
imaging may allow for accurate 
assessment of the hemodynamic 
relevance of coronary artery 
stenosis and therefore may allow 
a better guide to clinicians in 
their decision making about the 
need for invasive angiography 
and appropriate revascularization 
strategies  . 

 Advance in Knowledge 

 CT-derived estimates of myocar- n

dial blood fl ow provide incremen-
tal diagnostic value for the detec-
tion of hemodynamically sig-
nifi cant coronary artery stenosis, 
as defi ned by invasive fractional 
fl ow reserve measurement with a 
signifi cant increase in discrimina-
tory power ( C  statistic, 0.75–
0.90;  P   ,  .001). 
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 To ensure the accurate matching of 
myocardial segments with the associated 
vascular territory, blood vessel domi-
nance was used to decide which vessel 
supplied the inferior and inferoseptal 
territories. 

 All patients underwent conventional 
coronary angiography, using standard 
equipment (Siemens Medical Solutions, 
Forchheim, Germany), with a catheter 
inserted via the femoral artery by using 
a 6- or 7-F guiding catheter. All angio-
grams were analyzed by two experienced 
cardiologists (A.B. and M.G., with  . 10 
and  . 4 years of experience, respectively); 
these cardiologists independently ana-
lyzed the images for the presence of 
a signifi cant coronary artery stenosis 
( � 50% luminal narrowing). 

 FFR was measured with a sensor-
tipped 0.014-inch guidewire (Pressure 
Wire; Radi Medical Systems, Uppsala, 
Sweden) in every lesion with a luminal 
narrowing between 50% and 85% (maxi-
mum of two per subject). After posi-
tioning the pressure sensor distal of 
the stenosis, maximal myocardial hype-
remia was induced with a continuous 
intravenous infusion of adenosine in 
a femoral vein at an infusion rate of 
140  m g per kilogram of body weight per 
minute for a minimum of 2 minutes. 
During maximum hyperemia, FFR was 
calculated as the ratio of the mean dis-
tal pressure, measured by the pres-
sure wire, divided by the mean proxi-
mal pressure measured by the guiding 
catheter. A coronary artery stenosis of 
50% or greater with an FFR value of 
0.75   or less or a luminal stenosis of 
85% or greater was considered function-
ally signifi cant ( 18,19 ). If more than one 
coronary artery stenosis was present 
within the same perfusion territory, the 
most severe stenosis was considered for 
analysis. 

 Demographics, traditional risk fac-
tors, and prevalence of coronary artery 
stenosis depicted with coronary CT an-
giography are presented as means  6  
standard deviations   and percentages for 
categorical variables. The intraclass cor-
relation coeffi cient was used to deter-
mine the agreement of measurement of 
MBF between two observers. A paired  t  
test and repeated-measures analysis of 

 Image analysis was performed on an 
off-line workstation by using a commer-
cially available dedicated software tool 
(Leonardo; Siemens Medical Solutions, 
Erlangen, Germany) by two indepen-
dent experienced observers  . The effec-
tive radiation dose was derived by mul-
tiplying the dose-length product with 
the conservative constant  k  ( k  = 0.017 
mSv/mGy/cm). 

 Evaluation of the presence of signifi -
cant coronary artery stenosis was per-
formed on axial source images in a 
consensus reading by two experienced 
investigators (F.B. and K.N., with  . 6 
and  . 8 years of cardiac CT experience, 
respectively) by using a modifi ed 17-
segment model of the coronary artery 
tree ( 15 ). Readers were blinded to the 
subject’s clinical presentation and history. 
If a consensus could not be reached, 
a third expert reader determined the 
fi nal diagnosis (H.C.R.B., with  . 10 years 
of cardiac CT experience). The pres-
ence of coronary artery stenosis was de-
fi ned as a luminal obstruction of greater 
than 50% diameter. If image quality did 
not permit defi nite exclusion of a sig-
nifi cant stenosis (owing to the pres-
ence of motion artifacts, calcifi cation, or 
low contrast-to-noise ratio), the segment 
was classifi ed as indeterminate and was 
counted as positive for the presence of 
signifi cant coronary artery stenosis. 

 Perfusion images were reconstructed 
with a 3-mm section width every 2 mm 
by using a smooth convolution kernel 
(B30) and then processed on a stan-
dard workstation (Syngo VPN; Siemens 
Healthcare, Forchheim, Germany). MBF 
and mean Hounsfi eld units were de-
termined in each of the 16 myocar-
dial segments, excluding the apical seg-
ment ( 16 ). A 1-mm subendocardial 
zone directly adjacent to the contrast 
material–fi lled left ventricle and a 1-mm 
subepicardial zone were excluded from 
analysis, and a region of interest of 
2.5 cm 2  was manually placed in a rep-
resentative area of each myocardial 
segment. To es timate MBF, a dedicated 
parametric deconvolution technique, 
which was based on a two-compartment 
model of intra- and extravascular space, 
was used to fi t the time-attenuation 
curves ( 17 ). 

After obtaining the standard scout im-
age of the entire chest (100 kV), contrast 
agent timing was determined by admin-
istering a test bolus of 15 mL (fl ow rate, 
5 mL/sec  ) of contrast medium (Ultra-
vist 370; Bayer Schering Pharma) fol-
lowed by administration of 20 mL of 
saline, with a power injector (Stellant; 
Medrad, Indianola, Pa). Subsequently, 
image acquisition time for coronary CT 
angiography was determined by adding 
4 seconds to the time of peak contrast 
enhancement in the ascending aorta to 
allow for adequate contrast enhancement 
of the coronary arteries. Dynamic myo-
cardial perfusion imaging was started 
4 seconds before the arrival of the contrast 
medium bolus in the ascending aorta. 

 Standard prospective CT angiography 
was triggered at 200 msec in the cran-
iocaudal direction by using the following 
scan parameters: 2  3  100 kVp   tube volt-
age (120 kVp in subjects with a body 
mass index of  � 30 kg/m 2 ), 320 mAs per 
rotation, and 0.28-second gantry rota-
tion time. 

 Myocardial perfusion imaging was 
initiated 2 minutes after administration 
of adenosine (Adrekar; Sanofi , Munich, 
Germany) at 0.14 mg/kg/min. Data were 
acquired for 30 seconds with both tubes 
set at 100 kV, a gantry rotation time of 
0.28 second, and a total tube current of 
300 mAs per rotation. Two alternating 
table positions were used in the electro-
cardiographically triggered mode, with 
the table moving forward and backward 
between the two positions (eg, “shuttle 
mode,” with table acceleration of 300 
mm/sec 2 ). Given a detector width of 38 
mm, and a 10% overlap between both 
imaging ranges, the imaging coverage of 
the acquisition was 73 mm. For a heart 
rate of 63 beats per minute or less every 
single heartbeat and for a heart rate of 
greater than 63 beats per minute every 
second heartbeat, images were acquired  , 
resulting in a total of 14–15 data sets. 
A total of 50 mL of iodinated contrast 
agent (Ultravist 370; Bayer Schering 
Pharma) was injected at a fl ow rate of 
5 mL/sec, followed by a saline chaser, 
with the same power injector as men-
tioned before. On completion of the 
imaging, adenosine administration was 
discontinued. 
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angiography and myocardial perfusion 
were 3.1 mSv  6  1 and 10.0 mSv  6  2 
(Table E2 [online]), respectively. The 
mean heart rate signifi cantly increased 
from 72.2 beats per minute  6  17 at base-
line to 83.1 beats per minute  6  16 with 
adenosine administration ( P   ,  .001). 
Among all, 33% (11 of 33) of the per-
fusion studies provided incomplete cov-
erage of the myocardium, with either 
partially covered inferior ( n  = 10) or an-
terior ( n  = 1) wall segments. In addition, 
fi ve perfusion studies (15%) had impaired 
image quality because of motion artifacts 
and required additional postprocessing. 
These studies were not excluded from the 
analysis. Intra- and interobserver agree-
ment for MBF and MBV was high, with 
intraclass correlation coeffi cients of 0.81 
and 0.80, respectively. 

 At coronary CT angiography dur-
ing adenosine infusion, of 528 coronary 
segments, a signifi cant coronary artery 
stenosis was detected in 46 segments 
(8.7%). Twenty-one segments (4.0  %) 
were nonevaluable, and they were counted 
positive for signifi cant coronary artery 
stenosis, resulting in a total of 67 seg-
ments with signifi cant coronary artery 
stenosis (mean, 12.7%; two stenoses 

additionally adjusted for age, sex, and 
history of CAD. 

 A two-sided  P  value of less than .05 
was considered to indicate a signifi cant 
difference. All analyses were performed 
by using software (SAS, version 9.1; 
SAS Institute, Cary, NC). 

 Results 

 Over a study period of 10 months, 117 
study participants met the inclusion cri-
teria, and of these, 51 subjects were 
protocol eligible ( Fig 1  ). Among 36 en-
rolled subjects, in two, imaging protocols 
were not completed because of technical 
failure, and in one, the imaging proto-
col was interrupted because of develop-
ing arrhythmia (atrioventricular block) 
during adenosine administration; no fur-
ther adverse event occurred. Thus, 33 
subjects formed the study cohort. They 
were predominantly older men (mean 
age, 68.1 years  6  10 [standard devia-
tion]; 25 [76%] men and eight [24%] 
women); patient demographics and risk 
factors are detailed in Table E1 (online). 

 On average, the mean duration of the 
CT protocol was 36 minutes  6  7  . The 
mean effective radiation exposure of CT 

variance was used to compare MBF and 
myocardial blood volume (MBV) be-
tween coronary arteries, as well as be-
tween segments, which were and were 
not associated with a hemodynamically  
signifi  cant coronary artery stenosis and 
according to CT stenosis category. To 
determine whether the observed dif-
ference between these territories was 
independent of heart rate during the 
scan, age, sex, and body mass index, 
we fi tted linear regression models by 
using the MBF as the predictor of 
interest. The MBF cut point was de-
rived by maximization of the  C  statistic 
by using logistic regression modeling 
( 20 ). The asymptotic 95% confi dence 
intervals (CIs) for the  C  statistic were 
esti mated by using a nonparametric ap-
proach, which is closely related to the 
jackknife technique proposed by DeLong 
et al ( 21 ). 

 To determine the accuracy of coro-
nary CT angiography for the detection of 
hemodynamically signifi cant coronary 
artery stenosis, we calculated conven-
tional measures of diagnostic accuracy 
(sensitivity, negative predictive value 
[NPV], specifi city, and positive predic-
tive value [PPV]) by using the previously 
derived cut point of MBF as a positivity 
criterion. We accounted for the clus-
tered nature of the myocardial terri-
tories per subject by estimating the ob-
served distribution (95% CIs) according 
to Zhou et al ( 22 ). The McNemar test 
was used to compare measures of diag-
nostic accuracy between groups. Also, 
we compared the discriminatory power 
( C  statistic as derived with logistic re-
gression analysis) of conventional CT 
angiography   and the CT angiography 
supplemented by information on myo-
cardial perfusion for the detection of 
hemodynamically signifi cant coronary 
artery stenosis similarly by using the 
standard error of the test statistics as 
derived from the asymptotic variance 
covariance ( 21 ). Finally, we performed 
multivariate logistic regression model-
ing to examine the relative risk associ-
ated with the presence of any perfusion 
defi cit (threshold level, 75 mL/100 mL/
min) and the presence of hemodynami-
cally signifi cant coronary artery steno-
sis, defi ned with FFR. This model was 

Figure 1

  

  Figure 1:  Study fl ow diagram 
detailing screening, enrollment, 
and scanning procedures for the 
study cohort. Creatinine level in 
Système International units is 
 � 132.6  m mol/L.  AV  = atrioven-
tricular,  CP  = chest pain,  ICA  = 
invasive coronary angiography, 
 SSS  = sick sinus syndrome  .   
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 Measures of Diagnostic Accuracy of Cardiac CT Angiography and MBF for Detection of Anatomically and Hemodynamically Signifi cant 
Coronary Artery Stenoses 

Basis of Measurement Sensitivity Specifi city PPV NPV

Anatomically Signifi cant Coronary Artery Stenosis (Luminal Narrowing  .  50%)

Per coronary segment 94 (58/62) [84, 98] 97.4 (454/466) [96, 99] 83 (58/70) [72, 91] 99.1 (454/458) [98, 100]
Per coronary vessel 91 (49/54) [80, 96] 69 (29/42) [53, 82] 79 (49/62) [67, 88] 85 (29/34) [69, 95]

Hemodynamically Signifi cant Coronary Artery Stenosis (FFR  �  0.75  )
Per coronary segment 100 (34/34) [89, 100] 92.7 (458/494) [91, 95] 49 (34/70) [36, 60] 100 (458/458) [99, 100]
Per coronary segment plus MBF 91 (31/34) [76, 98] 98.2 (485/494) [97, 99] 78 (31/40) [61, 89] 99.4 (485/488) [98, 100]
Per coronary vessel 100 (29/29) [88, 100] 51 (34/67) [39, 63] 47 (29/62) [36, 57] 100 (34/34) [89, 100]
Per coronary vessel plus MBF 93 (27/29) [77, 99] 87 (58/67 [76, 94] 75 (27/36) [58, 88] 96.7 (58/60) [88, 99]
Per subject 100 (22/22) [85, 100] 18 (2/11) [2, 51] 71 (22/31) [52, 86] 100 (2/2) [15, 100]
Per subject plus MBF 95 (21/22) [77, 100] 64 (7/11) [31, 89] 84 (21/25) [64, 95] 88 (7/8) [47, 99]

Note.—Data are percentages. Numbers in parentheses were used to calculate the percentages. Percentages were rounded. Numbers in square brackets are 95% CIs as percentages. The MBF was 
CT based.

per subject), predominantly in the right 
coronary artery (RCA) ( n  = 22). On a 
per-patient basis, 31 of 33 (94%) sub-
jects had a signifi cant coronary artery 
stenosis. 

 All 33 subjects who completed CT 
scanning underwent invasive angiogra-
phy and FFR measurement without an 
adverse event. The prevalence of mor-
phologically signifi cant coronary artery 
stenosis was high (63 of 528 segments 
[11.9%], 54 of 96 vessels [56%], and 
31 of 33 subjects [94%] with signifi -
cant coronary artery stenosis) (Table E1 
[online]). In contrast, with FFR, we 
determined that only a fraction (33 of 
63, 52%) of signifi cant coronary artery 
stenoses were hemodynamically signifi -
cant (FFR  �  0.75). 

 Overall, myocardial segments per-
taining to hemodynamically signifi cant 
coronary artery stenosis had signifi cantly 
lower mean MBF and MBV than did 
segments pertaining to vessels without 
stenosis (73.2 mL/100 mL/min  6  26 vs 
104.8 mL/100 mL/min  6  34 and 16.0 
mL/100 mL/min  6  7 vs 19.6 mL/100 
mL/min  6  5, for MBF   and MBV, re-
spectively) ( P   ,  .001 for both). Logistic 
regression analysis revealed a signifi -
cantly higher discriminatory power for 
MBF than for MBV ( C  statistic, 0.78 
versus 0.67;  P   ,  .001). Thus, MBF was 
selected for analysis of diagnostic rele-
vance. The predicted difference in MBF 
between ischemic and nonischemic myo-

cardial segments persisted after adjust-
ing for age, sex, body mass index, and 
difference in heart rate ( b , 35.0 mL/100 
mL/min; 95% CI: 27.7, 42.2;  P   ,  .001). 
The best cutoff of MBF for the differ-
entiation between hemodynamically sig-
nifi cant and nonsignifi cant coronary ar-
tery lesions was 75 mL/100 mL/min ( C  
statistic, 0.707;  P   ,  .001), and it was 
also confi rmed in the subpopulation of 
subjects with a stenosis. Applying this 
threshold level resulted in 22.0% (114 
of 519) ischemic myocardial segments, 
33% (32 of 96) ischemic vessels, and 
73% (24 of 33) subjects with hemo-
dynamically signifi cant coronary artery 
stenosis. 

 The diagnostic accuracy of CT for 
the detection of signifi cant coronary ar-
tery stenosis ( � 50% luminal narrowing 
as defi ned with conventional coronary 
angiography  ) on a per-segment basis 
was high ( Table 1  ): sensitivity, 94% 
(95% CI: 84%, 98%); specifi city, 97.4% 
(95% CI: 96%, 99%); PPV, 83% (95% 
CI: 72%, 91%); and NPV, 99.1% (95% 
CI: 98%, 100%). Measurements of diag-
nostic accuracy on a per-vessel basis are 
provided in the  Table  and were similarly 
high. 

 Because of the lower prevalence of 
hemodynamically signifi cant coronary ar-
tery stenosis (33 of 528, 6.2%), the PPV 
for the detection of hemodynamically 
signifi cant coronary artery stenosis (as de-
fi ned with FFR  �  0.75) on a per-segment 

basis was moderate (49%; 95% CI: 36%, 
60%). When the information on MBF 
was used to reclassify lesions, 30 of 70 
(43%)   coronary artery lesions were classi-
fi ed as not hemodynamically signifi cant, 
resulting in increased PPV (78% [31 of 
40]; 95% CI: 61%, 89%;  P  = .02); three 
lesions were incorrectly classifi ed as not 
hemodynamically signifi cant (sensitivity, 
91% [31 of 34]; 95% CI: 76%, 98%). 
These subjects had a lower mean heart 
rate increase under stress (5.1 beats 
per minute  6  1 vs 12.4 beats per min-
ute  6  5,  P  = .06), and 33% (two of 
three) showed an insuffi cient cover-
age of the myocardium. Similar fi nd-
ings were observed on a per-vessel and 
per-subject basis ( Table 1 ). One subject 
whose lesion was incorrectly classifi ed 
as not hemodynamically signifi cant as 
defi ned with FFR on a per-patient basis 
(NPV, 88%) had a higher mean MBF as 
compared with that of all other subjects 
(107.3  6  13 mL/100 mL/min vs 97.9  6  
37 mL/100 mL/min, respectively;  P  = .03) 
and thus had a value above the applied 
threshold level of 75 mL/100 mL/min. 
Representative cases are shown in  Fig-
ures 2–8  . 

 By using logistic regression analysis, 
the discriminatory power of cardiac CT 
without perfusion information was high 
( C  statistic, 0.753; 95% CI: 0.69, 0.81; 
 P   ,  .001). When the information on 
MBF was used to reclassify lesions, the 
predictive power was signifi cantly higher 
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( C  statistic, 0.898; 95% CI: 0.83, 0.96; 
 P   ,  .001; predicted difference, 0.15; 
95% CI: 0.07, 0.22). The presence of 
a coronary artery stenosis with a cor-
responding MBF of less than 75 mL/100 
mL/min was associated with an approxi-
mately 90-fold higher risk for a hemo-
dynamically signifi cant coronary artery 
stenosis (odds ratio, 86.9; 95% CI: 17.6, 
430.4  ). 

 Discussion 

 In the present feasibility study, we showed 
that dynamic adenosine-stress myocar-
dial perfusion CT can help quantify MBF 
in addition to providing an anatomic 

 Figure 3 

  
  Figure 3:  Color-coded dynamic perfusion CT images  (a)  in short axis, mid ventricle,  (b)  in long axis, and  (c)  in four-chamber views in same patient as in Figure 2 
demonstrate signifi cantly reduced myocardial perfusion (42 mL/100 mL/min) in the inferior and inferolateral wall (dashed arrows, darker [more purple] areas) related to 
the RCA and left circumfl ex coronary artery, as well as reduced MBF (55 mL/100 mL/min) in the anterior wall related to the left anterior descending coronary artery (solid 
arrow). Both the left anterior descending and left circumfl ex coronary artery lesions were determined to be hemodynamically signifi cant at FFR measurement, with FFR of 
0.71 and 0.69, respectively.   

 Figure 2 

  

  Figure 2:  Coronary CT angiograms demonstrate 
moderate stenosis (arrow) in  (a)  proximal segment 
of left circumfl ex coronary artery,  (b)  calcifi ed and 
noncalcifi ed plaque (arrow) in the proximal left 
anterior descending coronary artery, with moderate 
luminal narrowing, and  (c)  stent in the proximal por-
tion of the RCA and signifi cant high-grade stenosis 
(arrow) distal to the stent in 67-year-old woman 
who had chronic chest pain and history of coronary 
artery stenosis, with subsequent stent placement in 
the proximal RCA.  (d)  Invasive angiogram in same 
patient shows moderate stenosis, similarly depicted 
as on CT angiograms, in the left circumfl ex coronary 
artery (dashed arrow) and left anterior descending 
coronary artery (solid arrow).   
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 Figure 5 

  
  Figure 5:  Color-coded dynamic perfusion CT  (a)  short-axis,  (b)  long-axis, and  (c)  four-chamber views in same patient as in Figure 4 reveal homogeneous MBF in 
the left anterior descending coronary artery, left circumfl ex coronary artery, and RCA territories (107 vs 98 vs 102 mL/100 mL/min, respectively  ).   

 Figure 4 

  

assessment of coronary artery steno-
sis. Our data suggest that CT-derived 
estimates of MBF provide incremental 
diagnostic value for the detection of 
hemodynamically signifi cant coronary 
artery stenosis, as defi ned with invasive 
FFR measurement, the currently accepted 
standard for assessing the hemody-
namic signifi cance of coronary artery 
stenotic lesions ( 23 ). 

 While CT provides a useful noninva-
sive technique to evaluate coronary artery 
anatomy, the functional signifi cance of 
many coronary artery fi ndings is often 
unclear and may lead to increased down-
stream test utilization (eg, radionuclide 

  Figure 4:    (a–c)  Curved multiplanar reconstruc-
tions in 71-year-old man show extensive atheroscle-
rotic plaque in  (a)  left anterior descending coronary 
artery,  (b)  RCA, and  (c)  left circumfl ex coronary 
artery. In the proximal segment of the RCA, a signifi -
cant coronary artery stenosis (solid arrows,  b ) could 
not be excluded because of substantial calcifi cation, 
and in the left circumfl ex coronary artery, there 
is a noncalcifi ed plaque in the proximal segment, 
causing moderate luminal stenosis (dashed arrow, 
 c ).  (d, e)  Invasive angiography shows no coronary 
artery stenosis in  (d)  RCA and confi rms  (e)  presence 
of moderate stenosis in the proximal left circumfl ex 
coronary artery (dashed arrow) and mild to moder-
ate stenosis in the proximal and distal segment of 
the left anterior descending coronary artery (solid 
arrows).   
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 Figure 6 

  
  Figure 6:   (a–c)  Curved multiplanar reformats   in 65 year-old man with stable angina who had  (c)  signifi -
cant ostial lesion (arrow) in the RCA (dashed arrow), moderate luminal narrowing in  (a)  middle segment of 
the left anterior descending coronary artery, and  (b)  moderate stenosis (arrow) in the proximal left circumfl ex 
coronary artery.   

perfusion imaging, stress MR imaging, 
or FFR) to help guide treatment deci-
sions ( 3,24,25 ). Specifi cally, Meijboom 
et al ( 26 ) showed that the diagnostic ac-
curacy of a quantitative assessment of 
coronary artery stenosis with CT was 
highly correlated with angiographic fi nd-
ings. However, for the detection of hemo-
dynamically signifi cant coronary artery 
stenosis, as assessed with FFR ( 26 ), CT 
angiography only had a sensitivity of ap-
proximately 50%, a fi nding that is con-
sistent with our observation and with 
fi ndings in other studies ( 3,25 ). In our 
study, only approximately 50% of sig-
nifi cant lesions were hemodynamically 
signifi cant, thus resulting in a substantial 
decrease in the PPV. 

 Our work also extends the prior work 
by Blankstein et al ( 8 ) and Rocha-Filho 
et al ( 11 ) who demonstrated that 
adenosine-mediated stress can help as-
sess reversible ischemia, with diagnostic 
accuracy (and radiation exposure) com-
parable to that with single photon emis-
sion computed tomography (SPECT) and 
provides incremental diagnostic value 
at CT angiography ( 8,11 ). In their anal-
ysis, they found a sensitivity of 93% for 
the detection of signifi cant coronary ar-
tery stenosis and a corresponding per-
fusion defect at SPECT, which is similar 
to the observed diagnostic accuracy in 
our cohort (sensitivity, 91% [31 of 34]; 
PPV, 78  % [31 of 40]). However, in contrast 
to Blankstein et al ( 8 ) and Rocha-Filho 
et al ( 11 ), we used a dynamic protocol 
that permits derivation of a quantitative 
measure of myocardial perfusion similar 
to the established CT-based perfusion 
in brain imaging ( 27 ). Investigators who 
perform further research will need to 
determine the added value of “dynamic” 
imaging with MBF quantifi cation to 
“static” imaging (ie, a single set of im-
ages obtained during early myocardial 
perfusion) and to determine whether 
the added radiation exposure associated 
with dynamic imaging can be offset by 
improved detection of ischemia. 

 Similar to prior animal studies, we 
measured the tissue-attenuation curves 
over time, which were used to calculate 
MBF, and MBF highly correlated with 
the established standard of microsphere-
derived MBF ( r  2  = 0.92) ( 28 ). While 

we selected a region of interest of 2.5 
cm 2  to measure MBF in a representa-
tive region of the segment, further re-
search will be necessary to determine 
the optimal method to quantitatively 
or semiquantitatively assess MBF, also 
potentially the   transmural extent of the 
perfusion defect ( 9 ). 

 It is important to note that, in our 
analysis, we determined an MBF of 75 
mL/100 mL/min as an ideal cut point, 
on the basis of maximization of the area 
under the curve as a criterion. However, 
this factor may need further validation 
across different patient populations. For 
instance, in our study, one subject had 
an average MBF that was higher than 
this threshold level and was thus in-
correctly categorized as having a non-
hemodynamically signifi cant stenosis, 
which may partly explain the observed 
tendency of a decreased NPV. 

 Our results need to be evaluated in 
the context of a number of study limita-
tions and considerations. Selection bias 
may be present in our design because 
recruited subjects generally had a high 
probability of coronary artery stenosis 
(ie, history of CAD was present in 85  % 

of subjects), as indicated in Table E1 
(online). More important, the PPV and 
NPV are dependent on the prevalence of 
disease. Thus, these estimates are valid 
only for a population with the same preva-
lence as in this study. Also, our results 
are based on 33 subjects, and further 
research will be necessary to confi rm 
these initial observations. Another im-
portant limitation of our study is that, in 
most of the patients with false-negative 
results, we achieved suboptimal vaso-
dilatory stress and breath ing artifacts. 
Clearly, these observations emphasize the 
need for adequate preparation, instruc-
tion, and dedicated acquisition. Further 
aspects that will need more attention 
are as follows:  (a)  The radiation expo-
sure of approximately 12–13 mSv associ-
ated with our protocol was higher than 
the dose associated with contemporary 
CT angiographic techniques. While this 
dose, which is equivalent to nuclear 
techniques with the use of SPECT, is 
relatively high, it is similar to the dose 
observed during prior CT perfusion 
investigations in which dynamic im-
ages were not used.  (b)  We found 
that approximately one-third of scans 
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were incompletely covered by the avail-
able scan volume of 73 mm. While this 
coverage may be suffi cient to cover the 
main proximal territories, clearly fur-
ther technological advances are war-
ranted.  (c)  More important, our study 
did not include dynamic rest perfusion 
imaging, as our protocol was designed 
to minimize the added radiation expo-
sure associated with two dynamic ac-
quisitions. While the dedicated coro-

nary CT angiographic acquisition can 
potentially be used to assess fi rst-pass 
myocardial perfusion, the current anal-
ysis was designed as an initial step to 
determine whether information on MBF 
can help identify hemodynamically sig-
nifi cant coronary artery stenosis. Fur-
ther focused research will be necessary 
to determine whether CT will allow for 
differentiation between infarcted and 
ischemic myocardium by using either 

fi rst-pass “static,” dynamic rest perfu-
sion imaging, or delayed enhancement 
acquisitions. 

 In conclusion, our data suggest that 
a combined assessment of coronary ar-
tery anatomy with CT angiography and 
a dedicated dynamic CT-based stress 
perfusion imaging to estimate MBF   per-
mits accurate identifi cation of hemo-
dynamically signifi cant coronary artery 
stenosis. Further research will be nec-
essary to confi rm the effi cacy in large-
scale trials for myocardial tissue char-
acterization and clinical effectiveness of 
the technique. 
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