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Abstract  

BACKGROUND 

Coronary computed tomography angiography (CTA) is an established noninvasive imaging 

modality for diagnosis of coronary artery disease. Computed tomography perfusion (CTP) 

imaging is an emerging non-invasive method for detecting myocardial ischemia. Combined CTA 

with CTP provides a more comprehensive non-invasive evaluation of patients with intermediate 

coronary artery lesions.  

OBJECTIVE  

To determine the diagnostic performance of CTP with and without CTA in assessment of 

hemodynamically significant coronary artery lesions in comparison to invasive fractional flow 

reserve (FFR).  

METHODS  

PubMed and the Cochrane Center Register of Controlled Trials were searched from January 

2010 through December 2015. Nine original studies evaluating the diagnostic performance of 

CTP with and without CTA to invasive coronary angiography in assessment of hemodynamic 

significance of coronary lesions were selected for this study. Sensitivity, specificity, positive and 

negative likelihood ratios (LR+ and LR-, respectively) and diagnostic odds ratio (DOR) were 

calculated.  

RESULTS  

A total of 543 vessels were evaluated with CTA+CTP and the sensitivity, specificity, LR+ and 

LR- and DOR were 0.85 [95% confidence interval (CI: 0.79-0.89)] 0.94 (CI: 0.91-0.97), 15.8 

(CI: 7.99-31.39), 0.146 (CI: 0.08-0.26), and 147.2 (CI: 69.77-310.66). Summary Receiver 

Operating Characteristics (SROC) results showed area under the curve (AUC) of 0.97 indicating 
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that CTA+CTP may detect hemodynamically significant coronary artery lesions with high 

accuracy.  A total of 676 vessels were evaluated with CTP alone and the sensitivity, specificity, 

LR+ and LR- and DOR were 0.83 (CI: 0.78-0.87), 0.84 (CI: 0.80-0.87) 5.26 (CI: 2.93-9.43), 

0.209 (CI: 0.12-0.36), and 31.97 (CI: 11.59-88.20). The sensitivity, specificity, LR+ and LR- and 

DOR of CTA alone (860 vessels) were 0.90 (CI: 0.87-0.93), 0.72 (CI: 0.68-0.75), 3.27 (CI: 2.46-

4.36), 0.122 (0.06-0.23), and 29.61 (CI: 15.62-56.12). 

CONCLUSION  

The results of this meta-analysis suggest that adding CTP to CTA significantly improves 

diagnostic performance of hemodynamic significance of coronary artery lesions compared to 

CTA alone. CTA with CTP is closely comparable with invasive FFR and is a feasible non-

invasive method to assess hemodynamic significance of coronary lesions in patients with stable 

coronary artery disease.  
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Introduction: 

Assessment of Fractional Flow Reserve (FFR) in addition to anatomic evaluation by invasive 

coronary angiography  is considered  as  the gold standard  for assessment of hemodynamic 

significance of coronary artery lesions, facilitating clinical decision making regarding coronary 

artery revascularization.
1
 Computed tomography angiography (CTA) of coronary artery is a non-

invasive method for anatomic evaluation of severity of coronary artery lesion
2
. Newly introduced 

computed tomography perfusion (CTP) imaging is an emerging noninvasive method that allows 

quantitative assessment of myocardial blood flow index 
2
 for detecting myocardial ischemia. 

Severity of stenosis assessed by CTA may not correlate with the functional significance of 

coronary artery lesions, particularly in intermediate risk lesions (50-70% stenosis). CTP provides 

a good estimate of the functional significance of coronary lesions
2
. Combined CTA with CTP 

provides a more comprehensive non-invasive evaluation of intermediate coronary artery lesion.  

Several studies have evaluated diagnostic accuracy of CTA+CTP compared to invasive 

FFR
1,3,4,6-10

 , but have been limited due to small sample size. The objective of our meta-analysis 

is to determine the diagnostic performance of CTP with and without CTA in assessment of 

hemodynamically significant coronary artery lesions in comparison to invasive FFR in patients 

with stable coronary artery stenosis.  
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Methods 

This meta-analysis was performed in accordance with Meta-Analysis of Observational Studies in 

Epidemiology7 statements. General guidelines of Cochrane Handbook for Systematic Reviews 

of Interventions, version 5.1.0 were used in developing methodology and meta-analysis was 

conducted in adherence to these guidelines. We searched the National Library of Medicine, 

PubMed, National Institute of Health clinical trials registry and the Cochrane Central Register of 

Controlled Trials to include clinical studies that assessed diagnostic performance of non-invasive 

CTA and CTP in comparison to invasive FFR in diagnosing hemodynamically significant 

coronary artery lesion. Studies were included if conducted during the period of January 2000 

through December 2015. The key words used for searching studies were “computed tomography 

angiography”, “fractional flow reserve”, “Computed Tomography Perfusion”, “CTA”, “CTP”, 

“FFR”, “diagnostic accuracy”, “diagnostic performance” and “coronary artery lesion”. In 

addition to our computerized search, we manually reviewed the reference lists and related 

articles of all retrieved studies to complete our search. Three independent authors (PS, HBP and 

ZR) reviewed all titles from the search results and articles were selected for final data extraction.   

Inclusion and Exclusion Criteria: 

To be selected for analysis, a study had to meet the following inclusion criteria:  

(1) Study compares diagnostic performance of CTP with and without CTA to invasive FFR.  

(2) Study reports (a) true positive, false positive, true negative and false negative outcomes or b) 

sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) with 
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enough information to calculate true positive, false positive, true negative and false negative 

outcomes. A total of 76 studies for CTA and CTP were identified. 60 studies were non relevant 

and were therefore excluded. 17 potentially relevant studies were screened for retrieval. 7 studies 

did not meet inclusion criteria and therefore a total of 10 studies were included in the meta-

analysis.  

Data Extraction: 

After identifying all relevant articles, data from each study including patient demographics, type 

and number of coronary vessels evaluated, time between CTA, CTP and angiographic images, 

blinding information on FFR and CTA and CTP readings were extracted. End points were true 

positive, false positive, true negative and false negative values for CTA, CTP and FFR. End 

point data from CTA were extracted and included in our analysis only if studies have provided 

data on anatomically significant coronary artery stenosis of ≥50% on CTA. Three reviewers (PS, 

HBP and ZR) independently extracted data and assessed outcomes. The inter-rater agreement 

was 90%, and disagreements were resolved by consensus and in discussion with senior author 

(TP).  

 

Statistical Analysis:  

SAS software, version 9.3 (SAS Institute Inc., Cary, NC) and Meta-Disc software, 

version 1.4 (XI Cochrane Colloquium) were used to conduct all analyses. Sensitivity, specificity, 

positive likelihood ratio (LR+), negative likelihood ratio (LR-) and diagnostic odds ratio (DOR) 

were computed using bivariate meta-analysis models. The sensitivity and specificity of each 

study were used to plot the summary receiver operator characteristics (SROC) and area under the 
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SROC curve (AUC) was calculated. Heterogeneity between the studies was evaluated using Q 

test and I
2
 statistics. Random effects model was applied when 𝑃 < 0.10 for 𝑄 test or 𝐼2

 value 

>50%, indicating substantial heterogeneity. In addition, explanation of heterogeneity by 

threshold effect was verified using the Spearman correlation approach. P value <0.05 was 

considered significant for statistical inferences.  

 

RESULTS:  

Eight and six studies fulfilled the inclusion criteria for per vessel analysis of CTA 
1-4, 6-9 

and CTP 

1-6 
respectively.   Six studies met inclusion criteria for per vessel CTA+CTP analysis

1, 4, 6-9
. 

Seven, four, and six studies met inclusion criteria for per patient CTA
1-3, 7-10

, CTP 
1-3, 10, 

CTA+ 

CTP
1, 3, 7-10

 respectively. Studies overview, baseline patient characteristics, and study quality 

assessment were included in Table 1.  

Per-vessel analysis:  

      A total of 543 vessels were evaluated with CTA+CTP. The pooled sensitivity, 

specificity, LR+, LR- and DOR were 0.85 (Confidence interval [CI]: 0.79-0.89), 0.94 (CI: 0.91-

0.96), 15.8 (CI:7.99-31.39) and 0.146 (CI:0.08-0.27), 147.2 (CI:69.77-310.66) respectively.                                   

SROC results showed AUC of 0.97 indicating that CTA+CTP may detect hemodynamically 

significant coronary artery lesions with high accuracy (Figure 3).  

The sensitivity, specificity, LR+,  LR-  and DOR for CTP alone (676 vessels)
 
were 0.83 

(CI: 0.77-0.87), 0.84 (CI: 0.80-0.87) 5.26 (CI:2.93-9.44), 0.209 (CI: 0.12-0.36) and 31.97 (CI: 

11.59-88.20) and for CTA alone (860 vessels) were 0.91 (CI: 0.87-0.93), 0.72 (CI: 0.68-0.76), 

3.28 ( CI: 2.46-4.36) , 0.12 ( CI: 0.06-0.23 ) and 29.61 (CI: 15.62-56.12).  SROC results showed 

AUC of 0.92 for CTP alone (Figure 2) and 0.87 for CTA alone (Figure 1) indicating that CTP 
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or CTA alone is less accurate, compared to CTA+CTP  in detecting hemodynamically significant 

coronary artery lesions. 

Per–patient analysis 

A total of 322 patients were evaluated with CTA+CTP. The pooled sensitivity, 

specificity, LR+ and LR- , and DOR were 0.92 (CI: 0.87-0.96), 0.85 (CI: 0.79-0.90) 5.03 (CI: 

3.36-7.54) and 0.117 (CI: 0.07-0.20), 45.50 (CI: 21.30-97.18) respectively. SROC results 

showed AUC of 0.94 indicating that CTA+CTP may detect hemodynamically significant 

coronary artery lesions with high accuracy.  

A total of 304 patients were evaluated by CTP alone. The sensitivity, specificity, LR+ 

and LR-, DOR were 0.81 (CI: 0.72-0.87) 0.79 (CI: 0.72-0.85), 3.74 (CI: 1.45-9.60) 0.263 (CI: 

0.13-0.53), and 20.10 (CI: 4.90-82.63) respectively. The sensitivity, specificity, LR+ and LR- 

and DOR for CTA alone (403 vessels) were 0.92 (CI: 0.87-0.95), 0.66 (CI: 0.59-0.72), 2.25 (CI: 

1.56-3.26) and 0.144 (CI: 0.05-0.38), 16.17 (CI: 5.65-46.30) respectively. SROC results showed 

AUC of 0.88 for CTP alone and 0.78 for CTA alone indicating that CTP or CTA  alone is less 

accurate compared to CTA+CTP  in detecting hemodynamically significant coronary artery 

lesions  

  

DISCUSSION:  

Despite major advancements in the field of cardiovascular medicine, cardiovascular events 

remain a major cause of mortality and morbidity worldwide 
11

. The risk stratification is very 

important in managing patients with coronary artery disease (CAD). Current guidelines 

recommend risk factors modification for patients with low risk of pretest probability for CAD 

and noninvasive imaging for patients with intermediate pretest probability
12

. Non Invasive 
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imaging can be performed with CTA for anatomic assessment of coronary vessels and/or with 

CTP for a physiologic assessment. Both of these tests have some limitations in diagnostic 

accuracy
13

. Until now, the gold standard test for further evaluation of intermediate lesion is 

invasive coronary angiography with FFR measurement
14, 15

, which is associated with risk of 

complications. We can potentially avoid these risks if non-invasive tests such as CTP with or 

without CTA would risk stratify with high accuracy in patients with intermediate pretest 

probability for CAD. 
16. 

Recent advances in the field of cardiology has made it possible for us to 

re-risk stratify these patients noninvasively with combined anatomical and physiological tests 

(CTA and CTP). Our study demonstrated that combined CTA and CTP provide better diagnostic 

performance for evaluation of hemodynamically significant coronary artery lesions. A recent 

multicenter study (CORE 320)
17

 showed that combined CTA and CTP have similar prediction of 

major adverse cardiac events over 2 years when compared with invasive coronary angiography 

and single photon emission computed tomography (SPECT). Another study showed the 

incremental value of CTP to CTA in evaluating functionally significant coronary artery 

stenosis
18

. Van Rosendael et al. demonstrated that CTP has a promising value when added to 

CTA in assessment of coronary artery stenosis
19

. Study (CARS 320)
 20

 investigated the value of 

CTP and CTA in diagnosis of coronary artery restenosis comparing with coronary angiography 

revealing that combined coronary CTA and CTP improve the diagnostic accuracy of coronary 

artery stenosis and diagnosing in-stent restenosis as compared with CTA alone
20

. Another study 

compared both CTA and CTP to cardiac magnetic resonance perfusion imaging in detecting 

CAD and concluded that the combination of CTA and CTP had similar accuracy in detecting 

significant CAD when compared to CMR perfusion imaging
21

. George et al. found CTP imaging 

is a better predictor of myocardial ischemia when used in conjunction with CTA imaging 
21

. A 
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study by Stefanini et al. demonstrated that CTA was a good test for patients with high pretest 

probability of CAD; however, it was still inferior to invasive coronary angiography, thus limiting 

its role in the assessment of intermediate risk patients 
13

. Recent studies have shown that the 

addition of FFR-CT to CTA may yield comprehensive structural and functional assessment of 

CAD
22-24

. A recent meta-analysis studied the value of adding CTP and CT-FFR to CTA in 

assessment of significant CAD and concluded that the addition of these 2 modalities increases 

the specificity of CTA in determining functionally significant CAD as determined by invasive 

coronary angiography
25.  

The results of our study demonstrate that CTA + CTP has very low LR- and therefore if the test 

is negative, obstructive CAD can be ruled out and the patient with intermediate risk for CAD can 

be risk stratified to low risk category. With negative CTA + CTP test, further assessment of 

CAD with invasive coronary angiogram can be avoided unless high clinical suspicious of 

obstructive CAD. Additionally, the results of this study demonstrate that CTA + CTP has very 

high LR+ and therefore if the test is positive, obstructive CAD should be strongly considered and 

the patient with intermediate risk for CAD can be risk stratified to higher risk category. With 

positive CTA + CTP test, further assessment of CAD with invasive coronary angiogram should 

be performed. The results suggest that combined CTA +CTP are highly comparable to invasive 

coronary angiography with FFR.  

 

Our meta-analysis has several limitations. Because of the meta-analytic nature of this study, we 

were unable to evaluate the effects of gender, race, and ethnic background on the measured 

outcomes. In addition, there is a potential for publication bias. Most of the baseline studies had 

limited sample size. Power analysis was not performed in these studies. The time between CT 
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imaging and invasive coronary angiography varied between studies. This time interval was long 

in some of the studies; up to 3 months; during which the coronary artery lesion severity may 

have changed. Our meta-analysis excluded the studies evaluating diagnostic performance of 

CTA and CTP in patients who underwent coronary artery revascularization with either stent 

placement or coronary artery bypass graft due to limited references. We were unable to measure 

the implication of diagnostic performance of CTA and CTP on clinical outcomes of patients 

because it was not studied in any study included in our meta-analysis.  

We believe that addition of CTP to CTA may improve diagnostic performance of non-invasive 

CTA to evaluate hemodynamically significant coronary artery lesions and may improve clinical 

decision making to decide the need for coronary artery revascularization. Combined CTA and 

CTP may be used to defer an invasive study in evaluation of stable CAD unless clinical 

suspicion indicates otherwise. 

Conclusion: 

The results of this meta-analysis suggest that adding CTP to CTA significantly improves 

diagnostic performance of hemodynamic significance of coronary artery lesions compared to 

CTA alone. CTA with CTP is closely comparable with invasive FFR and is a feasible non-

invasive method to assess hemodynamic significance of coronary lesions in patients with stable 

CAD.  
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Table 1: Baseline study characteristics 

Study 

Name 

Patient 

character

istics 

Patie

nts 

(N) 

Vess

els 

(N) 

CT 

Used 

Time 

between 

CT and 

invasive 

angiogr

aphy 

Typ

e of 

vess

els  

Stress

or 

used 

CTA and 

CTP 

threshold 

for 

abnormali

ty 

CAD 

severity 

assessme

nt 

Diagnost

ic 

perform

ance  

Ko 

JACC 

2012 

Age: 62.1 

+ 9.9 

Male: 

67.5% 

Selection: 

Intermedi

ate to high 

risk for 

CAD 

40 120 320-

detect

or 

14 days LA

D 

LC

X 

RC

A 

IV 

Adeno

sine 

CTA: 

Stenosis 

>50% 

CTP: 

Visual and 

TPR <0.99 

(we used 

only visual 

for 

analysis) 

ICA FFR 

<0.8 

Per-

vessel 

and per-

patient 

CTA+C

TP, CTP 

and CTA 

Nasis 

2013 

Age: 

66.4+10.4 

Male: 

65% 

Selection: 

Suspected 

CAD 

20 60 320-

detect

or 

 LA

D 

LC

X 

RC

A 

IV 

Adeno

sine  

CTA: 

Stenosis 

>50% 

CTP: 

Visual 

QCA 

>50% and 

>70% 

stenosis 

and 

correspon

ding 

perfusion 

defect on 

SPECT-

MPI 

 

Bamber

g 2011 

Age:68.1+

10 

Male:76% 

Selection: 

Suspected 

or known 

CAD 

33 96 128 

detect

or 

 LA

D 

LC

X 

RC

A 

IV 

Adeno

sine 

CTA 

stenosis 

>50% 

 

CTP: 

visual 

 

ICA FFR 

<0.75 or 

stenosis 

>85% 

Per 

vessel 

and per 

patient 

CTA+C

TP, 

CTP and 

CTA 

Brian 

2012 

Age:61.5+ 

9.9 

Male:67.5 

Selection: 

Symptom

atic . with 

suspected 

CAD 

40 77 320 

detect

or 

14 days LA

D 

LC

X 

RC

A 

IV  

Adeno

sine 

CTA 

stenosis 

>50% 

CTP: 

visual and 

TPR 

ICA FFR 

<0.80 if 

>90% 

stenosis 

QCA>50

% luminal 

stenosis 

Per 

vessel 

and per 

patient 

CTA+C

TP, CTP 

and CTA 

Kim 

2013 

Age:65+1

1 

Male:79% 

Selection: 

Suspected  

CAD 

34 102 128-

detect

or 

Within 3 

months ( 

22+18 

days) 

LA

D 

LC

X 

OM 

RC

A 

IV  

Adeno

sine 

CTA: 

>50% and  

CTP: 

Visual 

QCA>50

% 

>70% 

stenosis 

Per 

vessel 

and per 

patient 

CTA+ 

CTP, 

CTP and 

CTA 

Choo 

(2013) 

Age:61.7+

20.5 

Male:38.1 

37 81 128  

detect

or 

7 days  IV 

Adeno

sine 

CTA 

stenosis 

>50 % 

ICA FFR 

<0.75 

Per 

vessel  

CTA+ 
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Selection: 

low to 

intermedia

te 

probabilit

y CAD 

 CTP 

CTP and 

CTA 

Bettenc

ourt  

2013 

Age:62+8 

Male:67% 

Selection: 

Suspected 

CAD 

105  64 

Detec

tor 

4.8 + 

4.62 

days 

LA

D 

LC

X 

RC

A 

IV 

Adeno

sine 

CTA: 

>50% and 

>70% 

stenosis 

 

QCA>50

% 

>70% 

stenosis 

Per 

patient 

CTA+ 

CTP, 

Per vessel 

and per 

patient  

CTP and 

CTA 

Reif  

2013 

Age: 

64+10 

Male:80% 

Selection: 

Clinically 

suspected 

ISR 

91  320 

Detec

tor 

14 days  IV 

adenos

ine 

CTA: 

>50% 

QCA>50

% 

 

Per 

patient 

CTA+ 

CTP 

CTP and 

CTA 

Rossi  

(2014) 

Age:60+1

0 

Male:79 

Selection: 

Symptom

atic CAD 

80 210 Dual 

sourc

e CT 

14 days LA

D 

LC

X  

RC

A 

IV 

Adeno

sine 

CTA: 

>50% and 

>70% 

stenosis 

 

FFR<0.7

5 

Per vessel 

CTA+ 

CTP 

CTP and 

CTA 

Kono 

(2014) 

Age:62.3+

9 

Male:81% 

Selection: 

Suspected 

or known 

CAD 

42 91   LA

D 

LC

X 

RC

A 

IV 

Adeno

sine 

MBF:75.6

+22.5 

MBF 

ratio:0.67+

0.15 

FFR<0.8 Per vessel 

CTP 

 

TPR= Transmural perfusion ratio (Subendocardial to subepicardial contrast attenuation) 

ISR: In-stent restenosis; FFR: fractional flow reserve; CAD: coronary artery disease; IV: intravenous 

CT: computed tomography; CTA: computed tomography angiograpgy; CTP: Computed tomography perfusion 

ICA: invasive coronary angiography; QCA: quantitative coronary angiography; MBF: myocardial blood flow 

LAD: left anterior descending, LCX: circumflex, RCA: right coronary artery, OM: obtuse marginal  
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