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2
Abstract

Purpose
To determine the diagnostic performance of computed tomography (CT) 
perfusion techniques for the detection of functionally relevant coronary artery 
disease (CAD) in comparison to reference standards, including invasive coronary 
angiography (ICA), single photon emission computed tomography (SPECT), 
and magnetic resonance imaging (MRI).

Materials and methods
PubMed, Web of Knowledge and Embase were searched from January 1st, 1998 
until July 1st, 2014. The search yielded 9475 articles. After duplicate removal, 6041 
were screened on title and abstract. The resulting 276 articles were independently 
analysed in full-text by two reviewers, and included if the inclusion criteria were 
met. The articles reporting diagnostic parameters including true positive, true 
negative, false positive and false negative were subsequently evaluated for the 
meta-analysis. Results were pooled according to CT perfusion technique, namely 
snapshot techniques: single-phase rest, single-phase stress, single-phase dual-
energy stress and combined coronary CT angiography (rest) and single-phase 
stress, as well the dynamic technique: dynamic stress CT perfusion.

Results
Twenty-two articles were included in the meta-analysis (1507 subjects). Pooled 
per-patient sensitivity and specificity of single-phase rest CT compared to rest 
SPECT were 89% (95% confidence interval [CI], 82-94%) and 88% (95% CI, 
78-94%), respectively. Vessel-based sensitivity and specificity of single-phase 
stress CT compared to ICA-based >70% stenosis were 82% (95% CI, 64-92%) 
and 78% (95% CI, 61-89%). Segment-based sensitivity and specificity of single-
phase dual-energy stress CT in comparison to stress MRI were 75% (95% CI, 
60-85%) and 95% (95% CI, 80-99%). Segment-based sensitivity and specificity 
of dynamic stress CT perfusion compared to stress SPECT were 77% (95% CI, 
67-85) and 89% (95% CI, 78-95%). For combined coronary CT angiography and 
single-phase stress CT, vessel-based sensitivity and specificity in comparison to 
ICA-based >50% stenosis were 84% (95% CI, 67-93%) and 93% (95% CI, 89-
96%).

Conclusion
This meta-analysis shows considerable variation in techniques and reference 
standards for CT of myocardial blood supply. While CT seems sensitive and 
specific for evaluation of hemodynamically relevant CAD, studies so far are 
limited in size. Standardization of myocardial perfusion CT technique is essential.
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Introduction

Coronary artery disease (CAD) is still the leading cause of death in the western 
world. Numbers of patients are expected to increase worldwide due to obesity and 
other lifestyle-related conditions (1). Different imaging techniques are used to 
diagnose CAD, focusing on either morphological or functional evaluation of CAD. 
Computed tomography angiography (CTA) is a reliable technique to rule out 
CAD (2-6). However, the positive predictive value of CTA for hemodynamically 
relevant CAD is limited (7, 8). For an intermediate-grade stenosis, with 30-70% 
luminal narrowing, it is often challenging to predict if myocardial ischemia is 
present. Thus, a second non-invasive imaging technique is often performed. 

The most commonly used technique for myocardial perfusion imaging is single-
photon emission computed tomography (SPECT). Multiple studies involving a 
large patient base have shown the diagnostic and prognostic value of myocardial 
ischemia assessment by SPECT (9-11). However, temporal and spatial resolution 
of SPECT scanners is lower than for magnetic resonance imaging (MRI) and 
position emission tomography (PET), leading to higher diagnostic accuracy for 
the latter techniques compared to SPECT (11). MRI is advantageous because 
no ionizing radiation is involved in image acquisition while PET imaging allows 
for absolute myocardial blood flow quantification. No established single non-
invasive modality can analyse morphology and functional significance of CAD. 
Computed tomography (CT) holds great potential to change this in the near 
future due to the possibility to evaluate myocardial blood supply with state-of-
the-art CT systems. 

There are two main CT techniques to image myocardial perfusion, single-phase and 
dynamic imaging. A single-phase acquisition is a snapshot of iodine distribution 
across the myocardium at a single moment. This technique is often erroneously 
called ‘CT perfusion’ but does not provide quantitative information on the passage 
of contrast through the myocardium, and therefore should not be considered true 
myocardial perfusion imaging. The second approach, dynamic imaging involves 
the acquisition of images at multiple time points during first-pass of the bolus of 
contrast through the left ventricle, which allows analysis of myocardial perfusion, 
including the assessment of quantitative perfusion parameters such as myocardial 
blood flow. The latter technique comes at the expense of higher radiation dose. 
While in recent years, numerous studies in relatively small patient groups have 
been published on myocardial perfusion CT, it has not been established which 
technique yields the best diagnostic accuracy for functionally relevant CAD. 
Therefore we performed a meta-analysis to evaluate the strength of the current 
evidence supporting myocardial perfusion CT to diagnose hemodynamically 
relevant CAD. 
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2
Methods

This study was conducted according to Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses (PRISMA) (12).

Data sources and study selection
PubMed, Embase and ISI Web of Knowledge were systematically searched for 
articles in English published between January 1st, 1998 (the year of introduction 
of multi-detector CT) and July 1st, 2014 about the diagnostic accuracy of 
myocardial perfusion CT compared to a reference standard. The search query used 
in PubMed was: (“Tomography, X-Ray Computed”[MeSH] OR “Computed 
Tomography”[TIAB] OR CT [TIAB]) AND (myocardial OR cardiac OR 
“coronary artery”) AND (“perfusion imaging”[MeSH] OR dynamic OR stress 
perfusion) AND 1998/01:2014/07 [dp]. One reviewer (GJP) performed the 
initial selection based on title and abstract. Subsequently, screening for inclusion 
in the meta-analysis was independently performed by two reviewers (XX, MD). 
In case of disagreement, a third reviewer arbitrated (GJP). Bibliographies of the 
included articles were searched for additional relevant articles.

A study was included in the review if: 1) myocardial perfusion CT was studied 
as a diagnostic test to detect hemodynamically relevant CAD; and 2) diagnostic 
accuracy of myocardial perfusion CT was compared to another myocardial 
perfusion imaging modality or to invasive coronary angiography (ICA) with or 
without FFR measurement as reference standard; 3) at least 16-multidetector 
CT (MDCT) was used; 4) stable patients with suspected or known CAD 
were included; 5) reference standard was either SPECT, PET, MRI or Invasive 
coronary angiography (ICA) +/- fractional flow reserve (FFR); and 6) numbers of 
true positive, false positive, true negative and false negative cases were reported on 
patient, vessel or segment basis. If four or more studies used the same reference 
standard and categorization, i.e. patient-, vessel-, or segment-based analysis 
according to the American Heart Association perfusion model,(13) the data were 
pooled in the meta-analysis. A study was excluded if: 1) it concerned a review, 
protocol, letter or case report; 2) it involved only a laboratory, phantom or animal 
study. In possible duplicate reports, the report with the largest sample size was 
included. Stress CT perfusion techniques were compared to stress-induced 
reference standards. Single-phase rest CT perfusion was compared to rest SPECT.

Data collection and quality assessment
One reviewer (GJP) extracted the data independently. The extracted data included: 
author, year of publication, number of patients, mean age, percentage men, CAD 
suspicion, scanner generation, myocardial perfusion CT technique, stressor agent, 
reference standard, mean radiation dose and measures for diagnostic performance. 
For the meta-analysis, absolute numbers of true and false positive, and true and 
false negative results were derived from the data supplied in the articles in order to 
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pool diagnostic performance measures. The studies were grouped according to CT 
technique, reference standard and categorization. Articles from groups including 
four or more studies were subsequently included in the meta-analysis, provided 
they met the inclusion criteria. In a study in which more than one CT technique 
was compared to the reference standard, each CT technique was evaluated 
separately. 

Two reviewers (GJP, MD) independently evaluated the studies included in the 
meta-analysis regarding quality. Disagreement in quality assessment was resolved 
by consensus. The second version of the Quality Assessment of Diagnostic 
Accuracy Studies tool (QUADAS2) was used to score the study quality (14). 
For each article, a quality score assessment was performed to analyse different 
factors of possible bias. A table was generated to visualize the quality results of 
the different studies. 

Statistical analysis
Data extracted from the included studies were pooled to calculate summary 
measures of diagnostic accuracy. These measures were sensitivity, specificity, 
NPV and PPV. The primary data synthesis was performed based on bivariate 
mixed-effects binary regression modelling. Heterogeneity was tested using the 
Q statistic and I2 index. The Q statistic is a calculation of the weighted sum of 
squared differences between the pooled effect across studies and individual study 
effects. The I2 index reflects the percentage of variation across studies caused by 
heterogeneity instead of chance. A 2-sided p-value for Q statistic <0.10 or I2>50% 
is considered to indicate heterogeneity. The Deeks’ funnel test was used to test for 
publication bias, with a value <0.05 indicative of publication bias or systematic 
difference between results of larger and smaller studies. In case of a publication 
bias, Copas’ worst-case sensitivity analysis was performed. It calculates the upper 
bound number of missing studies that will overturn statistical significance and 
estimation the minimum likely publication probability (15). “Trim and fill” 
method is suggested as a method to infer the existence of unpublished hidden 
studies determined from a funnel plot, subsequently correct the meta-analysis by 
imputing the presence of missing studies to yield an unbiased pooled estimate 
(16). Diagnostic odds ratios (DOR) were used to calculate the summary receiver 
operating characteristics (sROC) curves. DOR results are a combination of both 
sensitivity and specificity in one diagnostic performance parameter. A score of 
one indicates the technique has no ability to discriminate between patients with 
and without disease, with higher DORs representing better discriminative ability 
of the diagnostic test. Based on the sROC curves, the area under the ROC curve 
(AUC) was calculated. All analyses were performed using STATA version 11.2 
(STATA corporation, Lakeway Drive, College Station, TX, USA).
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2
Results

The systematic search in PubMed, Embase, ISI Web of Knowledge and additional 
citation tracking in review and original articles resulted in 9475 potentially 
relevant articles. Of those, 3431 articles were duplicates and were therefore 
removed. 6041 articles were screened based on title and abstract. The resulting 276 
articles were read full-text. Twenty-two articles were subsequently included in the 
meta-analysis (17-38). Figure 1 shows the flowchart of the search process. The 
meta-analysis included 1477 patients, with mean age ranging from 54 to 72, of 
whom 993 (67%) were male. Patients had proven CAD or were suspected to have 
CAD. The studies used either MDCT or dual-source CT scanners (11 [50%] 
and 11 articles [50%], respectively). The large majority of the MDCT studies was 
performed with 64-MDCT, 8 of 11 studies (73%). Mean radiation dose ranged 
from 2.5 to 18 mSv for the entire scan protocol.

Diagnostic performance
The diagnostic performance of the different CT perfusion techniques was tested 
against different reference standards. In meta-analysis, results could be pooled 
for four CT perfusion techniques, namely single-phase rest, single-phase stress, 
single-phase DECT stress and dynamic stress perfusion analysis. Pooled analysis 

Figure 1: Flow-chart of the literature review and selection procedure
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could also be performed for the combination of CTA with single-phase stress 
results. Other combinations did not yield sufficient numbers of studies.

Twenty-two articles were included in the meta-analysis divided into five groups 
based on CT method and reference method with at least four articles in each 
(table 1). Single-phase rest CT was compared to rest SPECT in patient-based 
analysis in five articles (398 patients). Single-phase stress CT was compared to 
ICA-based >70% stenosis on vessel-basis in six articles (597 patients and 1809 
vessel territories). Single-phase stress DECT was compared to stress MRI on 
segment-level in four studies (196 patients and 2824 segments) and dynamic 
stress was compared to stress SPECT in segment-based analysis in four articles 
(116 patients and 1652 segments). The lower number of segments for dynamic 
CT was due to the study by Kido et al. in which the 16 segment AHA model 
was not applied because the 16-MDCT scanner used could not display the whole 
heart (34). Combined CTA and single-phase stress protocol was compared to 
ICA-based >50% stenosis on vessel-basis in four studies (260 patients and 802 
vessels). 

 

 

Patient-based sensitivity and specificity for single-phase rest CT compared to rest 
SPECT were 89% (95% CI, 82-94%) and 88% (95% CI, 78-94%). DOR was 59 
(95% CI, 19-181), and AUC of the sROC was 0.94 (95% CI 0.91-0.96; Figure 2). 

Sensitivity and specificity for single-phase stress compared to ICA >70% on 
vessel-basis were 82% (95% CI, 64-92%) and 78% (95% CI, 61-89%), respectively. 
DOR was 16 (95% CI, 8-33). For the sROC curve, the AUC was 0.87 (95% CI, 
0.84-0.90; Figure 3). 

Figure 2: sROC curve for the diagnostic performance of single-phase rest vs rest SPECT
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For single-phase stress DECT, segment-based sensitivity and specificity in 
comparison to stress MRI were 75% (95% CI, 60-85%) and 95% (95% CI, 80-
99%). DOR was 51 (95% CI, 15-175), and the AUC of the sROC curve was 0.89 
(95% CI, 0.86-0.92; Figure 4). 

Figure 3: sROC curve for the diagnostic performance of single-phase stress vs ICA> 70% stenosis

Figure 4: sROC curve for the diagnostic performance of stress DECT vs stress MRI
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Segment-based sensitivity and specificity for dynamic stress CT perfusion 
compared to stress SPECT were 77% (95% CI, 67-85) and 89% (95% CI, 78-
95%), respectively. DOR was 28 (95% CI, 17-44), and the AUC of the sROC 
curve was 0.89 (95% CI, 0.86-0.91; Figure 5).

For combined CTA and single-phase stress CT, vessel-based sensitivity and 
specificity in comparison to ICA 50% were 84% (95% CI, 67-93%) and 93% (95% 
CI, 89-96%). DOR was 69 (95% CI, 36-135). For the sROC curve, the AUC was 
0.96 (95% CI, 0.93-0.97; Figure 6). 

Figure 6: sROC curve for the diagnostic performance of combined single-phase stress + CTA vs 
DECT vs ICA based >50% stenosis

Figure 5: sROC curve for the diagnostic performance of dynamic stress vs stress SPECT
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2
Study, year Size, n Forest plots Result (95%CI) 

Sensitivity  

Static rest 

   

Kachenoura 2010(20) 29 

 
         0                   0.5                 1.0 

1.00 (0.78-1.00) 
Kachenoura 2009(19) 78 0.75 (0.51-0.91) 
Nagao 2009(21) 75 0.90 (0.76-0.97) 
Feuchtner 2012(17) 76 0.92 (0.64-1.00) 

Gupta 2013(18) 140 0.90 (0.80-0.96) 

 
Overall 

 
398 

 
0.89 (0.82-0.94) 

Speci�city  

static rest 

   

Kachenoura 2010(20) 29 

 
          0                   0.5                 1.0 

0.79 (0.49-0.95) 

Kachenoura 2009(19) 78 0.72 (0.59-0.83) 

Nagao 2009(21) 75 0.83 (0.66-0.93) 

Feuchtner 2012(17) 76 0.95 (0.87-0.99) 

Gupta 2013(18) 140 0.94 (0.86-0.98 

 
Overall  

 
398 

 
0.88 (0.78-0.94) 

Sensitivity  

Static stress 

   

George 2014(25) 381 

 
         0                   0.5                1.0 

0.78 (0.73-0.81) 

Hosokawa 2011(26) 17 0.72 (0.55-0.86) 

Feuchtner 2011(27) 39 0.98 (0.91-1.00) 

Cury 2010(24) 36 0.88 (0.69-0.97) 

Bettencourt 2011(22) 90 0.48 (0.35-0.61) 

Blankstein 2009(23) 34 0.86 (0.65-0.97) 

 
Overall 

 
597 

 
0.82 (0.64-0.92) 

 

Table 1: Forest plots sensitivity and specificity of separate CT perfusion techniques against 
reference techniques
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Speci�city  

Static stress 

   

George 2014(25) 381 

 
            0                 0.5                  1.0 

0.62 (0.59-0.66) 
Hosokawa 2011(26) 17 0.87 (0.60-0.98) 

Feuchtner 2013(27) 39 0.60 (0.32-0.84) 

Cury 2010(24) 36 0.79 (0.66-0.89) 

Bettencourt 2011(22) 90 0.96 (0.93-0.98) 

Blankstein 2009(23) 34 0.68 (0.56-0.78) 
 
Overall 

 
597 

 
0.78 (0.61-0.89) 

Sensitivity  

DECT 

   

Kim 2014(29) 50 

 
         0                   0.5                 1.0 

0.53 (0.43-0.63) 

Ko 2014(30) 40 0.73 (0.67-0.79) 

Delgado 2013(28) 56 0.76 (0.65-0.86) 

Ko 2011(31) 50 0.89 (0.83-0.93) 
 
Overall 

 
196 

 
0.75 (0.60-0.85) 

Speci�city  

DECT 

   

Kim 2014(29) 50 

 
          0                    0.5                  1.0 

0.98 (0.96-0.99) 

Ko 2014(30) 40 0.83 (0.79-0.86) 

Delgado 2013(28) 56 0.99 (0.98-1.00) 

Ko 2011(31) 50 0.78 (0.72-0.83) 
 
Overall 

 
196 

 
0.95 (0.80-0.99) 
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Sensitivity  

Dynamic stress 

   

Ebersberger 2014(32) 37 

 
           0                    0.5                 1.0 

0.58 (0.45-0.70) 
Wang 2012(35) 30 0.85 (0.73-0.93) 
Kido 2008(34) 14 0.88 (0.47-1.00) 
Ho 2010(33) 35 0.83 (0.78-0.88) 
 
Overall 

 
116 

 
0.77 (0.67-0.85) 

Speci city  

Dynamic stress 

   

Ebersberger 2014(32) 37 

 
             0                  0.5                 1.0 

0.96 (0.94-0.98) 
Wang 2012(35) 30 0.92 (0.89-0.94) 
Kido 2008(34) 14 0.79 (0.62-0.91) 
Ho 2010(33) 35 0.78 (0.72-0.82) 
 
Overall 

 
116 

 
0.89 (0.78-0.95) 

Sensitivity  

Static stress + CTA 

   

Zhao 2014(38) 60 

 
           0                   0.5                 1.0 

0.94 (0.87-0.98) 
Wong 2014(37) 75 0.75 (0.60-0.87) 
Bettencourt 2011(22) 90 0.61 (0.50-0.71) 
Rocha-Filho 2010(36) 35 0.90 (0.77-0.97) 
 
Overall 

 
260 

 
0.84(0.67-0.93) 

Speci city  

Static stress + CTA 

   

Zhao 2014(38) 60 

 
           0                   0.5                 1.0 

0.91 (0.85-0.95) 

Wong 2014(37) 75 0.89 (0.80-0.95) 

Bettencourt 2011(22) 90 0.97 (0.94-0.99) 

Rocha-Filho 2010(36) 35 0.90 (0.80-0.96) 

 
Overall 

 
260 

 
0.93 (0.89-0.96) 

 CI= Confidence Interval, DECT= Dual Energy CT, CTA = CT angiography
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Study quality assessment and publication bias
The methodological quality of the included studies was generally good (table 2), 
with an optimal score for 18 studies. Nine of the ten meta-analysis outcomes 
showed heterogeneity (Q statistic: p<0.10), with I2 index values ranging from 
74% for pooled specificity for combined analysis of single-phase stress and rest 
CTA, to 98% for pooled specificity for single-phase DECT stress CT. Only the 
pooled sensitivity for single-phase rest CT did not show significant heterogeneity 
(I2=38%, p=0.17). The Deeks’ funnel test showed evidence of publication bias 
(p<0.05) for single-phase stress CT and DECT stress CT. Copas’ missing studies 
was calculated and for DECT and single-phase stress there was 1 study missing. 
Using “Trim and fill”, adjusted pooled sensitivity and specificity for DECT were 
71% (95% CI, 56-83%) and 91% (95% CI, 68-98%) respectively. For single-phase 
stress adjusted pooled sensitivity and specificity were 79% (95% CI, 61-90%) and 
77% (95% CI, 61-87%) respectively.

Discussion 

In light of recent technical developments, CT is gaining interest as comprehensive 
non-invasive imaging test for CAD, visualizing both coronary stenosis and 
myocardial perfusion. In recent years, numerous articles have reported the 
diagnostic accuracy of CT for assessment of myocardial blood supply. This meta-
analysis evaluated the current evidence base for myocardial perfusion CT. Pooled 
results showed acceptable diagnostic performance for all myocardial perfusion 
CT techniques for which meta-analysis could be performed, with sensitivity 
ranging from 75-89%, and specificity from 78-95%. Combined assessment of 
CTA with single-phase stress acquisition tended to have an even better diagnostic 
performance for detection of ICA-based stenosis. The diagnostic performance 
of CT of myocardial blood supply for hemodynamically relevant CAD seems 
reasonably good compared to reference standards. Single-phase rest CT was 
compared to rest SPECT, since a comparison of a rest imaging technique with 
a stress imaging reference technique would not be an honest comparison given 
the difference in vasodilation. Single-phase rest CT performance was quite 
comparable to that of rest SPECT. Stress DECT had a good sensitivity and a 
high specificity for the segment-based detection of CAD compared to stress 
MRI. Questions have been raised regarding the applicability of DECT due to 
movement artefacts caused by the reduced temporal resolution compared to MRI. 
High specificity suggests that the influence of artefacts on perfusion analysis in 
DECT is limited. Dynamic stress perfusion analysis had high segment-based 
sensitivity and specificity compared to SPECT. 
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Table 2: Quality score of articles included in the meta-analysis

Study Risk of bias Applicability concerns 

 Patient 
selection 

Index 
test 

Reference 
standard 

Flow and 
timing 

Patient 
selection 

Index test Reference 
standard 

Nagao 2009(21)        

Kachenoura 
2010(20) 

       

Kachenoura 
2009(19) 

       

Gupta 2013(18)        

Feuchtner 
2012(17) 

 ? ?  ?   

George 
2014(25) 

       

Hosokawa 
2011(26) 

       

Feuchtner 
2011(27) 

       

Cury 2010(24)        

Blankstein 
2009(23) 

       

Bettencourt 
2011(22) 

       

Kim 2014(29)        

Ko 2014(30)        
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Deeks’ funnel test showed a publication bias in both DECT and single-phase 
stress. “Trim and fill” was used to calculate an adjusted pooled sensitivity and 
specificity. For stress DECT, segment-based sensitivity and specificity in 
comparison to stress MRI were 75% (95% CI, 60-85%) and 95% (95% CI, 80-
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99%), the adjusted results are 71% (95% CI, 56-83%) and 91% (95% CI, 68-98%), 
respectively. The 95% CI are largely overlapping, so no significant difference can 
be shown. The same holds true for single-phase stress, again largely overlapping 
confidence intervals with slightly lower diagnostic performance in the adjusted 
analysis. With those results we can conclude that the publication bias is of minor 
influence on the results in this meta-analysis.

CT perfusion techniques
All myocardial perfusion CT techniques have specific advantages and drawbacks. 
Single-phase stress and single-phase rest CT are limited to visual analysis and 
HU assessment, while DECT and dynamic stress can provide parameters to 
quantify blood supply. This may allow more accurate detection of flow-limiting 
stenosis (39-41). Single-phase stress and rest imaging provides a snapshot image 
of iodine contrast distribution at a particular moment, so timing is an important 
issue. When scanning starts too early, only coronary enhancement will be present 
and when scanning starts too late, differences between myocardial segments with 
normal perfusion and segments with decreased blood flow will be less evident. 
DECT is a separate single-phase CT technique that is able to quantify iodine 
concentration, providing semi-quantitative measurements of myocardial blood 
supply which can be displayed as color maps. One study showed incremental 
value of DECT to detect myocardial ischemia compared to singly-energy, gray 
scale images (42).

One disadvantage of single-phase techniques is the suboptimal accuracy in 
patients with three-vessel disease, because visual perfusion comparison between 
segments may not provide the correct information. In these patients, dynamic 
perfusion analysis may provide immediate diagnosis, using perfusion measures 
like myocardial blood flow and myocardial blood volume. Bamberg et al. showed 
that quantitative perfusion parameters based on dynamic CT perfusion provide 
good diagnostic accuracy for the detection of hemodynamically significant CAD 
compared to MRI (43). Furthermore they stated that perfusion measurements 
can possibly aid to differentiate viable from nonviable myocardium. In one animal 
study by Schwarz et al. accuracy of dynamic perfusion analysis was proven to 
be higher compared to single-phase acquisition, but this is still to be proven in 
patient studies (44). One study by Huber et al. showed no real difference between 
dynamic stress and single-phase stress imaging in a small patient study (45). The 
suggested advantage of dynamic stress vs single-phase is still to be proven. 

DECT and dynamic stress CT techniques suffer from a comparable drawback: 
irregular and high heart rhythms can cause motion artefacts, which influence 
the measurements of blood supply. For a more elaborate overview of differences 
between CT perfusion techniques, we refer the reader to the review by Vliegenthart 
et al. (46).
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Stress versus rest
In the CORE320 study, George et al. showed that the diagnostic performance 
of single-phase stress perfusion CT imaging is higher than that of SPECT 
for the identification of patients with a stenosis of more than 50% on ICA, an 
improvement mostly driven by a higher sensitivity of CT (25). Interestingly, the 
combination of single-phase stress CT with CTA provided even better diagnostic 
accuracy in several studies, which makes combination of these techniques into 
one scan examination promising for future patient workup (22, 36-38).

Single-phase rest CT provided good diagnostic performance compared to a rest 
reference technique. In our study the comparison to stress testing as reference 
standard was not provided, but we can argue that diagnostic performance will 
drop when comparing rest CT to stress testing, especially for low and intermediate 
grade stenosis. Spiro et al. already showed that 64-MDCT in rest does not 
reliably detect myocardial ischemia as identified by SPECT, with a sensitivity and 
positive predictive value of 16% and 40%, respectively (47). In contrast, Osawa et 
al. comparing single-phase rest CT perfusion to reference ICA found that single-
phase rest CT perfusion analysis does allow evaluation of the degree of coronary 
stenosis and the extent of impaired myocardium (48). In addition, Branch et 
al. showed good diagnostic performance of single-phase rest CT for detection 
myocardial perfusion defects in ACS patients; however he also stated that lack 
of hypoperfusion does not exclude ACS in suspected patients (49). Overall, 
current studies cannot provide us with an unambiguous answer to the question 
whether single-phase rest CT provides enough information to determine CAD. 
For DECT, Meinel et al. recently showed that a stress-rest CT protocol seems to 
be a preferable approach compared to only rest or only stress CT acquisition in 
patients with known or suspected CAD (50). 

Radiation dose
A major disadvantage of myocardial perfusion CT imaging in general is the 
radiation dose, especially in dynamic CT imaging. In dynamic CT imaging, 
multiple time points are scanned in order to record the inflow and outflow 
of contrast in the myocardium, resulting in an overall higher radiation dose 
compared to single-phase, including DECT, scan techniques. Reported radiation 
dose ranged from approximately 5 to 13 mSv for dynamic stress scanning, while 
for single-phase CT imaging (both rest and stress) radiation dose ranged from 2 
to 9 mSv. Single-phase stress perfusion overall yielded a higher dose than single-
phase rest CT. Even so, overall radiation dose remains in the range of the most 
validated reference standard for myocardial perfusion imaging, SPECT with 
doses ranging from 1 to 17 mSv and PET with doses ranging from 0.1 to 7 
mSv (51-54). It needs to be established whether the extra parameters provided 
by dynamic imaging are needed to yield a correct diagnosis of hemodynamically 
relevant CAD or whether single-phase (or DECT) stress imaging is sufficient. 
An advantage of most CT techniques is the combination with low-dose CTA 
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techniques for morphology of the coronary arteries. In DECT, specifically, it is 
possible to reconstruct the coronary arteries from the rest CT perfusion series. 
However, this acquisition is associated with a radiation dose that is somewhat 
higher than for coronary CTA with newest scanners.

Limitations
We recognize some limitations related to the meta-analysis. The main limitation 
is the non-uniformity in the reference standard used for this meta-analysis, due 
to the diversity of reference standards used in myocardial perfusion CT research. 
We only pooled studies if 4 or more used the same reference technique. Also, 
used reference standards are sometimes not the most suitable for the evaluation 
of hemodynamically relevant CAD. For instance, comparison with another 
functional test such as SPECT will yield different results from comparison to an 
anatomical outcome such as ICA-based >70% stenosis. The ideal situation would 
have been to compare myocardial perfusion CT data to one reference standard. 
The used approach conveys the most realistic impression about the evidence base 
for myocardial perfusion CT at the moment. 

The small number of studies for each combination of CT perfusion technique 
with reference standard and categorization is another limitation. There were only 
small groups of studies with comparable research protocol. Heterogeneity between 
studies is a potential source of bias. Results give an indication regarding the 
diagnostic performance of the different myocardial perfusion CT techniques, but 
comparison between those techniques is not scientifically valid in meta-analysis 
when studies are scarce and small. Heterogeneity between studies was minimized 
by using strict inclusion criteria, only selecting study groups comparable with 
regards to CT protocol and reference standard. However, nine of the ten data 
groups analysed in the meta-analysis suffered from heterogeneity. As with all 
types of pooled data analysis, publication bias is a major concern. Negative results 
are less likely to be published compared to positive results, so the true diagnostic 
performance can be lower than the one reported in this meta-analysis. Publication 
bias played a role in the studies evaluated, indicated by the Deeks’ funnel test 
results of both single-phase stress and DECT. For the other three CT perfusion 
groups, publication bias could not be proven. Publication bias was corrected using 
“Trim and fill” method. The pooled estimate corrected for publication bias did 
not show a major difference from the original results, proving minor influence of 
publication bias in this meta-analysis.



Processed on: 26-1-2017Processed on: 26-1-2017Processed on: 26-1-2017Processed on: 26-1-2017

507555-L-bw-Pelgrim507555-L-bw-Pelgrim507555-L-bw-Pelgrim507555-L-bw-Pelgrim

31Quantitative CT myocardial perfusion: Development of a new imaging biomarker

2
Conclusions

This study summarized the results of twenty-two articles including 1507 subjects, 
providing insight into the diagnostic performance of currently available CT 
perfusion techniques for hemodynamically relevant CAD. Based on studies with 
generally small sample size, myocardial perfusion CT seems to have reasonably 
good diagnostic performance. In general high specificity was found, combined 
with somewhat lower sensitivity. CTA has very high sensitivity for CAD, but 
a suboptimal specificity, so a combination of coronary CTA with myocardial 
perfusion CT is expected to improve the diagnostic performance of CT for 
detection of hemodynamically relevant CAD. Heterogeneity, both clinically 
and methodologically, is a major concern for the comparability for studies in 
myocardial perfusion CT. Validation and standardization of myocardial perfusion 
CT is essential for successful clinical implementation.
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