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Abstract
Background: CT-QFR is a novel coronary computed tomography angiography (CTA)-based method for 
on-site evaluation of patients with suspected obstructive coronary artery disease (CAD).
Aims: We aimed to compare the diagnostic performance of CT-QFR with myocardial perfusion scinti-
graphy (MPS) and cardiovascular magnetic resonance (CMR) as second-line tests in patients with suspected 
obstructive CAD after coronary CTA.
Methods: A paired analysis of CT-QFR and MPS or CMR, with an invasive FFR-based classification as 
reference standard was carried out. Symptomatic patients with >50% diameter stenosis on coronary CTA 
were randomised to MPS or CMR and referred for invasive coronary angiography.
Results: The rate of coronary CTA not feasible for CT-QFR analysis was 17%. Paired patient-level data 
were available for 118 patients in the MPS group and 113 in the CMR group. Patient-level diagnostic accu-
racy was better for CT-QFR than for both MPS (82.2% [95% CI: 75.2-89.2] vs 70.3% [95% CI: 62.0-78.7], 
p=0.029) and CMR (77.0% [95% CI: 69.1-84.9] vs 65.5% [95% CI: 56.6-74.4], p=0.047). Following a 
positive coronary CTA and with the intention to diagnose, CT-QFR, CMR and MPS were equally suitable 
as rule-in and rule-out modalities.
Conclusions: The diagnostic performance of CT-QFR as a second-line test was at least similar to MPS 
and CMR for the evaluation of obstructive CAD in symptomatic patients presenting with ≥50% diameter 
stenosis on coronary CTA.
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Abbreviations
CAD coronary artery disease
CMR cardiovascular magnetic resonance
CTA computed tomography angiography
DS diameter stenosis
FFR fractional flow reserve
FFRCT CT-derived fractional flow reserve
ICA invasive coronary angiography
MPS myocardial perfusion scintigraphy
QFR quantitative flow ratio

Introduction
Coronary computed tomography angiography (CTA) has a class 
I recommendation as a first-line test for diagnosis of obstructive 
coronary artery disease (CAD) in patients with low to intermediate 
pre-test risk1. Despite an excellent negative predictive value for 
ruling out obstructive CAD, coronary CTA’s positive predictive 
value remains unsatisfactory. A well-defined downstream diagnos-
tic strategy for patients with suspected obstructive CAD on coro-
nary CTA is currently lacking.

According to the NICE guidelines, CT-derived fractional flow 
reserve (FFRCT) may be considered in patients with stable chest 
pain following positive coronary CTA to ensure appropriate refer-
ral for invasive investigations2. Quantitative flow ratio (QFR) 
is an alternative method for fast computation of fractional flow 
reserve (FFR) from coronary images using three-dimensional cor-
onary reconstruction and fluid dynamic equations3. A recent pilot 
study applied the QFR algorithm to coronary CTA (CT-QFR) with 
promising results4. However, CT-QFR has not been compared to 
perfusion imaging for second-line investigation following coro-
nary CTA indicative of obstructive CAD.

The main aim of the current study was to compare the diag-
nostic performance of CT-QFR, myocardial perfusion scintigraphy 
(MPS) and perfusion cardiovascular magnetic resonance (CMR) 
as second-line tests after a coronary CTA showing at least one 
vessel with >50% diameter stenosis using an invasive FFR-based 
classification as reference standard.

Editorial, see page 534

Methods
STUDY POPULATION
The current work is a substudy of the previously reported Dan-
NICAD study. The study design with patient flow and inclusion/
exclusion criteria5, and the main results6 have been reported previ-
ously. In short, 1,675 patients with new-onset symptoms suggestive 
of CAD were referred for coronary CTA being the recommended 
first-line test in Denmark. Exclusion criteria included previous 
percutaneous coronary intervention (PCI)/coronary artery bypass 
grafting (CABG), contraindication for adenosine and reduced kid-
ney function (eGFR <40 mL/min). Patients were referred for inva-
sive coronary angiography (ICA) if coronary CTA was indicative 
of obstructive CAD (≥50% diameter stenosis [DS] in ≥1 coro-
nary segment by visual estimation). Prior to ICA, patients were 

randomised to either MPS or CMR. Of the 1,675 patients referred 
for CTA, 391 (23.4%) had at least one coronary stenosis >50% DS 
by CTA. Of these, 301 (76.9%) completed either MPS or CMR 
and 362 (92.5%) were evaluated by ICA.

Patients with paired ICA and coronary CTA (n=358) were 
included in the present substudy. We applied substudy-specific 
exclusion criteria (Supplementary Appendix 1). The study com-
plied with the Declaration of Helsinki and was approved by the 
local ethics committee. All patients provided informed written 
consent. The study was registered at ClinicalTrials.gov (Identifier: 
NCT02264717).

COMPUTED TOMOGRAPHY-DERIVED QUANTITATIVE FLOW 
RATIO
The CTA acquisition protocol was not optimised for subsequent 
CT-QFR analysis and has been described in detail previously5. 
Delineation of the coronary lumen was performed semi-auto-
matically using a validated software package (QAngio CT 
Research Edition version 3.1; Medis Medical Imaging, Leiden, 
the Netherlands). Lumen contours were subsequently exported 
into a prototype software package (CtaPlus; Pulse Medical 
Imaging Technology, Shanghai, China). Details of the computa-
tion are provided in Supplementary Appendix 1. In short, all the 
coronary branches were merged into a hierarchical tree structure. 
Subsequently, the reference lumen was reconstructed assuming 
no stenosis. Patient-specific resting coronary flow was computed 
based on the size of the reference lumen and the allometric scal-
ing law (Supplementary Figure 1). Finally, the CT-QFR value 
at each position of the coronary tree was computed based on 
a novel method that was adapted from the invasive angiogra-
phy-based QFR algorithm, using the simulated hyperaemic flow 
modelled from the resting flow as boundary condition3. The 
coronary CTA segmentation was performed at a core labora-
tory (CardHemo; Med-X Research Institute, Shanghai Jiao Tong 
University, Shanghai, China) by experienced analysts, who were 
blinded to demographic, invasive FFR, and follow-up data. The 
observer variability at the core laboratory was reported previ-
ously4. After completing all CT-QFR analyses, the CT-QFR val-
ues were transferred to Aarhus University Hospital, Denmark, 
for statistical analysis. For CT-QFR, ≤0.80 was used as diagnos-
tic cut-off. A fixed CT-QFR value of 0.50 was applied to suboc-
cluded and occluded vessels.

MYOCARDIAL PERFUSION IMAGING AND INVASIVE 
CORONARY ANGIOGRAPHY
The MPS, CMR and ICA protocols are shown in Supplementary 
Appendix 1.

STATISTICAL ANALYSIS
Distribution of data was checked with Q-plots and the Shapiro-
Wilk test. Continuous variables are presented as mean±SD, mean 
(95% CI) or median (IQR) as appropriate. Categorical variables 
are presented as count (%). Paired diagnostic accuracy, sensitivity 
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and specificity estimates were compared with McNemar’s test. 
Positive predictive values, negative predictive values and like-
lihood ratios were compared using generalised score statistics. 
Diagnostic metrics for CT-QFR, MPS and CMR were recalcu-
lated using revascularisation as reference standard. Intention-to-
diagnose analysis was performed by classifying non-evaluable and 
not-performed CT-QFR, MPS and CMR investigations as false-
negatives and false-positives according to the ICA/FFR results. 
Patients and vessels were stratified into four groups based on 
diagnostic mismatch on a per-patient and per-vessel level. The 
Breusch-Pagan/Cook-Weisberg test was used to test for per-vessel 
heteroscedasticity between invasive FFR and CT-QFR. P-values 
<0.05 were considered significant.

Results
Of 358 patients with paired coronary CTA and ICA, CT-QFR 
was computed for all vessels in 284 (79%) patients. CT-QFR 
feasibility accounted for 17% of exclusions, mainly due to 
motion artefacts and image noise (Figure 1). Patients for whom 
CT-QFR was not feasible had a higher heart rate and higher 
Agatston calcium score compared to patients where CT-QFR 
was feasible (Supplementary Table 1). Complete paired data 
were available for 118 patients in the MPS group and in 
113 patients in the CMR group (Figure 1). Baseline demo-
graphics and procedural characteristics are listed in Table 1 and 
Table 2. A total of 125 (44%) patients had obstructive CAD 
at ICA with invasive FFR. For vessels with paired assess-
ment of CT-QFR and invasive FFR (n=239), median CT-QFR 
was 0.87 (IQR: 0.81-0.93) and median invasive FFR was 0.85 
(IQR: 0.77-0.90) with 35% of FFR measurements being ≤0.80 
(Supplementary Figure 2). The diagnostic performance of 
CT-QFR is described in Supplementary Appendix 2, Figure 2, 
Table 2, and Supplementary Table 2.

COMPARISON OF THE DIAGNOSTIC PERFORMANCE FOR 
CT-QFR, MPS AND CMR
A comparison of CT-QFR versus MPS and CT-QFR versus CMR 
on diagnostic performance estimates is presented in Table 3, with 
examples shown in Figure 3. While CT-QFR displayed better sen-
sitivity and diagnostic accuracy, specificity was similar between 
the respective modalities. Based on the likelihood ratios presented 
in Table 3, CT-QFR, CMR and MPS were equally suitable to rule 

CT-QFR, CMR and ICA
n=113

CCTA & ICA
n=358

CT-QFR & ICA
n=284

Randomisation
1:1

CT-QFR & ICA
n=284

CT-QFR, MPS and ICA
n=118

CCTA incomplete (1%)
Clipping of the heart (n=4)

CT-QFR not feasible (17%)
Motion artefacts (n=26)
Severe image noise (n=24)
Calcium beaming (n=11)

ICA/FFR (2.5%)
Myocardial bridging (n=7)
Dampening (n=2)

MPS missing (19%)
Cancelled by patient (n=19)
Referred to subacute ICA (n=7) 
Cardiac arrest during MPS (n=1) 
Treatment with β-blocker (n=1)  

CMR missing (18%)
Claustrophobia (n=7)
Referred to subacute ICA (n=7) 
Cancelled by patient (n=5) 
Only rest CMR (n=3)
Metallic object (n=3)  

Figure 1. Study flow chart. CCTA: coronary computed tomography angiography; CMR: cardiovascular magnetic resonance; 
CT-QFR: CT-derived quantitative flow ratio; FFR: fractional flow reserve; ICA: invasive coronary angiography; MPS: myocardial perfusion 
scintigraphy

Table 1. Baseline demographics.

Patient characteristics
CT-QFR 
(n=284)

MPS 
(n=118)

CMR 
(n=113)

Demographics

Age, years 60.7±8.2 60.9±7.8 62.0±7.6

Male 177 (62) 70 (59) 69 (61)

Body mass index, kg/m2 27.2±4.1 27.2±4.0 27.0±4.0

Risk factors

Current smoking 55 (19) 25 (21) 16 (14)

Hypertension 193 (68) 80 (68) 78 (69)

Hypercholesterolaemia 98 (35) 36 (31) 37 (33)

Diabetes 25 (9) 5 (4) 11 (10)

Family history of CAD 119 (42) 49 (42) 51 (45)

Symptoms

Typical angina 88 (31) 38 (32) 33 (29)

Atypical angina 97 (34) 34 (29) 43 (38)

Dyspnoea or arrhythmia 56 (20) 26 (22) 21 (19)

Non-anginal chest pain 43 (15) 20 (17) 16 (14)

Pretest probability of CAD

Low (<15%) 110 (39) 51 (43) 39 (35)

Intermediate (15%-85%) 174 (61) 67 (57) 74 (65)

Numbers are mean±SD or n (%). CAD: coronary artery disease
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in CAD as defined by ICA and invasive FFR, while CT-QFR was 
more suitable as a rule-out modality. The same was true with the 
use of revascularisation as reference standard (Supplementary 
Table 3). The diagnostic performance estimates for MPS with 

abnormality defined as a summed stress score (SSS) >3 are pre-
sented in Supplementary Table 4. When compared to patients with 
reversible perfusion defects, patients with fixed or irreversible per-
fusion defects were more likely to have high-grade stenoses as 
identified by ICA, albeit not reaching statistical significance (46% 
vs 28%, p=0.18) (Supplementary Table 5).

COMPARISON OF THE DIAGNOSTIC PERFORMANCE FOR 
CT-QFR, MPS AND CMR WITH THE INTENTION TO 
DIAGNOSE
An intention-to-diagnose analysis using the full population with 
conclusive ICA results is presented in Supplementary Table 6 
with 3*2 contingency tables and in Supplementary Table 7 with 
diagnostic performance estimates. Sensitivity remained better for 
CT-QFR when compared to MPS and CMR. Specificity was bet-
ter for MPS when compared to CT-QFR and similar for CT-QFR 
when compared to CMR. CT-QFR, MPS and CMR remained 
equally suitable as rule-in and rule-out modalities (Supplementary 
Table 7).

Discussion
The main findings were that, following a coronary CTA with sus-
pected obstructive CAD, 1) CT-QFR can be used to rule in and 
rule out the presence of obstructive epicardial CAD with at least 
similar efficiency to MPS and CMR, and 2) CT-QFR feasibility 
was hampered in patients with a high heart rate and high Agatston 
calcium score.

COMPARISON TO ALTERNATIVE CORONARY CTA-DERIVED 
FFR SOLUTIONS
Increasing emphasis is given to post-processing of coronary 
CTA data for derivation of FFR. The pioneer modality, FFRCT 
(HeartFlow, Redwood City, CA, USA), has good diagnostic accu-
racy with invasive FFR as reference standard and is able to dif-
ferentiate high-risk and low-risk patients in terms of deferral or 
referral to further downstream testing7,8. Despite a numerically 

Table 2. Procedural characteristics.

CCTA and CT-QFR (n=284)

CCTA

Heart rate, beats/min 56±7

Agatston score 214 (63-585)

0 22 (8)

1-399 164 (58)

≥400 97 (34)

CT-QFR

Median (IQR)* 0.85 (0.70-0.91)

≤0.80 107 (38)

0.75-0.85 70 (25)

Fixed 0.50 35 (12)

CMR (n=113)

Perfusion 
defects

Reversible 25 (22)

Mixed 3 (3)

MPS (n=118)

Perfusion 
defects

Reversible 15 (13)

Mixed 8 (6)

Irreversible 2 (2)

ICA-FFR (n=284)

Haemody-
namic 
disease

≥1 vessel with FFR ≤0.80 62 (22)

≥1 vessel with >90% DS 52 (18)

≥1 vessel with >50% DS QCA 11 (4)

Numbers are mean±SD, mean (IQR) or n (%). *Without fixed CT-QFR 
values of 0.50. CCTA: coronary computed tomography angiography; 
CMR: cardiovascular magnetic resonance; CT-QFR: CT-derived 
quantitative flow ratio; DS: diameter stenosis; FFR: fractional flow 
reserve; ICA: invasive coronary angiography; IQR: interquartile range; 
QCA: quantitative coronary angiography

FF
R

–
C

T
-Q

FR

(FFR+CT-QFR)/2

Mean difference: –0.03±0.10

–0.60

–0.40

–0.20

0.00

0.20

0.40

0.50 0.60 0.70 0.80 0.90 1.00

C
T

-Q
FR

FFR

rho: 0.51, p<0.001

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

Figure 2. Lesion-level correlation and agreement of CT-QFR and FFR. CT-QFR: CT-derived quantitative flow ratio; FFR: fractional flow reserve
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slightly poorer sensitivity of CT-QFR indicated by this study, the 
overall diagnostic accuracy of CT-QFR to predict revascularisa-
tion appears at least similar to that of FFRCT in a cohort identical 
to the present analysis (diagnostic accuracy 75.2% for CT-QFR 
[Supplementary Table 2] and 61% for FFRCT)9.

Comparing the presented diagnostic performance estimates to 
similar studies should be done with caution given the impact of 

differences in distribution of the target condition (e.g., FFR ≤0.80) 
and level of calcification that varies substantially8,10. The observed 
per-vessel numerical agreement between CT-QFR and invasive 
FFR was modest and comparable to other coronary CTA-derived 
FFR solutions with broad ranges of agreement11. The uncertainty 
related to the numerical agreement indicates that, even though 
CT-QFR and alternative coronary CTA-derived FFR solutions 

Figure 3. Illustrative examples of four study patients. A1-A4 indicate coronary CTA-identified intermediate stenosis on the LAD (A1) 
considered obstructive by CT-QFR (A2), MPS (A3) and invasive FFR (A4). B1-B4 indicate calcified and soft plaques on coronary CTA (B1) 
considered obstructive by CT-QFR (B2) and invasive FFR (B4) but not by MPS (B3). C1-C4 indicate coronary CTA-identified intermediate 
stenosis on the RCA (C1) not considered obstructive by CT-QFR (C2), CMR (C3) and invasive FFR (C4). D1-D4 indicate plaques on 
coronary CTA (D1) not considered obstructive by CT-QFR (D2) and invasive FFR (D4) but obstructive by CMR (D3). CT-QFR: CT-derived 
quantitative flow ratio; FFR: fractional flow reserve; ICA: invasive coronary angiography; LAD: left anterior descending artery; LCx: left 
circumflex artery; RCA: right coronary artery
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may improve the usual-care diagnostic pathway in patients with 
suspected obstructive CAD, the numerical value can currently not 
be used to plan subsequent revascularisation12.

FFRCT requires transfer of images to a centralised core labo-
ratory. Importantly, a pilot study on CT-QFR using off-the-shelf 
computers showed that the average segmentation process took 
17 minutes, while the subsequent CT-QFR computation on aver-
age took 19 seconds, thus illustrating the feasibility and potential 
for use of CT-QFR in same-day diagnostic work-ups4. The latter 
study found a better correlation and agreement of CT-QFR with 
FFR compared to our findings. This may be due to several factors. 
The diagnostic performance estimates may have been affected by 
retrospective selection of coronary CTA data in the pilot study, 
while the correlation and agreement may differ because the pre-
sent study included more severe lesions (FFR <0.60) where the 
CT-QFR versus FFR scatter was larger.

COMPARISON TO CMR AND MPS
We found a sensitivity of MPS comparable to that reported in a previ-
ous study where MPS was tested as second-line modality13. Studies 
of CMR as a second-line test with invasive FFR endpoints are scarce. 
Studies testing CMR or MPS as first-line test with an FFR-based 
endpoint generally find sensitivities in the range of 57-90%14,15. 
The low sensitivity in the current report may be explained by the 
coronary CTA-based referral to MPS and CMR, because high-
risk patients (e.g., suspicion of high coronary artery calcium score 
[CACS], high body mass index [BMI], kidney disease) are gener-
ally not referred to coronary CTA. This is backed by the findings 
of ReASSESS where symptomatic patients were referred to MPS 
based on 40-90% DS on coronary CTA and where MPS had a sen-
sitivity of 41% (29-55) using an FFR-based reference standard13.

CT-QFR and invasive FFR are restricted to evaluation of epicar-
dial vasculature, while CMR and MPS also include perfusion of 
the microvasculature. Hence, a good agreement between CT-QFR 
and invasive FFR was expected. Despite the fact that abnor-
mal CMR/MPS investigations predominantly counted reversible 
and mixed perfusion defects (Table 2), our applied definition of 

abnormal CMR and MPS also included irreversible perfusion 
defects potentially indicative of infarcts. Irreversible perfusion 
defects would not be expected to correlate well with a pure FFR-
based endpoint. However, the included population did not have 
any known coronary artery disease upon enrolment and, reflecting 
routine clinical practice, ICA would be indicated.

It cannot be ruled out that our inclusion of a proportion of 
patients with atypical symptoms influenced the diagnostic per-
formance estimates, because the sensitivity of perfusion imaging 
as second-line test after coronary CTA is highest in patients with 
typical angina, probably due to a higher pre-test risk of obstruc-
tive CAD in these patients compared to, e.g., atypical, lower-risk 
patients16. We observed a similar pattern for CT-QFR as sensitiv-
ity and diagnostic performance were highest for patients with typ-
ical angina and lowest for patients with non-anginal chest pain 
(Supplementary Table 2, Supplementary Figure 3).

CHALLENGES IN DERIVING FFR FROM CORONARY CTA
The acquisition protocol for coronary CTA in the Dan-NICAD 
trial did not specify specific standards required for CT-QFR ana-
lysis. We found that 17% of the coronary CTA data in Dan-NICAD 
did not have the required quality for CT-QFR calculation. This is 
slightly higher compared to previous studies on CT-FFR report-
ing rejection rates around 12-13%. However, it is in line with 
FFRCT by HeartFlow when applied to the CMR population from 
the Dan-NICAD data set (rejection rate 21%)9. Coronary calcifica-
tion was shown to be a particular challenge. Calcium score tended 
to be higher in patients with false-positive CT-QFR measure-
ments compared to patients with true-negative CT-QFR measure-
ments (Supplementary Table 3). This influence could be caused 
by challenges related to lumen segmentation in calcified vessels. 
We included patients prospectively before the knowledge of CTA 
findings and without specific criteria for CTA quality, which may 
explain the relatively large total calcium burden (mean total cal-
cium score of 424±424 in the current study compared with, e.g., 
302±468 in the Coronary Blood Flow Using CT Angiography: 
Next Steps [NXT] trial)8.

Table 3. Comparison of diagnostic performance estimates for CMR versus CT-QFR and MPS versus CT-QFR.

CT-QFR (n=284)
CMR vs CT-QFR (n=113) MPS vs CT-QFR (n=118)

CMR CT-QFR p-value MPS CT-QFR p-value

Accuracy 80.0 (74.8-84.3) 65.5 (56.6-74.4) 77.0 (69.1-84.9) 0.047 70.3 (62.0-78.7) 82.2 (75.2-89.2) 0.029

Sensitivity 69.6 (60.7-77.5) 37.8 (23.8-53.5) 60.0 (44.3-74.3) 0.053 39.6 (25.8-54.7) 77.1 (62.7-88.0) <0.001

Specificity 87.4 (81.2-92.1) 83.8 (72.9-91.6) 88.2 (78.1-94.8) 0.607 91.4 (82.3-96.8) 85.7 (75.3-92.9) 0.455

PPV 81.3 (72.6-88.2) 60.7 (40.6-78.5) 77.1 (59.9-89.6) 0.100 76.0 (54.9-90.6) 78.7 (64.3-89.3) 0.778

NPV 78.5 (71.7-84.3) 67.1 (56.0-76.9) 76.9 (66.0-85.7) 0.022 68.8 (58.4-78.0) 84.5 (74.0-92.0) 0.062

LR (+) 5.53 (3.61-8.47) 2.34 (1.21-4.51) 5.10 (2.55-10.20) 0.095 4.62 (1.99-10.71) 5.40 (2.98-9.77) 0.774

LR (–) 0.35 (0.27-0.46) 0.74 (0.58-0.95) 0.45 (0.31-0.66) 0.025 0.66 (0.52-0.84) 0.27 (0.16-0.45) <0.001

AUC 0.86 (0.82-0.90) – – – – – –

Numbers are mean (95% CI). AUC: area under the receiver operating curve; CMR: cardiovascular magnetic resonance; CT-QFR: CT-derived quantitative 
flow ratio; LR (–): negative likelihood ratio; LR (+): positive likelihood ratio; NPV: negative predictive value; PPV: positive predictive value
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Discordant classification was, as expected, more frequent in the 
CT-QFR range of 0.75-0.85 (Supplementary Table 7). Some natural 
variance will be present close to the discrimination point for any test 
with a binary cut-off. Identification of a strict low (refer) and high 
(defer) CT-QFR limit may ensure a suitable second-line CT-QFR-
based strategy following a positive coronary CTA and should be 
investigated in a prospective manner. Finally, our data indicate that 
CAD located in the LM and proximal LAD often occurs in ves-
sels with false-negative CT-QFR measurements (Supplementary 
Table 7). This may reflect challenges of generalised computa-
tion algorithms to account for large increases in coronary blood 
flow, as expected in vessels supplying a large mass of myocar-
dium. Given the prognostic importance of the left main coronary 
artery (LM) and proximal left anterior descending coronary artery 
(LAD) lesions, further refinement of the CT-QFR technique could 
be needed. Application of the QFR algorithm to ICA with the use 
of a Thrombolysis In Myocardial Infarction (TIMI) frame count 
yielded better diagnostic performance in previous studies and may 
therefore reflect a more patient-tailored solution than when using 
generic flow assumptions such as those in the current report3.

Limitations
The current Dan-NICAD substudy did not include a specific power 
calculation for the current aim. Consequently, the study should be 
considered exploratory and the findings hypothesis-generating. 
Secondly, the low sensitivity of MPS and CMR may be explained 
by our applied criteria for abnormal perfusion resulting in many 
false negatives. However, recalculation of perfusion defects with 
less stringent criteria provided similar diagnostic performance esti-
mates as illustrated with MPS (Supplementary Table 3). Thirdly, 
referral of patients to ICA based on a coronary CTA with suspected 
obstructive CAD may have biased the analysis in favour of CT-QFR. 
However, coronary CTA is the recommended first-line test and, 
given the high negative predictive value, it would not be clinically 
feasible to refer all patients for ICA. Lastly, a substantial number of 
coronary CTA scans did not meet the criteria for CT-QFR analysis, 
which may have biased the primary paired CT-FFR versus MPS 
and CT-QFR versus CMR analyses. Furthermore, CT-QFR was 
not attempted in vessels with myocardial bridging. However, the 
intention-to-diagnose analysis likewise revealed that CT-QFR was 
able to rule in and rule out the presence of obstructive CAD to the 
same degree as MPS and CMR. Importantly, insufficient coronary 
CTA quality for CT-QFR analysis can swiftly be identified because 
the technique does not require transfer of images to a centralised 
laboratory. The true feasibility rate and time to CT-QFR should be 
assessed in prospective studies with coronary CTA protocols opti-
mised for post-processing activities.

Conclusions
The diagnostic performance of CT-QFR was at least similar to 
MPS and CMR for the evaluation of obstructive coronary artery 
disease in symptomatic patients presenting with ≥50% diameter 
stenosis on coronary CTA.

Impact on daily practice
The present study found that CT-QFR has a diagnostic perfor-
mance comparable to MPS and CMR when used as second-
line test after coronary CTA with suspected obstructive CAD 
but with room for improvement in feasibility. Pending confir-
mation in prospective studies, CT-QFR bears the potential to 
reduce unnecessary downstream diagnostic procedures and 
ensure a more appropriate referral of patients for invasive coro-
nary angiography with the aim of identifying obstructive coro-
nary artery disease.
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Supplementary data 

Supplementary Appendix 1.  Methods 

Study population 

We applied substudy-specific exclusion criteria: I) clipping of CTA images not visualising the 

whole heart; II) poor CTA image quality due to strong image noise; III) severe artefacts 

precluding CT-QFR computation, including motion artefacts and calcium beaming artefacts; 

IV) perfusion imaging not performed; V) presence of a myocardial bridging in the

interrogated vessels; and VI) dampening of the invasive pressure pullback curves. 

Revascularisation was based on ICA and invasive FFR using ≤0.80 as cut-off for invasive 

FFR. Physicians responsible for downstream patient management including revascularisation 

were blinded to the results of the myocardial perfusion imaging. Patients with paired CT-

QFR, CMR and ICA (n=113) or paired CT-QFR, MPS and ICA (n=118) constituted the 

population for the primary diagnostic comparison (Figure 1). Patients with successful CT-

QFR computation of all vessels (n=284) were included in the secondary analysis of CT-QFR’s 

overall diagnostic performance (Figure 1). Patients with conclusive ICA data (not fulfilling 

exclusion criteria V and VI) were included in the secondary intention-to-diagnose analysis 

(n=349). 

Myocardial perfusion scintigraphy and cardiovascular magnetic resonance imaging 

The non-invasive imaging (CMR and MPS) protocols were previously described in detail5,6. 

In short, an abnormal MPS scan was defined as (i) a summed difference score (SDS) ≥4 

involving ≥2 contiguous segments (reversible), (ii) a summed resting score (SRS) ≥4 

involving ≥2 contiguous segments (irreversible), and (iii) a combination of (i) and (ii) 

(mixed). MPS perfusion abnormalities were recalculated for a secondary analysis using the 

less stringent criteria defined as SSS >3 as applied in previous studies17. CMR abnormality 

was defined as subendocardial or transmural changes by stress imaging (reversible) or 

irreversible defects in ≥2 contiguous segments by late gadolinium enhancement imaging. 

MPS and CMR were analysed by independent core laboratories (Department of Nuclear 

Medicine & PET Centre, Aarhus University Hospital, Aarhus, Denmark, and Barts Heart 

Centre, Barts Health NHS Trust, London, United Kingdom).  

Invasive coronary angiography  

ICA was performed according to standard practice within four weeks following coronary 



 

CTA. Invasive FFR was measured in lesions with 30-90% diameter stenosis (DS) using 

intravenous administration of adenosine (140 µg/kg/min). All ICA procedures were assessed 

with two-dimensional quantitative coronary angiography (2D-QCA) by an independent core 

laboratory (ClinFact, Leiden, the Netherlands). Patient-level haemodynamic obstructive 

disease was defined as (i) 1 stenosis with invasive FFR 0.80, (ii) 1 high-grade stenosis 

with visual >90% DS or (iii) 1 stenosis with 2D-QCA DS >50% if invasive FFR was not 

feasible. For vessel-level comparison of CT-QFR with invasive FFR as reference, invasive 

FFR 0.80 was used as diagnostic cut-off. Only lesions with 30-90% DS and measured wire-

based FFR were included for vessel-level comparison.  

 

Flow estimation using coronary CT angiography 

In the hierarchical fractal-like cardiovascular system, volumetric flow and arterial volume 

were empirically measured in a ~3/4 power law and linear relationship with perfused 

myocardial mass, respectively18, based on the flow-morphology relation in allometric scaling 

law19. Therefore, a 3/4 power law was finally applied in the function of estimating resting 

volumetric flow (Q) by using normal (reference) arterial volume (V).  

 𝑄 ~ 𝑉
3

4          
(1-1) 

The hyperaemic flow applied in CT-QFR computation was then computed from resting flow by 

using the following equation20: 

 HFV = 0.10 + 1.55*RFV - 0.93*RFV2          (1-2) 

in which HFV is hypaeremic flow velocity and RFV is resting flow velocity.  

 

To obtain the reference arterial volume which was used for resting flow estimation, a 

bifurcation model was proposed to restore the normal lumen geometry. Previously reported 

bifurcation fractal laws revealed the relationship of lumen size among proximal main vessel, 

distal main vessel and branch, including the Murray and HK bifurcation laws derived from 

minimum energy hypothesis, an empirical fractal-like Finet model and an area-preservation-

based model21.  

 

Besides the lumen size that has been widely applied, the bifurcation angle and distal 

resistance of each branch also contribute to the flow distribution. The current bifurcation 

model was therefore proposed (Supplementary Figure 1) by integrating the bifurcation angle 

and branch length into the diameter model.  



 

 

Based on the flow-preservation rule, the following equation was available: 

 𝑉0𝐷0
2 = 𝑉1𝐷1

2 +𝑉2𝐷2
2 (1-3) 

                  

in which 𝑉0 is the flow velocity of the proximal main vessel, 𝑉1 and 𝑉2 are the flow velocity 

of two daughter vessels, 𝐷0 is the reference diameter of the mother vessel, 𝐷1 and 𝐷2 are 

reference diameters of the two daughter vessels, respectively.  

 

The contribution of bifurcation angle and branch length was embodied in the relationship of 

flow velocity in the branch and proximal main vessel.  

 
𝑉1 = 𝑉0 ∗ (1 − 𝑒

− 
𝛼1𝐿1
𝛼2𝐿2)   

(1-4) 

 
𝑉2 = 𝑉0 ∗ (1 − 𝑒

− 
𝛼2𝐿2
𝛼1𝐿1)   

(1-5) 

                    

in which 𝛼1 is the bifurcation angle between the axis of the proximal main vessel and the axis 

of the daughter vessel at the ostia, 𝐿1 is the branch length from the current branch origin to the 

most distal position, 𝛼2 and 𝐿2 are respective indices of the other daughter vessel 

(Supplementary Figure 1). This bifurcation model allowed the determination of the 

reference diameter of the distal main vessel when the diameters of the proximal main segment 

and branch vessel were available. Each bifurcation model was computed in order from 

proximal to distal, with the diameter of the previous distal main vessel as that of the current 

proximal main vessel. Finally, a step-down reference lumen geometry was reconstructed 

along the main vessel, with step change crossing the bifurcations and gradual reduction in the 

most distal segment. 

 

  



 

Supplementary Appendix 2. Results 

Diagnostic performance of CT-QFR 

The overall diagnostic accuracy for CT-QFR with ICA and invasive FFR as reference 

standard was 80.0% (95% CI: 74.8-84.3%). Additional diagnostic performance estimates are 

listed in Table 3. CT-QFR had a modest correlation (rho=0.51, p<0.001) and agreement 

(mean difference: 0.03±0.10) with invasive FFR on a per-vessel level (Figure 2). Significant 

heteroscedasticity was observed with larger CT-QFR scatter for low invasive FFR values 

(p=0.003). Supplementary Table 2 illustrates baseline demographics and procedural 

characteristics stratified according to CT-QFR and invasive FFR correspondence. Median 

Agatston calcium score was higher in patients with CT-QFR <0.80 and no haemodynamic 

disease by ICA and invasive FFR compared to patients with CT-QFR >0.80 and no 

haemodynamic disease by ICA and invasive FFR (Supplementary Table 2). More patients 

had their lowest CT-QFR value in the 0.75-0.85 range for discordant results versus concordant 

results (47% [95% CI: 33-60] vs 19% [95% CI: 14-24]). Sensitivity was the highest for 

patients presenting with typical angina (86% [95% CI: 75-97]) and the lowest for patients 

presenting with non-anginal chest pain (47% [95% CI: 23-72]). Supplementary Figure 3 

illustrates the diagnostic performance for CT-QFR stratified by symptoms. On a per-vessel 

level, left main coronary artery or proximal left anterior descending artery stenosis tended to 

be associated with CT-QFR >0.80 and FFR ≤0.80 (p=0.08 for difference in occurrence among 

correspondence groups) (Supplementary Table 2). 

  



 

 

 

 

Supplementary Figure 1. A normal bifurcation model. 

 

D0, D1 and D2 are reference diameters of the mother vessel and the two daughter vessels. α1, 

α2 and L1, L2 are the bifurcation angle and length of the two daughter branches, respectively. 

 

 



 

 

 

Supplementary Figure 2. Distribution of CT-QFR and FFR on a per-vessel level. 

  



 

 

 

Supplementary Figure 3. Diagnostic performance of CT-QFR stratified by symptoms. 

  



 

Supplementary Table 1. Comparison of clinical and procedural characteristics stratified 

by CT-QFR feasibility. 

 

 

Numbers are mean±SD or n (%).  

CAD: coronary artery disease 

 

 

 

CT-QFR 

feasible 

(n=284) 

CT-QFR 

not feasible 

(n=61) 

p-

value 

Demographics 

     Age, years 

     Male 

     Body mass index, kg/m2 

Risk factors 

     Current smoking 

     Hypertension 

     Hypercholesterolaemia 

     Diabetes 

     Family history of CAD 

CCTA 

     Heart rate, beats/min      

     Agatston score  

        0 

        1-399 

        ≥400 

Haemodynamic disease 

     ≥1 vessel with FFR ≤0.80 

     ≥1 vessel with >90% DS  

     ≥1 vessel with >50% DS QCA 

 

60.7±8.2 

177 (62) 

27.2±4.1 

 

55 (19) 

193 (68) 

98 (35) 

25 (9) 

119 (42) 

 

56±7 (34-120) 

214 (63-585) 

22 (8) 

164 (58) 

97 (34) 

 

62 (22) 

52 (18) 

11 (4) 

 

62.3±8.1 

30 (49) 

26.9±4.4 

 

12 (20) 

44 (72) 

17 (28) 

7 (12) 

20 (33) 

 

61±8 (41-78) 

469 (118-1,005) 

4 (7) 

25 (41) 

32 (53) 

 

9 (15) 

12 (20) 

1 (2) 

 

0.15 

0.06 

0.63 

 

0.80 

0.65 

0.18 

0.33 

0.12 

 

<0.01 

0.02 

1.00 

0.02 

<0.01 

 

0.50 

0.40 

0.69 



 

Supplementary Table 2. Patient and procedural characteristics stratified by CT-QFR 

versus ICA/FFR correspondence. 

Numbers are mean±SD, median (IQR) or n (%). * ≥1 stenoses with invasive FFR≤0.80, one or 

more high-grade stenosis with visual >90% DS or ≥1 stenoses with 2D-QCA DS >50% if 

invasive FFR was not feasible; **no epicardial disease. LAD: left anterior descending; LCx: left 

circumflex; LMCA: left main coronary artery; RCA: right coronary artery 

  

Per-patient (n=284) 

p-value 
 

Concordant  Discordant Concordant  

CT-QFR 

≤0.80 & 

haemodyna

mic disease*  

(n=87) 

CT-FR >0.80 

& 

haemodyna

mic disease*  

(n=38) 

CT-QFR 

≤0.80 & 

haemodyna

mic 

disease** 

(n=20) 

CT-FR >0.80 

& 

haemodyna

mic 

disease** 

(n=139) 

Age, years 60±9 57±9 63±8 62±7 0.11 

Male 65 (75) 23 (61) 13 (65) 76 (55) 0.03 

Body mass index 27.2±4.4 27.1±4.1 27.0±4.8 27.2±3.8 0.41 

Symptoms 

     Typical angina 

     Atypical angina 

     Dyspnoea or 

arrhythmia 

     Non-anginal chest 

pain 

 

36 (41) 

28 (32) 

14 (16) 

9 (10) 

 

6 (16) 

13 (34) 

9 (24) 

10 (26) 

 

4 (20) 

10 (50) 

5 (25) 

1 (5) 

 

42 (30) 

46 (33) 

28 (20) 

23 (17) 

0.56 

Hypertension 63 (72) 25 (66) 12 (60) 93 (67) 0.68 

Diabetes 10 (12) 6 (16) 1 (5) 8 (6) 0.17 

Agatston score 
517 (142-

999) 

146 (42-316) 408 (169-

1,068) 

108 (25-337) <0.01 

CT-QFR 0.75-0.85 16 (18) 19 (50) 8 (40) 27 (19) <0.01 

Per-vessel with paired FFR and CT-QFR (n=239)  

 

Concordant Discordant Concordant  

CT-QFR 

≤0.80 & 

FFR ≤0.80 

(n=41) 

CT-FR >0.80 

& 

FFR ≤0.80 

(n=43) 

CT-QFR 

≤0.80 & 

FFR >0.80 

(n=15) 

CT-FR >0.80 

& 

FFR >0.80 

(n=140) 

 

Lesion location 

     LMCA/prox LAD 

     Mid/distal LAD 

     LCx 

     RCA 

 

4 (10) 

30 (73) 

3 (7) 

4 (10) 

 

8 (19) 

21 (49) 

5 (12) 

9 (21) 

 

0 (0) 

11 (73) 

1 (7) 

3 (20) 

 

10 (7) 

63 (45) 

37 (26) 

30 (21) 

0.02 



 

Supplementary Table 3. Comparison of diagnostic performance estimates for CMR 

versus CT-QFR and MPS versus CT-QFR using revascularisation as reference standard. 

 

Numbers are mean (95% CI).  

AUC: area under the receiver operating curve; LR (-): negative likelihood ratio; LR (+): 

positive likelihood ratio; NPV: negative predictive value; PPV: positive predictive value 

 

CT-QFR 

(n=284) 

CMR versus CT-QFR  

(n=113) p-

value 

MPS versus CT-QFR 

(n=118) p-

value  

       CMR                    CT-QFR 

 

MPS                    CT-QFR 

Accuracy 
80.0  

(74.9-84.3) 

67.3 

(58.5-76.0) 

75.2  

(67.1-83.3) 

0.14 74.6 

(67.0-83.0) 

83.1 

(76.2-90.0) 

0.10 

Sensitivity 
74.3 

(64.6-82.4) 

37.1 

(21.5-55.1) 

60.0 

(42.1-76.1) 

0.06 43.6 

(27.8-60.4) 

84.6 

(69.5-94.1) 

<0.01 

Specificity 
82.5 

(76.2-87.7) 

80.8 

(70.3-88.8) 

82.1 

(71.7-89.8) 

0.82 89.9 

(81.0-95.5) 

82.3 

(72.1-90.0) 

0.18 

PPV 
70.1 

(60.5-78.6) 

46.4 

(27.5-66.1) 

60.0 

(42.1-76.1) 

0.17 68.0 

(46.5-85.1) 

70.2 

(55.1-82.7) 

0.82 

NPV 
85.3 

(79.2-90.2) 

74.1 

(63.5-83.0) 

82.1 

(71.7-89.8) 

0.06 76.3 

(66.4-84.5) 

91.5 

(82.5-96.8) 

0.04 

LR (+) 
4.25 

(3.04-5.94) 

1.93 

(1.03-3.61) 

3.34 

(1.94-5.77) 

0.17 4.30 

(2.04-9.09) 

4.77 

(2.91-7.82) 

0.82 

LR (-) 
0.31 

(0.22-0.44) 

0.78 

(0.59-1.03) 

0.49 

(0.32-0.74) 

0.06 0.63 

(0.47-0.84) 

0.19 

(0.09-0.39) 

<0.01 

AUC 
0.85 

(0.80-0.89) 
- - 

 
- - 

 



 

Supplementary Table 4. Diagnostic performance of MPS using SSS >3 as criteria for 

abnormality. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Numbers are mean (95% CI).  

LR (-): negative likelihood ratio; LR (+): positive likelihood ratio; NPV: negative predictive 

value; PPV: positive predictive value 

 

 

 

  

 

 

MPS 

(n=118) 

Accuracy 

67.8 

(59.2-76.3) 

Sensitivity 

39.6 

(25.8-54.7) 

Specificity 

87.1 

(77.0-93.9) 

PPV 

67.9 

(47.6-84.1) 

NPV 

67.8 

(57.1-77.2) 

LR (+) 

3.08 

(1.52-6.22) 

LR (-) 

0.69 

(0.54-0.89) 



 

Supplementary Table 5. Diagnostic accuracy of CT-QFR, MPS and CMR stratified by 

type of perfusion defect.  

 

Type of perfusion 

defect 

 

Haemodynamic disease 

ICA/FFR 

Accuracy 

CT-QFR 

 

Accuracy 

MPS 

Accuracy 

CMR 

FFR  

≤0.80 

High-grade 

stenosis 

 (>90% DS) 

QCA > 

50% 

DS 

Reversible 40 

(75) 

13 

(33) 

11 (28) 0 (0) 88 (77-

98) 

60 (32-

88) 

60 (39-

81) 

Mixed 11 

(21) 

4 

(36) 

5 (45) 1 (9)  

 

Irreversible 2 (4) 1 

(50) 

1 (50) 0 (0) 

 

Diagnostic accuracy estimates were not added for mixed and irreversible defects given the 

low prevalence of these. 

CMR: cardiovascular magnetic resonance; CT-QFR: CT-derived quantitative flow ratio; DS: 

percent diameter stenosis; FFR: fractional flow reserve; ICA: invasive coronary angiography; 

MPS: myocardial perfusion scintigraphy; QCA: quantitative coronary angiography 

 

 

 

 

 

 

 

  



 

Supplementary Table 6. Patient-level 3*2 contingency tables with the intention to diagnose. 

 

 

 

 

 

 

 Haemodynamic disease ICA/FFR  

CTA+CT-QFR + -  

+ 87 20 107 

Non-evaluable 25 40 65 

- 38 139 177 

 150 199 349 

 Haemodynamic disease ICA/FFR  

MPS + -  

+ 21 6 27 

Non-evaluable 21 16 37 

- 34 78 112 

 76 100 176 

 Haemodynamic disease ICA/FFR  

CMR + -  

+ 23 13 36 

Non-evaluable 18 11 29 

- 33 75 108 

 74 99 173 



 

Supplementary Table 7. Comparison of diagnostic performance estimates for CMR 

versus CT-QFR and MPS versus CT-QFR with the intention to diagnose. 

 

Numbers are mean (95% CI).  

LR (-): negative likelihood ratio; LR (+): positive likelihood ratio; NPV: negative predictive 

value; PPV: positive predictive value  

 

 

 

 

 

CT-QFR 

(n=349) 

CMR vs CT-QFR  

(n=173) 

MPS vs CT-QFR 

(n=176) 

 

CMR 

 

CT-QFR 

p-

value 

 

MPS 

 

CT-QFR 
p-value 

Accuracy 
65.8 

(59.7-69.8) 

56.7 

(49.2-64.1) 

62.4 

(55.1-69.7) 
0.320 

56.3 

(48.8-63.7) 

67.0 

(60.0-74.1) 
0.034 

Sensitivity 
58.0 

(49.7-66.0) 

31.1 

(20.8-42.9) 

51.5 

(39.4-63.1) 
0.024 

27.6 

(18.0-39.1) 

64.5 

(52.7-75.1) 
<0.001 

Specificity 
69.8 

(63.0-76.1) 

75.8 

(66.1-83.8) 

70.7 

(60.7-79.4) 
0.446 

78.0 

(68.8-85.7) 

69.0 

(59.0-77.9) 
<0.001 

PPV 
59.2 

(50.8-67.2) 

48.9 

(34.1-63.9) 

56.7 

(44.0-68.8) 
0.339 

48.8 

(33.3-64.5) 

61.3 

(49.7-71.9) 
0.099 

NPV 
68.8 

(61.9-75.1) 

59.5 

(50.4-68.2) 

66.0 

(56.2-75.0) 
0.100 

58.6 

(49.8-67.1) 

71.9 

(61.8-80.6) 
<0.001 

LR (+) 
1.92 

(1.50-2.47) 

1.28 

(0.79-2.08) 

1.75 

(1.20-2.56) 
0.338 

1.26 

(0.75-2.11) 

2.08 

(1.49-2.91) 
0.093 

LR (-) 
0.60 

(0.49-0.74) 

0.91 

(0.75-1.10) 

0.69 

(0.53-0.90) 
0.104 

0.93 

(0.78-1.10) 

0.51 

(0.37-0.72) 
<0.001 


