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ORIGINAL RESEARCH

Feasibility of Quantitative Flow Ratio Virtual 
Stenting for Guidance of Serial Coronary 
Lesions Intervention
Shaofeng Guan, MD*; Qian Gan , MD*; Wenzheng Han, MD; Xinrong Zhai, MD; Ming Wang, MD; Yang Chen, MD; 
Liang Zhang, MD; Tianqi Li, MD; Xifeng Chang, MD; Hongyuan Liu, MD; Weilin Hong, MD; Zehang Li , PhD; 
Shengxian Tu , PhD; Xinkai Qu , MD

BACKGROUND: Coronary physiology measurement in serial coronary lesions with multiple stenoses is challenging. Therefore, 
we evaluated the feasibility of Murray fractal law-based quantitative flow ratio (μQFR) virtual stenting for guidance of serial 
coronary lesions intervention.

METHODS AND RESULTS: Patients who underwent elective coronary angiography and had 2 serial de novo coronary lesions of 30% to 
90% diameter stenosis by visual estimation were prospectively enrolled. μQFR and fractional flow reserve (FFR) were assessed after 
coronary angiography. In vessels with an FFR ≤0.80, the lesion with the larger pressure gradient was considered to be the primary 
lesion and treated firstly, followed by FFR measurement. The second lesion was stented when FFR ≤0.80. All μQFR and predicted 
μQFR after stenting were calculated from diagnostic coronary angiography before interventions, with the analysts masked to the 
FFR data. A total of 54 patients with 61 target vessels were interrogated. Percutaneous coronary intervention was performed in 44 
vessels with FFR ≤0.80. After stenting the primary lesions, 14 nonprimary lesions had FFR ≤0.80 and a second drug-eluting stent 
was implanted. There was excellent correlation (r=0.97, P<0.001) and good agreement (mean difference: 0.00±0.03) between base-
line μQFR and FFR in identifying flow-limiting lesions. Per-vessel diagnostic accuracy of μQFR on de novo lesions was 96.7% (95% 
CI, 88.7%–99.6%). μQFR and FFR are highly consistent (93.2%) in identifying the primary lesion requiring revascularization. After 
stenting the primary lesions, per-vessel diagnostic accuracy of predicted μQFR for identifying the significance of the nonprimary le-
sion was 90.9%. Predicted residual μQFR with virtual stenting was higher than final FFR (mean difference: 0.05±0.06).

CONCLUSIONS: In vessels with serial coronary lesions, virtual stenting by μQFR can identify the primary flow-limiting lesion for 
revascularization.
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The clinical utility of coronary physiology measure-
ment to guide percutaneous coronary intervention 
(PCI) is now widely recognized. Fractional flow 

reserve (FFR) is the most commonly used method by 
measuring intracoronary pressure during maximal hy-
peremia induced by vasodilating agents.1 FFR-based 

management strategy has been established as physi-
ological standard to guide PCI in most of the catheteri-
zation laboratories.2,3

While in serial coronary lesions with multiple stenoses, 
FFR measurement is still challenging.4,5 The occurrence 
of crosstalk phenomenon between multiple stenoses 

Correspondence to: Xinkai Qu, MD, Department of Cardiology, Huadong Hospital Affiliated to Fudan University, Shanghai, China Shanghai Key Laboratory 
of Clinical Geriatric Medicine, No 221, West Yan’an Rd, Shanghai 200040, China. Email: qxkchest@126.com or Shengxian Tu, PhD, Biomedical Instrument 
Institute, School of Biomedical Engineering, Shanghai Jiao Tong University, No 800, Dongchuan Rd, Shanghai 200240, China. Email: sxtu@sjtu.edu.cn

*S. Guan and Q. Gan contributed equally.

For Sources of Funding and Disclosures, see page 9.

© 2022 The Authors. Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article under the terms of the Creative 
Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use 
is non-commercial and no modifications or adaptations are made. 

JAHA is available at: www.ahajournals.org/journal/jaha

See Editorial by Sumaya et al.

https://orcid.org/0000-0002-0153-3816
https://orcid.org/0000-0002-4264-8409
https://orcid.org/0000-0001-9681-1067
mailto:﻿
https://orcid.org/0000-0002-5000-6721
mailto:﻿
mailto:qxkchest@126.com
mailto:sxtu@sjtu.edu.cn
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.ahajournals.org/journal/jaha


J Am Heart Assoc. 2022;11:e025663. DOI: 10.1161/JAHA.122.025663� 2

Guan et al � QFR Virtual Stenting for Serial Lesions

may influence clinical decision making. Currently, the 
recommended proposal for serial coronary lesions re-
quires a step by-step approach: treating the primary 
lesion with the greatest pressure gradient, followed by 
repeated FFR remeasurement and treating the next le-
sion as indicated.6 These repeated procedures might 
increase the procedure time and the incidence of side 
effect due to vasodilators. Quantitative flow ratio (QFR) is 
an angiographically derived FFR based on angiographic 
reconstruction and fluid dynamics algorithms.7,8 QFR 
assessment does not need pressure-wire and hyper-
emia induction. The recently upgraded QFR analysis 
software supports automatic detection of side branches 
for the integration of μQFR, which could improve the 
reconstruction of reference vessel size by using step-
down reference diameter function and hence, improved 
its diagnostic accuracy.9

Virtual stenting technique simulate the effect of 
stent implantation in selected segments using pre-
dicted value of residual QFR. The predicted residual 
QFR corresponds to the QFR value as if the selected 
segment had been completely revascularized. This 
technique could be applied to serial lesions with multi-
ple stenoses in 1 coronary vessel.

Thus, the aim of the present study was to test the di-
agnostic performances of the virtual stenting technique 

derived from μQFR in guiding the intervention of serial 
coronary lesions with FFR as the reference standard.

METHODS
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

Study Population
Between March 2019 and September 2020, patients 
who underwent elective coronary angiography and 
had 2 serial stenoses of 30% to 90% diameter stenosis 
by visual assessment in the same epicardial coronary 
artery (vessel size >2 mm in diameter) were prospec-
tively enrolled in a single center (Huadong Hospital, 
Affiliated to Fudan University, China). Each lesion 
should be separated by an angiographically normal-
looking segment of at least 10 mm. Exclusion criteria 
included the following: left main disease, presence of 
coronary artery bypass grafts, presence of contraindi-
cations to the use of adenosine, severe comorbidities, 
severe renal insufficiency, severe coagulation disor-
ders, accompanied by other diseases with life expec-
tancy <6 months. The study protocol was approved by 
the Ethics Committee of Huadong Hospital, Affiliated to 
Fudan University, China, and all participants provided 
written informed consent. The study was registered 
on Chinese Clinical Trial Registry under the identifier 
ChiCTR-INR-17011360.

Coronary Angiography
Angiographic images were recorded at 15 frames/s 
by monoplane radiographic systems (AXIOM Artis, 
Siemens Healthcare, Erlangen, Germany). Two projec-
tion views at different angles with >25 degrees were 
required for angiographic image acquisition. The con-
trast medium was injected manually with a stable and 
forceful injection, as previously described.8

FFR Measurement and PCI Decision
After coronary angiography, FFR measurement was 
performed when the operator considered the lesion met 
the inclusion criteria. FFR was measured using a pres-
sure wire (St. Jude Medical, Saint Paul, MN) initially distal 
to the most distal lesion in the distal part of the culprit 
lesion. FFR was calculated as the ratio between the av-
erage distal pressure and the average aortic pressure 
recorded during maximal hyperemia induced by injec-
tion of ATP via the antecubital vein at 160 μg/L per min-
ute. Pressure data were recorded for at least 3 seconds 
of stable value before ATP administration and at least 
10 seconds of stable value during hyperemia. The pres-
sure wire was returned to the initial part of the guiding 

CLINICAL PERSPECTIVE

What Is New?
•	 Computation of Murray fractal law-based quan-

titative flow ratio based on a single angiographic 
view can provide an easy and accurate result 
especially in patients with diffuse lesions.

•	 Our study focuses on the feasibility of virtual 
stenting by Murray fractal law-based quantita-
tive flow ratio for guidance of serial coronary le-
sions intervention.

What Are the Clinical Implications?
•	 Virtual stenting by Murray fractal law-based 

quantitative flow ratio will be a simple noninva-
sive evaluation method for the guidance of serial 
coronary lesions intervention without adminis-
tration of hyperemic drugs and easily applied 
before intervention.
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catheter to exclude pressure drift during hyperemia. 
Drift range <0.03 was accepted, otherwise FFR meas-
urement needed to be performed again. Functional sig-
nificance was defined with the threshold of FFR value 
≤0.80; in vessels with an FFR value ≤0.80, the lesion 
that caused the larger pressure step-up (ΔFFR) was 
stented firstly. After stenting to the primary lesion, FFR 
was measured again and the second lesion was stented 
with the FFR value ≤0.80. FFR was measured finally after 
all of the stents were implanted. All PCI procedures were 
performed using drug-eluting stents (DES). All pressure 
tracings were recorded on the RadiAnalyzer Xpress (St. 
Jude Medical) for offline analysis.

Quantitative Coronary Analysis and QFR 
Analysis and Virtual Stenting
All angiographic data were analyzed at an academic 
core laboratory (CardHemo, Shanghai Jiao Tong 
University, Shanghai) using the QFR system (AngioPlus 
Galley 2.0, Pulse Medical, Shanghai, China) by certi-
fied analysts, with intra- and inter-observer variability 
of 0.00±0.03 and 0.00±0.03 for μQFR analysis as pre-
viously reported.10 Quantitative coronary analysis and 
μQFR were performed on pre-PCI angiograms during 
the same procedure with the following steps: (1) the 

analyst selected an angiographic image run with mini-
mal overlap and foreshortening and the software auto-
matically detected the path of contrast dye filling, from 
which the contrast flow velocity was determined; (2) the 
lumen contours of the interrogated vessel and its side 
branches were automatically delineated and manually 
corrected if the contours did not follow the true lumen 
edge; (3) a second angiographic view was selected and 
the interrogated vessel was automatically delineated; 
(4) the software reconstructed the interrogated vessel 
in 3-dimensional as well as the reference vessel using 
step-down reference diameter function; (5) the software 
computed the μQFR based on the reconstructed ves-
sel and the contrast flow velocity at every location along 
the interrogated vessel.10 At the same step, quantitative 
coronary analysis parameters including minimal lumen 
diameter, percent diameter stenosis, lesion length, and 
reference vessel diameter were reported by the soft-
ware, as well as the virtual μQFR pullback. The distal 
landmark of μQFR analysis was placed at the sensor 
position of the pressure wire on the angiographic im-
ages. All analyses were performed at core laboratory by 
2 independent certified operators masked to the FFR 
values. Predicted μQFR with virtual stenting was cal-
culated using pre-PCI angiograms. ΔμQFR of all of the 
lesions with “virtually implant the stent” was obtained. 

Figure 1.  Virtual stenting by μQFR calculation method.
First, a μQFR analysis was performed from before the percutaneous coronary intervention (PCI) with 
a 3-dimensional vessel reconstruction (upper parts of the panel). Second, virtually treated zone was 
selected on the μQFR diagram (red gridlines) (lower parts of the panel). Third, predicted residual μQFR 
after virtually implanted a stent was obtained (upper right parts of the panel).
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“Virtually implant the stent” was marked with using the 
stent length at the exact location of the implantation site 
marked with a proximal and distal marker. The original 
vessel μQFR plus ΔμQFR of all treated lesions was the 
residual μQFR with virtual stenting (Figure 1).

Subject Flowchart and Case Examples
Figure 2 presented the study subject flowchart. First 
FFR and QFR measurement were performed to all le-
sions meeting the inclusion criteria. Predicted residual 
μQFR with virtual stenting was analyzed and recorded 
for further comparison. PCI was not indicated if the 
FFR was >0.80. PCI was performed if FFR value was 
≤0.80. Lesion with the higher ΔFFR was regarded as 
the primary lesion and treated firstly. After stenting to 
the primary lesion, a second FFR was measured. If the 
second FFR value was ≤0.80, PCI to the nonprimary le-
sion was indicated and then a third FFR was measured 
after PCI to the second lesion. All the μQFR analyses 
were masked to the FFR results. Figure 3 presented a 
typical case of FFR and virtual stenting by μQFR guid-
ance of serial coronary lesions intervention.

Statistical Analysis
Data were expressed as mean±SD for continuous 
variables and percentages for categorical variables. 
Correlation between μQFR and FFR was determined 
by Pearson correlation coefficient (r) and Bland–Altman 
analyses were performed for consistency analysis. The 
receiver-operating curves of μQFR as analyzed with 
the observed FFR as gold standard in the vessel level. 
The value of P<0.05 was considered as significant. All 
statistical analyses and graphs were performed using 
MedCalc (Version 19.4, Ostend, Belgium).

RESULTS
Baseline Patient and Lesion 
Characteristics
Between March 2019 and September 2020, a total 
of 54 patients were successfully screened and en-
rolled, 7 patients were 2-vessel disease, a total of 61 
interrogated vessels were finally enrolled for analysis. 
According to the results of the first FFR measurement, 
FFR value were ≤0.80 in 44 vessels and DES was im-
planted in the primary lesion with greater ΔFFR (25 in 
proximal lesion,19 in distal lesion). Seventeen lesions 
with FFR value >0.8 remained untreated. A second 
DES was implanted in 14 lesions when the second FFR 
value was ≤0.80 after the first DES was deployed. All 
patients completed postoperative FFR measurement.

Table 1 summarizes the baseline and vessel clini-
cal characteristics of the enrolled patients. Mean age 
of the patients was 72.3±7.2 years, 41 (75.9%) were 
women, 10 (18.5%) had diabetes, and 4 (7.4%) had a 
previous myocardial infarction; 41 (61.2%) interrogated 
vessels were left anterior descending arteries.

Correlation and Agreement Between  
Baseline μQFR and FFR for Evaluation of 
the Hemodynamic Significance of the 
Target Vessel
There was excellent correlation between baseline 
μQFR and FFR for evaluation of the significance of the 
target vessel (correlation coefficient r=0.97, P<0.001, 
Figure  4A). The Bland–Altman plot showed a good 
agreement between baseline μQFR and FFR was also 
observed between baseline μQFR and FFR (mean dif-
ference: 0.00±0.03, Figure 4B).

Figure 2.  Study flowchart.
FFR indicates fractional flow reserve; PCI; percutaneous coronary intervention; and QFR, quantitative 
flow ratio.
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Diagnostic Performance of μQFR for 
Identifying the Hemodynamic Significance 
of Serial Lesions at Baseline
Based on baseline images and using baseline FFR as 
gold standard, the area under the receiver operating 
characteristic curve for μQFR of proximal lesion was 
0.99 and 0.99 of distal lesion. Per-vessel diagnos-
tic accuracy of μQFR at baseline was 96.7% (95% 
CI, 88.7%–99.6%), sensitivity and specificity of μQFR 

at baseline was 100% (95% CI, 92.0%–100.0%) and 
88.2% (95% CI, 63.6%–98.5%) (Table 2). Discordance 
of μQFR with FFR occurred in 2 (3.3%) vessels and all 
of the discordance was FFR >0.80 but μQFR ≤0.80.

Comparison in Judging the Primary 
Lesion by Using μQFR and FFR
μQFR and FFR are highly consistent (93.2%) in judging 
the primary lesion by comparing the gradient through 

Figure 3.  Representative case of FFR (fractional flow reserve) and virtual stenting by μQFR for guidance of serial coronary 
lesions intervention.
A, Angiography showed a serial lesion (white arrow) in the left circumflex artery. B, A drug-eluting stent was implanted in the distal 
lesion (white arrow). C, The other drug-eluting stent was implanted in the proximal lesion (white arrow). D, The first FFR value was 
0.63, ΔFFR of proximal lesion was 0.07, ΔFFR of distal lesion was 0.21. E, A second FFR value was measured after implantation of the 
first stent, FFR value was 0.78. F, The final FFR was 0.88. G, μQFR at the distal left circumflex position was 0.59. H, Predicted residual 
μQFR after virtually implanted a stent (white arrow) to the primary lesion was 0.79. I, Predicted μQFR after virtually implanted another 
stent (white arrow) to the nonprimary lesion was 0.98.
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the proximal and distal lesion. One proximal lesion 
(4.0%) and 2 distal lesions (10.5%) were inconsistent by 
using μQFR and FFR.

Correlation and Agreement Between the 
Gradient Through the Proximal and Distal 
Lesion Measured by Using μQFR and FFR
ΔμQFR and ΔFFR of the proximal lesion were 0.15±0.10 
and 0.15±0.10, respectively (P=0.71). There was good 
correlation between ΔμQFR and ΔFFR of the proxi-
mal lesion (correlation coefficient r=0.79, P<0.001) 
(Figure  4C). The Bland–Altman plot showed a mean 
difference of 0.00±0.06 between ΔQFR and ΔFFR of 
the proximal lesion (Figure 4D).

ΔμQFR and ΔFFR of the distal lesion were 0.13±0.08 
and 0.14±0.08, respectively (P=0.56). There was 
good correlation between ΔμQFR and ΔFFR of the 
distal lesion (correlation coefficient r=0.82, P<0.001) 

(Figure  4E). The Bland–Altman plot showed a mean 
difference of 0.00±0.05 between ΔμQFR and ΔFFR of 
the distal lesion (Figure 4F).

Correlation and Agreement Between the 
Predicted μQFR and the Observed FFR 
After Stenting of the Primary Lesion
After the implantation of the first stent, the second FFR 
was considered to be FFR (Observed) (observed FFR 
of the non-primary lesion), while baseline μQFR plus 
ΔμQFR of the primary lesion was considered to be QFR 
(Predicted) (predicted μQFR of the non-primary lesion).

The QFR (Predicted) value was higher than the FFR  
(Observed) (0.87±0.06 versus 0.83±0.07, P<0.001).

There was good correlation between QFR 
(Predicted) and FFR (Observed) (correlation coefficient 
r=0.62, P<0.001) (Figure  5A). The Bland–Altman plot 
showed a mean difference of 0.03±0.09 between QFR 
(predicted) and FFR (Observed) (Figure 5B).

Diagnostic Performance of Predicted 
QFR for Identifying the Hemodynamic 
Significance of the Nonprimary Lesion 
After Stenting of the Primary Lesion
Using FFR (Observed) as the gold standard, AUC 
area under receiver operating characteristic for QFR 
(Predicted) to identify the hemodynamic significance 
of the nonprimary lesion after stenting of the primary 
lesion was 0.94. With the threshold value ≤0.80, per-
vessel diagnostic accuracy of QFR (Predicted) for iden-
tifying the hemodynamic significance of the nonprimary 
lesion after stenting of the primary lesion was 90.9% 
(95% CI, 78.3%–97.4%), sensitivity and specificity of 
QFR (Predicted) for the nonprimary lesion was 71.4% 
(95% CI, 41.9%–91.6%) and 100.0% (95% CI, 88.4%–
100.0%). Discordance of the QFR (Predicted) and FFR 
(Observed) occurred in 4 vessels and 10 vessels, re-
spectively, and all of the discordance was observed FFR 
≤0.80 but QFR (Predicted) or FFR >0.80 (Table 2).

Correlation and Agreement Between 
Predicted Residual QFR With Virtual 
Stenting and Final FFR
Correlation between QFR (residual) (predicted residual 
μQFR with virtual stenting) and FFR (final) (value of the 
last FFR) was not good (correlation coefficient r=0.11, 
P=0.45) (Figure  5C). QFR (residual) was higher than 
FFR (final) (mean difference: 0.05±0.06) (Figure 5D).

DISCUSSION
The main findings of the current study were: (1) μQFR 
showed a high per-vessel diagnostic accuracy at 

Table 1.  Baseline Clinical and Vessel Characteristics of 
the Enrolled Patients

Patients (n=54)

Age, y 72.3±7.2

Men 41 (75.9)

Risk factors (%)

Hypertension 40 (74.0)

Hyperlipidemia 29 (53.7)

Diabetes 10 (18.5)

Current smoker 9 (16.7)

Medical history (%)

Prior MI 4 (7.4)

Prior PCI 5 (9.3)

CKD 6 (11.1)

Clinical presentation (%)

Stable ischemic heart disease non-ST 
segment elevation

49 (90.7)

Acute coronary syndrome 5 (9.3)

Vessels (n=61)

Location

Left anterior descending 41 (67.2)

Left circumflex 9 (14.8)

Right coronary 11 (18.0)

Proximal reference vessel diameter, mm 3.0±0.5

Proximal lesion length 21.0±0.4

Proximal lesion diameter stenosis, % 47.7±10.4

Distal reference vessel diameter, mm 2.5±0.4

Distal lesion length 18.7±0.7

Distal lesion diameter stenosis, % 47.2±11.2

FFR 0.74±0.13

QFR 0.74±0.20

Data presented as n (%) or mean±SD. CKD indicates chronic kidney 
disease; FFR, fractional flow reserve; MI, myocardial infarction; PCI, 
percutaneous coronary intervention; and QFR, quantitative flow ratio.
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baseline. (2) μQFR and FFR are highly consistent in 
judging the primary lesion by comparing the gradient 
through the proximal and distal lesion. (3) Predicted 
μQFR showed a good diagnostic accuracy for identify-
ing the hemodynamic significance of the nonprimary 
lesion after stenting of the primary lesion.

Serial coronary lesions were not uncommon, es-
pecially in aging patients or patients with diabetes, 
the prevalence may be up to 25%.11 FFR is a well-
established physiologic assessment method to deter-
mine hemodynamic significance of coronary stenosis, 
but clinical application of FFR in vessels with serial cor-
onary lesions is not easy.12 In cases of serial lesions, 

one stenosis can influence FFR value of another lesion, 
the functional significance of each stenosis may be un-
derestimated by simply using delta FFR value in single 
pullback curve.13 Therefore, the FFR value of a nonpri-
mary lesion should be reassessed after the treatment 
of a primary lesion. A repeated measurement of FFR 
after stenting the primary target lesion is necessary. 
These procedures make the whole intervention pro-
cess more complex and time-consuming. Additionally, 
the administration of ATP to obtain maximal hyperemia 
may cause nausea and bradycardia. The application 
of FFR in serial lesions is limited because of the men-
tioned disadvantages. The instantaneous wave-free 

Figure 4.  Correlation and agreement between the gradient through the baseline vessel and the 
proximal distal lesion measured by using Murray fractal law-based quantitative flow ratio (μQFR) 
and FFR (fractional flow reserve).
A, Correlation between baseline μQFR and FFR; (B) Agreement between baseline μQFR and FFR; (C) 
Correlation between ΔμQFR and ΔFFR of the proximal lesion; (D) Agreement between baseline ΔμQFR and 
ΔFFR of the proximal lesion. E, Correlation between ΔμQFR and ΔFFR of the distal lesion; (F) Agreement 
between baseline ΔμQFR and ΔFFR of the primary lesion. FFR indicates fractional flow reserve; and QFR, 
quantitative flow ratio.
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ratio is an alternative pressure-based coronary physio-
logical index that does not require adenosine to obtain 
hyperemia.14 An instantaneous wave-free ratio pullback 
curve provides a physiological significance of lesion 
severity in serial lesions and can be used to predict 
the physiological outcome postvirtual PCI with a high 
degree of accuracy.15,16 However, instantaneous wave-
free ratio–based virtual PCI prediction model was per-
formed in a mechanized manner using pullback device 
and the relationship between post-PCI instantaneous 

wave-free ratio values and patient outcomes is not yet 
well established.

QFR is a novel approach to estimate coronary phys-
iology easily and quickly by using resting invasive cor-
onary angiography without using maximal epicardial 
vasodilation or additional pressure wire. QFR has the 
potential to simplify the functional evaluation of coro-
nary stenoses.7,8 QFR-guided strategy of lesion selec-
tion could improve 1-year clinical outcomes compared 
with standard angiography among patients undergo-
ing PCI guidance.17 As previously mentioned, virtual 
stenting by μQFR could be helpful in decision for stent 
size and the appropriate position to obtain an optimal 
functional result. Computation of μQFR based on a 
single angiographic view can provide an easy and ac-
curate result especially in patients with diffuse lesions 
where it was not always possible to obtain 2 angio-
graphic views both with good exposure of all lesions 
in the interrogated vessels.10 Our study focuses on the 
feasibility of virtual stenting by μQFR for guidance of 
serial coronary lesions intervention. The following 3 
clinical issues need to be clarified before or during the 
intervention of serial coronary lesions: first, whether or 
not the target vessel is functional significant; second, 

Table 2.  Diagnostic Performance of μQFR ≤0.8 for 
Identifying the Significance of Serial Lesions at Baseline 
and QFR (Predicted) ≤0.8 for Identifying the Significance of 
the Nonprimary Lesion

μQFR at baseline
QFR (Predicted) for the 
nonprimary lesion

Accuracy 96.7 (88.7–99.6) 90.9 (78.3–97.4)

Sensitivity 100.0 (92.0–100.0) 71.4 (41.9–91.6)

Specificity 88.2 (63.6–98.5) 100.0 (88.4–100.0)

PPV 95.7 (85.7–98.8) 100.0

NPV 100.0 (100–100.0) 88.2 (76.6–94.5)

NPV indicates negative predicted value; and PPV, positive predicted value.

Figure 5.  Correlation and agreement between the predicted μQFR and the observed fractional 
flow reserve (FFR) after stenting of the primary lesion and predicted μQFR with virtual stenting 
and final FFR.
A, Correlation between QFR (Predicted) (predicted μQFR) and FFR (Observed) (the observed FFR) of the 
nonprimary lesion; (B) Agreement between QFR (Predicted) and FFR (Observed) of the nonprimary lesion; 
(C) Correlation between QFR (residual) (predicted residual μQFR) and FFR (final) (final FFR); (D) Agreement 
between QFR (residual) and FFR (final). FFR indicates fractional flow reserve; and QFR, quantitative flow 
ratio.
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which lesion is the primary lesion in the serial lesion; 
third, whether or not further intervention to nonprimary 
is necessary after intervention of the primary lesion. 
Virtual stenting by μQFR could provide solutions to 
these questions. The feasibility and accuracy of QFR in 
identifying hemodynamically significant vessels was al-
ready verified in several trials, while our study showed 
similar conclusions. We also demonstrated that virtual 
stenting by μQFR could determine the proper target 
primary lesions for revascularization by comparing the 
pressure gradient through the proximal and distal le-
sion. μQFR and FFR are highly consistent in judging 
the primary lesion. Delta μQFR and delta FFR of the 
proximal and the distal lesion correlated well. Unlike 
hyperemic flow velocity, resting flow velocity remains 
stable after successful dilatation of an epicardial lesion 
and trans-stenotic pressure gradient in the remain-
ing lesion is largely unchanged.18 QFR is also derived 
from resting images, no correction for the interaction 
of serial lesions is reasonable. The mean difference 
between predicted μQFR of the primary lesion and 
the real observed FFR value after stenting the primary 
lesion was only 0.03 in our study. The accuracy of 
predicted μQFR for identifying the hemodynamic sig-
nificance of the nonprimary lesion after stenting of the 
primary lesion was 90.9%. A second QFR examination 
may not be required after stenting of primary lesion es-
pecially when predicted μQFR is ≤0.80 as specificity 
of predicted μQFR was 100% in our study. Therefore, 
Virtual stenting by μQFR can be applied in serial cor-
onary lesions as an alternative for FFR. In addition to 
the benefits of avoiding vasodilates or pressure wire, 
Virtual stenting by μQFR can also provide μQFR pull-
back curve matching the anatomy of the coronary ar-
tery, it is convenient for the interventional cardiologist 
to decide which lesion to treat and show the length of 
the specific lesion segment.

Rubimbura et al retrospectively analyzed residual 
QFR originated from virtual stenting using the images in 
the DOCTORS (Does Optical Coherence Tomography 
Optimize Result of Stenting) multicentric study. The 
results showed a good correlation between predicted 
residual μQFR originated from virtual stenting and post-
stenting FFR, the mean differences of which was only 
about 0.01.19 However, our study indicated the pre-
dicted residual μQFR originated from virtual stenting 
was higher than final real FFR, with the mean differ-
ences as 0.05. Predicted residual μQFR originated from 
virtual stenting was calculated on the assumption that 
the stent diameter was adapted to the vessel size and 
deployed optimally and all of the diseased lesions were 
contained in the virtually treated zone. In the real world, 
occurrence of significant residual focal lesions, under-
expansion, and malapposition may made the FFR value 
not perfect especially in the serial lesions.20 Recently, 
Ding et al showed that on average the predicted OCT 

(optical coherence tomography)-based FFR was 0.04 
lower than the actual post-PCI FFR and there was sig-
nificant correlation between minimum stent expansion 
index and intra-stent pressure drop.21 Candreva et al 
characterized hemodynamics of serial coronary steno-
ses using FFR pullback pressure gradients, only 40% se-
rial lesions presented typical 2 pressure drops,22 diffuse 
lesions commonly occurred between the primary and 
nonprimary lesion. In addition, the differences caused 
by the effects of interaction of serial lesions cannot be 
completely excluded. Virtual stenting by μQFR could be 
applied for guidance of serial coronary lesions, but the 
predicted residual μQFR originated from virtual stenting 
should be interpreted with caution. Further investiga-
tion will further optimize the algorithm of residual μQFR 
originated from virtual stenting to minimize interaction 
of serial lesions.

Our study had several limitations. First, our study 
was conducted in only 1 site, the numbers of enrolled 
patients were relatively small, only 14 patients received 
a second stent implantation, the conclusions might be 
underpowered. Second, diffuse lesions were not in-
cluded in our study, serial coronary lesions separated 
by absolutely normal segment is rare in the real world. 
Third, there were no follow-up results in our study, a pro-
spective study of serial coronary lesion guided by virtual 
stenting by μQFR was needed for further examination.
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