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Abstract

To assess a novel approach for automatic flow velocity computation in deriving quantitative flow ratio (QFR) from coronary
angiography. QFR is a novel approach for assessment of functional significance of coronary artery stenosis without using
pressure wire and induced hyperemia. Patient-specific coronary flow is estimated semi-automatically by frame count method,
which is subjective and inconvenient in the workflow of QFR analysis. The vascular structures were automatically deline-
ated from coronary angiogram. Subsequently, the centerline of the interrogated vessel was extracted from the delineated
lumen on each image frame and the change in the length of centerline was used to compute the flow velocity, which provided
patient-specific flow for computation of QFR (QFR,,,,). A parameter derived from the increase in centerline length was used
to automatically quantify the stability of contrast flow. From the two angiographic image runs used for three-dimensional
angiographic reconstruction, the one with better stability was used to compute QFR, .. QFR_,,, was assessed in all patients
enrolled in the FAVOR 1II China study, and compared with the commercialized QFR computational method based on frame
count (QFR ), using pressure wire-based fractional flow reserve (FFR) as the reference standard. Out of 328 vessels with
paired FFR data, QFR,,, was successfully computed on 325 (99%) vessels with acceptable stability in filling of contrast
flow. The flow velocity computed by the proposed approach had a weak to moderate correlation with the frame count method
(r=0.37, p<0.001), with mean differences of —0.02+0.07 m/s (p <0.001). QFR,,, had good correlation (r=0.96, p<0.001)
and agreement (mean difference: —0.01 +0.04, p<0.001) with QFR_, ... Good correlation (r=0.83, p<0.001) and agree-
ment (mean difference: 0.01 +0.06, p=0.016) were also observed between QFR,,, and FFR. Using FFR <0.80 to define
functional significance of coronary stenosis, the overall diagnostic accuracy for QFR,,,, was 93.2% (95% CI 90.5-96.0%).
The area under the receiver-operating characteristic curve did not differ significantly between QFR_,,,. and QFR,,, (dif-
ference: 0.00; 95% CI —0.01 to 0.01; p=0.529). Sensitivity, specificity, positive likelihood ratio, and negative likelihood
ratio for QFR,, were 92.4% (95% CI 86.0-96.5%), 93.7% (95% CI1 89.5-96.6%), 14.7 (95% CI 8.7-25.0), and 0.1 (95% CI
0.0-0.2), respectively. Automatic computation of patient-specific coronary flow velocity based on coronary angiography
is feasible. Assessment of QFR based on this novel approach had good diagnostic accuracy in determining the functional
significance of coronary stenosis.
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Abbreviations

AUC Areas under the receiver-operator characteris-
tics curve

CI Confidence interval

FFR Fractional flow reserve

LAD Left anterior descending

QFR Quantitative flow velocity

QFR,,, QFR computed by V,,

QFRcount QFR Computed by Vcount

RCA Right coronary artery

Vauto Automatically calculated flow velocity

V count Frame count-based flow velocity

Introduction

Fractional flow reserve (FFR) is a precise index for assess-
ment of physiological significance of coronary stenosis.
Favorable outcomes for FFR-guided coronary intervention
have been documented by numerous clinical studies [1-5].
Nevertheless, the clinical adoption of FFR is still poor in
general because of the cost of pressure wires and the limita-
tions associated with the use of vasodilators to induce maxi-
mum hyperemia.

Quantitative flow ratio (QFR) is a novel approach for
rapid estimation of FFR pullbacks without using pressure
wires or inducing hyperemia [6, 7]. QFR analysis is based
on the three-dimentional reconstruction and fluid dynamics
algorithms [8—10]. Calculation of patient-specific blood flow
velocity is prerequisite for the computation of QFR. Current
commercialized QFR applications use semi-automatic frame
count method to calculate flow velocity, which is subject to
inter and intra-observer variability and inconvenient in the
workflow of QFR analysis.

The aim of this study was to propose a novel approach
for automatic flow velocity computation to derive QFR from
coronary angiography (QFR,,,). QFR,,, was compared
with QFR computed using semi-automatic frame count
(QFR ), using pressure wire-based FFR as the reference
standard.

Methods
Study design and materials

This study reports an ad hoc analysis of the FAVOR II China
study, a prospective and multicenter study enrolling patients
who had at least one lesion with a 30-90% diameter steno-
sis by visual estimation, designed to validate the diagnostic
accuracy of QFR. The study design and the primary results
were presented in the main publication [8]. The QFR analy-
sis procedure includes three-dimensional (3D) geometry
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reconstruction, evaluation of patient-specific coronary flow,
and pressure drop and QFR computation using a novel algo-
rithm [6]. In the main publication [8], patient-specific coro-
nary flow was evaluated using frame count method (V ,,)-
The present study used a new method to automatically calcu-
late patient-specific flow velocity (V,,,) and derived QFR
using the same reconstructed geometry and QFR algorithm
as the main publication. The angiographic image runs and
their analysis files were taken from the core laboratory
analysis of the FAVOR 1II China study [8]. Subsequently,
QFR, , Was assessed in all interrogated vessels with paired
QFR_,, and FFR values. Finally, QFR,,,, was compared
with QFR . and with fixed-flow based QFR (QFRy;,.,) [6]
that did not incorporate patient-specific flow in the QFR
computation, using FFR as the reference standard. The study
procedure was approved by the institutional review board.
All patients provided written informed consent.

The velocity computation algorithm had three major
steps: (1) segmentation of coronary vascular structures; (2)
extraction of coronary centerlines; and (3) calculation of
flow velocity from the extracted centerlines.

auto

Delineation of coronary vascular structures

Segmentation of coronary lumen was performed with the
following steps: (1) Image preprocessing techniques [11,
12] were applied to reduce the image noise and increase
the local image contrast. (2) Subsequently, a vascular detec-
tion algorithm based on Gabor filtering [13] was applied to
identify the tube-shaped vascular structures. (3) Finally, the
connected region with maximum size was extracted as the
targeted vascular structures.

Centerline detection

From the delineated targeted vascular structures, the cen-
terlines of all vascular branches were extracted to obtain
lengths of the target vessel within different frames from
coronary angiographic image runs that included the entire
filling process of contrast dye in coronary arteries. The cen-
terlines of the whole coronary tree were tracked with the fol-
lowing steps: (1) An initialization point [14] was determined
as the point in the vascular area with maximum distance to
the vascular boundary. (2) Subsequently, the fast marching
method [15-17] was applied to derive the evolution time
of each pixel in the vascular area, beginning from the ini-
tialization point. (3) Finally, the centerlines of all vascular
segments were detected from the automatically computed
point along the gradient descent of the evolution time. The
proximal point was set as the start point of the centerline,
while the distal point was set as the end point of the center-
line for each segment.
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Velocity computation

After extracting the centerlines of the entire vascular struc-
tures, the centerline of the interrogated vessel was identi-
fied at each image frame using prior knowledge of the
interrogated vessel in the angiographic reconstruction [6].
Subsequently, the period with increase in centerline length
that corresponded to the period of contrast dye injection
was identified. The centerline length and the correspond-
ing frame number were then paired. From the paired points
a linear fitting line was automatically generated with the
least squared distance between the fitting line and the paired
points. The slope of the fitting line was used to compute flow
velocity based on the following formula:

Velocity =w Xk Xxcxf

where k was the fitting slope, ¢ was the angiographic image
calibration factor, f was the angiographic image acquisi-
tion frame rate that was stored in the angiographic image
DICOM files, and w was the parameter to compensate the
effect of vessel foreshortening [18]. The correlation coef-
ficient of the linear fitting line was used as the stability
parameter to quantify the contrast flow stability. For the two
velocities calculated from two angiographic image runs, the
one with better stability was chosen to be the final velocity,
denoted as V,,,. Figures 1 and 2 showed two examples of
the segmentation, centerline detection, and velocity compu-
tation procedures of LAD and RCA, as well as the selection

of final V,, according to flow stability parameter.

Computation of QFR,,,
From the reconstructed geometry that was exported from
the core laboratories analysis in the FAVOR 1II China study
[8] and the new computed flow velocity V,,.,, QFR,,, was
computed based on the same fluid dynamic algorithms that
were used in the commercialized QFR measurement system
(AngioPlus 1.0, Pulse medical imaging technology, Shang-
hai) [8].

Statistical analysis

Continuous variables were described as mean + standard
deviation if not otherwise specified. Correlation was deter-
mined by Pearson or Spearman correlation as appropriate.
Pair-wise comparisons were performed by Student ¢ test or
by Mann—Whitney U test as appropriate. The difference in
velocity computations and in QFR computations by different
methods were evaluated by Bland—Altman plots and intra-
class correlation coefficients for the absolute agreement.
The performance of QFR,,, for diagnosis of hemodynami-
cally-significant stenosis was evaluated by overall accuracy,

sensitivity, specificity, positive predictive value (PPV), nega-
tive predictive value (NPV), positive likelihood ratio (+LR),
and negative likelihood ratio (— LR), with FFR <0.80 as the
reference standard to define functional significance, and the
95% confidence intervals were added as appropriate. Com-
parisons of receiver operator characteristic (ROC) curves
were performed by the DeLong method. Analysis of correla-
tion and pair-wise comparisons were performed with IBM
SPSS version 22.0 (SPSS Inc., Chicago, Illinois). Other
statistical analyses were performed with MedCalc version
14.12 (MedCalc Software, Mariakerke, Belgium). A two-
sided p value of <0.05 defined statistical significance.

Result

All angiographic image data and corresponding values of
QFR e QFRg,.q and FFR in 328 interrogated vessels from
304 patients were obtained from the core laboratory analysis
in the FAVOR II China study [8]. Using the same angio-
graphic image runs, V,,, and QFR,, were automatically
calculated. In three interrogated vessels from three patients,
V.uo @and QFR, - could not be calculated due to unaccepta-
ble stability in contrast dye filling. Thus, a total of 325 ves-

sels from 301 patients were included for statistical analysis.
Correlation and agreement analyses

Mean V,,, was 0.17+0.06 m/s. There was a weak to mod-
erate correlation (r=0.37, p<0.001) and agreement (mean
difference: —0.02 +0.07 m/s, p<0.001) between V,,,, and
Vount (Fig. 3). Poor intraclass correlation was observed
(0.35, 95% CI 0.25-0.45). Nevertheless, good correla-
tion (r=0.96, p<0.001) and agreement (mean difference:
—0.01+0.04, p<0.001) between QFR,,,, and QFR ., was
observed (Fig. 4), and excellent intraclass correlation was
observed (0.95, 95% CI 0.93-0.96). There was also good
correlation (r=0.83, p<0.001) and agreement (mean dif-
ference: 0.01 +0.06, p=0.016) between QFR,,, and wire-
based FFR (Fig. 5), and good intraclass correlation was
observed (0.84, 95% CI 0.81-0.87).

Diagnostic performance of the QFR,,, using FFR
as the reference standard

Using the cutoff value of FFR <0.80, the area under the
receiver-operating characteristic curve (AUC) of QFR, .,
was 0.97 (95% CI 0.94-0.98). The overall diagnostic
accuracy of QFR,,,<0.80 in predicting FFR <0.80 was
93.2% (95% CI 90.5-96.0%), with sensitivity and speci-
ficity of 92.4% (95% CI 86.0-96.5%) and 93.7% (95% CI
89.5-96.6%), respectively. PPV, NPV, (+)LR and (—)LR
of QFR,,,, were 89.3% (95% CI 82.5-94.2%), 95.6% (95%
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Fig. 1 Demonstration of
velocity computation from
angiographic image runs for
aLAD. Al and A2 show two
angiographic views for QFR
computation. B1 and B2 are the
results of segmentation after
contrast filling. C1 (1-6) and C2
(1-6) show the results of LAD
centerline detection during the
contrast dye filling process.

D1 and D2 show the changes

in LAD centerline length with
respect to the image frames.
The phase with increasing
length corresponds to the period
of contrast dye injection. E1

and E2 show the linear fitting
curves for the two angiographic
image runs. The left projection
has higher fitting coefficient,
suggesting better stability in
contrast flow filling. Thus, the
left projection was automati-
cally chosen as the projection

to compute QFR, .. LAD left
descending artery, V,, auto-
matically calculated flow veloc-
ity, V_oun frame count-based
flow velocity, OFR quantitative
flow ratio, QFR,,,, QFR com-
puted by V00 OFR o QFR
computed by V

counl

count

@ Springer

D1

500 4

Vascular length (pixel)

=1
=

Vascular length (pixel)

Vascular length-frame diagram

500 4

4004

300 4

2004

100

T T T T J

] 5 10 20 25

Frame
Rising phases of the diagram

y=26.91x - 47.73 )

v o5

FFR = 0.86
Voo = 0.07m/s QFR 1y = 0.84
Veount = 0.11m/s QFR gy = 0.81

Frame

D2 Vascular length-frame diagram

500

o
400
o)
A
£ 300
-=
S
@ 200
o
=
3 100 *e
2 B
>
04 .
T T T T T "
0 5 10 15 20 25
Frame

E2 Rising phases of the diagram

450 o s

y =24.79x + 60.95

w0 Re :

350

300

250

200 A

150 4

Vascular length (pixel)

100 4

80 +— T T T T T T T T

Frame



The International Journal of Cardiovascular Imaging (2019) 35:587-595

591

Fig.2 Demonstration of
velocity computation from
angiographic image runs for
aRCA. Al and A2 show two
angiographic views for QFR
computation. B1 and B2 are the
results of segmentation after
contrast filling. C1 (1-6) and
C2 (1-6) show the results of
RCA centerline detection during
the contrast dye filling process.
D1 and D2 show the changes
in RCA centerline length with
respect to the image frames.
The phase with increasing
length corresponds to the period
of contrast dye injection. E1
and E2 show the linear fitting
curves for the two angiographic
image runs. The right projection
has higher fitting coefficient,
suggesting better stability in
contrast flow filling. Thus, the
right projection was automati-
cally chosen as the projection to
compute QFR, .. Abbreviations
as in Fig. 1
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Fig.4 Correlation and agreement between QFR
Abbreviations as in Fig. 1

and QFR

auto count*

CI91.8-98.0%), 14.7 (95% CI1 8.7-25.0) and 0.1 (95% CI
0.0-0.2), respectively.

Pairwise comparisons between the ROC curves of
QFR_ une QFR4,.q and QFR,,, in diagnosis of function-
ally significant stenosis are shown in Fig. 6. Using FFR
as the reference standard, QFR,,, had similar diagnostic
performance as QFR_ . (difference in AUC: 0.00; 95%
CI -0.01to0 0.01; p=0.529), while the diagnostic perfor-
mance of QFR_, was better than that of QFR, 4 (differ-
ence in AUC: 0.02; 95% CI 0.01-0.03; p=0.005).
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and frame-counting velocity V,

Good correlation and agreement was observed between QFR . and QFR
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Discussion

This is the first study to validate a novel approach for
automatic computation of contrast flow velocity (V,,)
to derive QFR from angiographic images, with FFR as
the reference standard. The main findings were: (I) Auto-
matic computation of contrast velocity is feasible in an all-
comer population; (II) V,,,, had a modest correlation and
agreement with frame count derived contrast flow velocity
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Fig.6 Comparison of receiver operating curves for the diagnos-
tic performance. The AUC of QFR,, was significantly higher than
QFRg, .4 and had no significant difference with QFR,,.. AUC areas
under the receiver-operator characteristics curve, QFR;;,.q QFR com-
puted by using a fixed flow velocity. Other abbreviations as in Fig. 1

(Veounps () QFR computed with V,, had a similar diag-
nostic accuracy compared to QFR computed with V.
Accurate diagnosis of flow-limiting coronary stenosis
is of foremost importance to guide percutaneous coronary
interventions in patients with coronary artery disease. Novel
functional assessment tools such as FFR have recently chal-
lenged the frequently used degree of luminal narrowing by
standard coronary angiography [1-5, 19, 20]. However, the
wide application of FFR is still limited due to use of pres-
sure wires and hyperemia-inducing medications [21]. QFR,

Good correlation and agreement was observed between QFR,
based FFR. FFR fractional flow reserve, other abbreviations as in Fig. 1

mean difference: 0.01, standard deviation: 0.06, p=0.016

204 ©
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auto and pressure wire-

a novel method for fast FFR computation, recently showed
good diagnostic performance in both on-line and off-line set-
tings [6—10]. The present QFR application requires substan-
tial user-interaction to derive the 3D vessel reconstruction
and to perform the TIMI frame counting. By replacing semi-
automatic frame count analysis, our proposed method for
automatic velocity computation was feasible (V,,, acquired
in 99% of dataset) and thus QFR-related user-interaction was
decreased.

The weak to moderate correlation (r=0.37, p<0.001) and
agreement (mean difference: —0.02 +0.07, p<0.001) between
V count a0d Vo Was expected since the frame count-based FFR
computation requires qualified analysts to accurately deter-
mine the start and end frames for contrast dye in the vessel
of interest. Furthermore, the analyst is required to manually
select an angiographic projection with sufficient image quality
which may induce errors related to abnormal dye-flowing dur-
ing cardiac systole or contrast backflow. On the contrary, our
proposed automated method includes a contrast flow stability
parameter to automatically quantify the stability of contrast
flow passing through the vessel of interest. This allows for
more objective identification of angiographic images with
steady perfusion of contrast dye. However, in the computa-
tion of V,,, we used the same value to compensate the fore-
shortening effect in different cardiac phases. This might reduce
the accuracy of V,,,, due to possible change in vascular shape
during heart contraction. These key differences may explain
the weak to moderate correlation of frame count derived con-
trast flow and our proposed automated approach. However, the
agreement of QFR, ., and QFR .. (r=0.96, p<0.001; differ-
ence: —0.01+0.04, p<0.001) was excellent. This could be
explained by computational characteristics of QFR. Compared

with semi-automatic frame count-based flow velocity, V,

count
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systematically underestimated flow velocity by 0.02 m/s with
a standard deviation of 0.07 m/s. This standard deviation value
was about 20% of the mean hyperemic flow velocity (0.35 m/s)
[6]. For the present study population with predominately inter-
mediate stenosis with minimal flow disturbance, the pressure
drop is mainly caused by the viscous friction in the stenotic
segment which has a linear correlation with the flow rate [22].
Assuming an intermediate stenosis with an FFR of 0.80, an
underestimation of flow by 20% will result in a computational
FFR of 0.84 (about 20% less pressure drop). While in clinical
routine of FFR measurement, a pullback with pressure drift
of less than 0.05 is often acceptable. Therefore, the impact on
computational FFR by the precision in the estimation of V.
appears to be clinically acceptable.

QFRy, .q allows for QFR computation with a fixed hyper-
emic flow velocity of 0.35 m/s and thus user-interaction
and observer variations are thus avoided. In the FAVOR
II China [8], both QFRg,.4 (r=0.82, p<0.001; difference:
0.00+0.07, p<0.001) and QFR_,,,,. (r=0.86, p<0.001; dif-
ference: 0.00+0.06, p<0.001) showed good correlation and
agreement with FFR. Interestingly, our findings demonstrate
that QFR,,, has a slightly better diagnostic performance
than QFRg, .4 (p=0.005) with FFR as the reference standard.
These results indicate that QFR,,, preserves the advantage
of patient-specific velocity that appears to be significant for
some patient groups such as patients with microcirculatory
dysfunction [23]. The clinical importance of these small
differences is unknown and should be assessed in future
studies.

Study limitations

Our computation approach requires a steady contrast dye
flow. Insufficient contrast injection or unable to align the
diagnostic guiding catheter co-axially to the interrogated
vessel might affect vessel delineation and contrast fill-
ing, deteriorating the reliability of automatic flow velocity
assessment. Manual injection of contrast dye was applied to
the majority of the current study population. It is unclear that
whether use of automatic contrast injection would improve
the computational QFR or not. The FAVOR II China study
presented the best diagnostic performance estimates for QFR
to date, most likely mediated by optimized angiographic
quality based on QFR-specific standard procedures. Hence,
for angiographic images of suboptimal quality, our approach
might have limitations.

Conclusion
Automatic contrast flow velocity computation from coro-

nary angiographic images is a novel and feasible method to
improve the QFR computational process. QFR computation

@ Springer

based on the proposed automated approach may reduce
QFR-related inter- and intra-observer variation without
compromising the diagnostic accuracy.
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