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Abstract

Virtual fractional flow reserve (vFFR) derived from invasive
X-ray coronary angiograms was predicted using computational
fluid dynamics (CFD) research tools. X-ray angiographic projections, > 35◦ apart, were used to construct the lumen centrelines and elliptical cross-sectional contours. By sysematically
excluding the proximal and distal side branches (SBs), we uncovered the effect of coronary flow divergence at the bifurcation and its impact on vFFR. CFD analyses also provided insights into the haemodyanmics in the diseased arterial segment.
Complicated flow phenomena were demonstrated in the diseased arterial segement, including recirculating flow structures,
that have led to substantial fluctuation in vFFR. The present
CFD investigation has contributed to better diagnosis of coronary artery disease by developing fundamental knowledge in
vFFR prediction techniques.

Methodology
3-Dimensional Coronary Artery Reconstruction

Introduction

Fractional flow reserve (FFR), which measures the ratio of distal coronary pressure (Pd ) to aortic pressure (Pa ), is an invasive procedure that demonstrates high accuracy, sensitivity
and specificity in detecting functional significance of coronary
stenoses [8, 9]. Virtual fractional flow reserve (vFFR), which
is derived from either coronary computed tomographic angiography [4] or invasive X-ray angiography [6], represents the
forefront of clinical research using state-of-the-art computational fluid dynamics (CFD). Despite recent advancements in
vFFR methodologies, the complexity of human coronary system presents a challenge for CFD modelling. In particular,
vFFR near coronary artery bifurcations has been hampered by:
1) the difficulties in coronary artery surface reconstruction at
the bifurcation core [12]; and 2) the wide variation in patient
specific coronary flow at each bifurcation that requires robust
outflow boundary conditions [5, 11]. As a result, the accuracy
of vFFR prediction near a coronary artery bifurcation remains
unclear.
In this study, we combined 3-dimensional quantitative angiography and CFD methodology to investigate the impact of distal
pressure sensor location in relation to the presence and position
of side branches (SB) on calculated vFFR. A patient-specific
coronary arterial model, with a ∼ 50% diameter stenosis in
between two bifurcations, was reconstructed from two angiographic projections. The distal pressure sensor was virtually
placed along the centreline of the main vessel (MV) to quantify the effect of sensor location on vFFR. The impact of SB
presence on vFFR was also investigated by systematically removing the proximal and distal daughter vessels. These fundamental CFD studies will shed light on the accuracy, sensitivity
and specificity of modelling vFFR in the vicinity of coronary
artery bifurcations.

Figure 1. (a) and (b) X-ray coronary angiograms of two different
projections that are > 35◦ apart. Centrelines (red dots) and elliptical
cross-section contours (not shown) of the main vessel and side branches
(proximal and distal) are reconstructed from these X-ray coronary angiograms. (c) A non-uniform rational basis spline surface is created
using these centrelines and estimated elliptical cross-sectional contours.
Computational fluid dynamics (CFD) is carried out on the reconstructed
3-D coronary model using a pulsatile coronary waveform of the left anterior descending artery and simple resistance models at the distal ends.

Figures 1(a) and 1(b) show X-ray angiograms that were taken
> 35◦ apart. These X-ray angiograms were imported into QAngio XA 3D research edition 1.0 (Medis Special BV, Leiden,
the Netherlands) to generate the centreline (see red dots in figure 1(a)) and elliptical cross-sectional lumen contours for the

MV. Similar procedures were employed to generate the centrelines and elliptical cross-sectional contours of the proximal and
distal SBs. Detailed 3-dimensional coronary artery surface reconstruction methodology is available in [12, 13]. The acquired
centrelines and the corresponding cross-sectional lumen contours were joined together to form a non-uniform rational basis
spline surface and created three separate coronary surface models (Case 1-shown in figure 1(c); Case 2-exclusion of distal SB
and Case 3-exclusion of proximal SB) for this study.
Three-dimensional computational domains were created using
the reconstructed coronary artery surface models (e.g. figure 1(c)). The computational domain generated using ICEMCFD v15.0 (ANSYS Inc. Canonsburg, Pennsylvania, USA)
consists of >5 million tetrahedral elements. To ensure accurate boundary layer characteristic, prism layers (each layer at
∼1 µm thick) were generated in the wall normal direction.
Computational Fluid Dynamics

Pulsatile blood flow through the coronary artery model was
numerically simulated by directly solving the incompressible
Navier–Stokes equations:




∂u
+ u·∇u = −∇P + ∇·µ ∇u + ∇uT ,
(1)
ρ
∂t
∇·u = 0,

Figure 2. Time-averaged blood pressure (measured in mm of mercury,
mmHg). (a) case 1, (b) case 2 and (c) case 3.

are qualitatively similar for Cases 1 and 2. Similarly, the blood
pressure contours of the proximal SB in Cases 1 and 2 show
no significant difference. The presence of the distal SB in Case
1 demonstrates negligible effect on the blood pressure distribution after the distal bifurcation. In contrast, the absence of the
proximal SB (Case 3) has led to a substantial decrease in blood
pressure at and distal to the coronary lesion. The blood pressure
is the lowest at the coronary stenosis and it recovers slightly distal to the stenosis. Similar to Case 1, blood pressures across the
MV and distal SB are almost identical.

(2)

kg/m3

where ρ = 1060
is the constant blood density and the
apparent viscosity, µ, of human blood is approximated using
the Quemada model [10]. Equations (1) and (2) were discretised into finite-volume formulations using OpenFOAM-2.1.1
(OpenCFD Ltd., ESI group, Bracknell, UK).
A physiological waveform from the left anterior descending
artery was prescribed as the inflow boundary condition (top
right in figure 1(c)). Hyperaemic flow (an increase in blood
flow velocity) based on the coronary artery diameter [11] was
simulated to mimic the effect of induced adenosine [15] during invasive FFR measurement. Outflow boundary conditions
were adjusted using simple resistance models (consist of resistors only) as demonstrated at the bottom of figure 1(c). The differences in arterial resistance, as a result of the presence of coronary stenosis in the MV and the variation in segmented length,
between both proximal and distal SBs and the MV outlet, were
estimated using the Hagen–Poiseuille law [14]. Table 1 shows
the corresponding coronary flow out of each branch. Present
CFD results are in good agreement with the scaling law derived
by Schrauwen et al. [11] that correlates blood flow to artery
diameter. For example, present CFD results slightly over predicted coronary flow to proximal SB relative to the scaling law
[11] in Case 1 (58% vs. 55%) and the MV in Case 3 (75% vs.
73%).

Inlet
Main Vessel
Proximal Side Branch
Distal Side Branch

Case 1
100
33
58
9

Case 2
––
41
59

Case 3
––
75
25

Table 1. Study parametric spaces. Case 1: Coronary artery model with
both proximal and distal SBs (see figure 1(c)). Case 2: Coronary artery
model without distal SB and Case 3: Coronary artery model without
proximal SB. Values are time-averaged over one cardiac cycle (%).

Results
Pressure Difference in Longitudinal Direction

Figure 2 presents the time-averaged blood pressure contours for
all cases considered. The drops in blood pressure along the MV

Figure 3. Time-averaged velocity vectors (coloured by dimensionless
velocity magnitude, |U|) in the diseased coronary segment: (a) case 1,
(b) case 2 and (c) case 3.

The coronary flow velocity distributions downstream in the MV
diseased segment are demonstrated in figure 3. The velocity
vectors are time-averaged and coloured by their dimensionless
magnitude, |U|. Coronary flows in the MV for Cases 1 and 2 are
substantially lower than Case 3. The presence of the proximal
SB has diverted a significant amount of coronary flow (> 50%,
see table 1) away from the MV and therefore reduces flow velocity in the diseased MV. Nevertheless, coronary velocity increases in the diseased segment and skewed velocity profiles
are observed distal to the lesion as a result of the arterial curvature. All cases demonstrate flow reversal distal to the lesion, but
normal blood flow soon recovers in the healthy distal segment.
Figure 4 shows the effect of distal pressure sensor placement on
the predicted vFFR. vFFR is reported as the ratio of the timeaveraged blood pressure along the centreline of the MV (Pd ) to
the aortic pressure (Pa , taken as the inlet blood pressure). vFFR
begins to decrease sharply just proximal to the coronary lesion
(i) and reaches a local minimum at the throat of the lesion (ii).
vFFR recovers slightly distal to the lesion (iii) and gradually
decreases again (iv). In all cases, predicted vFFR values are
above the clinical cutoff (vFFRcutoff = 0.80), which indicates that
the coronary lesion, despite having a diameter stenosis of >
50% from 3-dimensional quantitative coronary angiography, is
not haemodyanmically significant. The decrease in vFFR for
Case 3 is more pronounced than Cases 1 and 2 as demonstrated

Figure 4. Virtual fractional flow reserve (vFFR) is reported along the
centreline of the MV. Coronary lesion is considered haemodynamically
significant as vFFR ≤ 0.80 (i.e., vFFRcutoff = 0.80). Velocity vectors
across selected locations (i, ii, iii and iv) are shown for Case 3 to elucidate the reason for variations in vFFR in the diseased segment.

in figure 2.
Figures 4(i–iv) demonstrates the changes in flow velocity at four
specified locations indicated on the vFFR curve. Only results
from Case 3 are presented as both Cases 1 and 2 have a similar
flow patterns, but only different in velocity magnitude, in the
diseased segment (see figure 3). Proximal to the stenosis (i),
flow begins to accelerate and thus decreasing the local blood
pressure according to Bernoulli’s principle (i.e. a reduction in
vFFR). Blood flow reaches a maximum velocity at the throat (ii)
of the stenosis, which is therefore also the site of lowest blood
pressure.. As a result, the vFFR reaches a local minimum at
the throat of the stenosis. Flow velocity decreases as the artery
widens again distal to the diseased segment (iii), blood pressure
and therefore vFFR recover. vFFR decreases gradually as the
pressure sensor moves distally (iv).
Translateral Effect on Pressure Measurement

The presence of arterial narrowing as a result of plaque built-up
has led to unwanted flow reversal distal to the diseased arterial segment (figure 5(a)). Specifically, the existence of flow
recirculation (as demonstrated by the streamlines) has a significant impact on the local haemodynamics. To elucidate the effect of flow reversal on the local blood pressure, we employed
Jeong & Hussain [2] λ2 vortex identification method. The λ2
vortex identification method calculates the second eigenvalues
of S 2 + A 2 where Si j and Ai j are the symmetic and asymmetic
part of the velocity gradient tensor; it locates the vortex core
(centre of the recirculation bubble) and therefore identifies regions of local pressure minimum. The variations in the vortex core distal to the coronary lesion are presented over multiple cross-sectional slices in figure 5(a). Figures 5(b) and 5(c)
show the location and size of the vortex core and the variation in
blood pressure, respectively, at a selected cross-sectional loca-

Figure 5. (a) Vortical flow distal to the coronary stenosis. Vortical structures are quantified using Jeong & Hussain [2] λ2 vortex identification
method. The size and strength of the vortical structures are shown over
multiple slices in the diseased segment. (b) Representation of λ2 across
a selected cross-sectional location and (c) variation of blood pressure
(mmHg) at an identical location.

tion. The vortex cores (identified by the bright red λ2 contours)
are pushed away from the bottom left of the figure. As a result,
there is a substantially difference in blood pressure (> 5 mmHg)
across the bottom left of the cross-section and other regions.
Discussions and Conclusion

CFD analysing tools were employed to predict the changes in
vFFR as a result of distal pressure sensor position and the presence/absence of SBs in a patient specific coronary artery model.
The presence of the proximal SB diverges a significant portion
of the coronary flow away from the diseased MV. The lower
coronary flow, Q, through the diseased segement results in a
smaller pressure drop, ∆P, in the MV. This was also demonstrated by Young et al. [16] that ∆P = A Q + B Q2 , where A and
B are constants that depend on the cross-sectional lumen area.
The reduced pressure difference has a direct consequence on
the vFFR along the MV. In brief, Cases 1 and 2 (presence of
the proximal SB) over-predict the vFFR as compared to Case 3
(absence of proximal SB). In some scenarios, our CFD results
suggest vFFR may lead to a false negative value even though in
the presence of a moderate to severe stenosis. A similar in-vivo
finding was shown by Koo et al. [3] where invasive FFR measurements of lesion with ≥ 75% diameter stenosis in a jailed
SB were not haemodynamically significant. Although no physical explanation was provided by Koo et al., one may expect the
lack of coronary flow to the jailed SB is responsible for false
negative FFR.

In addition to the effect of SBs, distal pressure sensor locations,
in both longitudinal and lateral directions, have shown substantial impacts on the vFFR prediction. At the throat of the coronary lesion, the increase in flow velocity as the cross-sectional
area decreases leads to a minimum blood pressure and thus the
lowest vFFR. The existence of flow reversal distal to the diseased segment has a pronounced effect on the pressure difference (> 5 mmHg) laterally. In summary, present CFD results
recommend that the distal pressure sensor should be placed at
a sufficient distance away from the diseased segment to avoid
flow reversal affecting FFR measurement.
Study Limitations

One of the major limitations is the approximated elliptical lumen contours generated by the X-ray angiograhpic reconstruction. This limitation can be overcome by fusing optical coherence tomography medical imaging data with angiographic
centreline [7]. However, careful consideration should be taken
when handling lumen contours at bifurcation core [12]. Another
factor that might affect the present CFD analysis is the assumption of a rigid artery wall. As a result, the effects of cardiac
systole on the coronary artery and thus the corresponding wave
intensity on the vFFR are not known [1].
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