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Numerical evaluation of the effectiveness of coronary
revascularization
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Abstract — In the present paper we construct the model of coronary flow which utilizes the patient’s
CT data on both large CA and perfusion. We reconstruct large coronary vessels based on the CT data
and extrude possibly invisible vessels from the branches of the left coronary artery so that every ter-
minal point supply every of standardized zone of myocardium. We apply a previously developed and
validated 1D model of haemodynamics. Utilizing the patient-specific CTP data for modifying outflow
terminal resistance at rest and under stress conditions is the major novelty of the present work. From
our results it follows that acceptable values of fractional flow reserve (FFR) after the stenotic treatment
may produce false negative output. Therefore healthy FFR values may be observed after ineffective
revascularization. We also conclude that microvascular perfusion impairment plays significant role
in correct computational estimation of haemodynamic indices before stenotic treatment. The advant-
age of the presented approach is the availability of transmural perfusion ratio assessment in everyday
practice.
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Coronary artery disease (CAD) remains the leading cause of disability or death in
adults worldwide. Computed tomography angiography (CTA) has become an estab-
lished diagnostic technique to assess the severity of CAD. Catheter-based fractional
flow reserve (FFR) is currently regarded as the reference for the assessment of the
haemodynamic severity of CAD [18] and indication for stent placement. The FFR
value equals the pressure ratio after (distal to) stenosis to the pressure before the
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stenosis (or aortic pressure) under the drug-enabled maximum hyperemia of the
coronary vessels. FFR characterizes the maximum possible pressure recovery in the
large coronary arteries (CAs) after stenting. Stenosis with FFR below 0.8 is haemo-
dynamically significant and requires stenting or similar invasive treatment. Other
valuable indices are coronary flow reserve (CFR) and instantaneous wave-free ra-
tio (iIFR). The CFR value equals the ratio of coronary blood flow (CBF) during
drug-enabled maximum hyperemia to the CBF at rest [14]. CFR characterizes the
maximum possible blood flow recovery in the large CAs after stenting. Unfortu-
nately, CFR measurements are rarely possible in everyday clinical practice. iFR is
measured in normal nonhyperemic conditions. iFR isolates a specific period in dia-
stole, called the wave-free period, and uses the ratio of distal coronary pressure to
the pressure observed in the aorta over this period [22]. This index does not in-
volve administering a vasodilating drug but depends on the accurate estimation of
the wave-free period. All haemodynamic indices — FFR, CFR, and iFR — charac-
terize the severity of a lesion in a large (more than 0.5 mm in diameter) CA.

In general, there are two major sources of CAD. The first is stenosis of CAs.
The second is impaired microcirculation of the myocardium. Stenosis in CA typ-
ically decreases blood supply to the heart tissue, damaging microcirculation of the
myocardium. Thus, a correlation between CA stenosis and microcirculation fail-
ure certainly exists [1, 27]. However, this correlation is inexplicit [20]: a low FFR
value may be a reason for the recommendation of CA stenting which will recover
blood flow in large coronary arteries located downstream of the stenosis, but the
myocardium perfusion still may be low due to the impaired microcirculatory re-
gion downstream. Thus, the revascularization will not be effective in this case. A
lot of clinical studies investigate perfusion indices [6, 13, 19] or combine FFR with
perfusion assessments [5, 15]. Modern mathematical models of coronary circula-
tion rarely incorporate perfusion data for CAD evaluation [12, 17]. A lot of works
consider FFR, CFR, or iFR regardless of the state of the microvessels in the myocar-
dium [2, 3, 8].

Myocardial CT perfusion (CTP) allows for an evaluation of the impairment of
myocardial microcirculation and ischemia [21]. CTP analysis is performed after
administration of iodinated contrast through a catheter by imaging the left ventricu-
lar (LV) myocardium during the first pass of the contrast bolus. Iodinated contrast
attenuates X-rays proportionally to the iodine content in tissue. Thus, myocardial
perfusion defects can be directly visualized as hypoattenuating or non-enhancing
regions. The increased blood flow conditions (hyperemia) allows revealing more
perfusion abnormalities. Thus, a CTP dataset typically contains rest and stress (hy-
peremic) conditions.

In the present work, we construct the model of coronary flow, which utilizes
the patient’s CT data on both large CA and perfusion. We reconstruct large coron-
ary vessels based on the CT data and extrude possibly invisible vessels from the
branches of the left coronary artery so that every terminal point supplies every of the
sixteen standardized zones of myocardium. We apply previously developed and val-
idated 1D model of haemodynamics, which accounts for variable heart rhythm [9],
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and distribute terminal hydraulic resistance based on the diameters of the parent
vessels and Murray’s law by a recursive algorithm. In our model, the terminal res-
istance is decreased according to a transmural perfusion ratio (TPR) increase. First,
we demonstrate that TPR data improves the accuracy of FFR assessment. Second,
we analyze the sensitivities of FFR, CFR, and iFR in the stenosed region to the
degree of microcirculation damage by decreasing TPR and, thus, increasing local
terminal resistance downstream and in collateral terminals. Utilizing the patient-
specific CTP data for modifying outflow terminal resistance is the major novelty
of the present work. We observe that in the presence of a stenosis, the downstream
TPR value substantially change all haemodynamic indices (FFR, CFR, and iFR).
The change of TPR in collateral terminals produces no substantial effect on FFR,
CFR, and iFR. One may observe the same behaviour in a healthy network (without
stenosis) and decreased TPR downstream.

From our results it follows that acceptable values of FFR after the stenotic treat-
ment may produce false negative output. Therefore healthy FFR values may be ob-
served after ineffective revascularization. Finally, we conclude, that microvascular
perfusion impairment plays significant role in correct computational estimation and
interpretation of haemodynamic indices across the stenotic regions of CAs before
stenotic treatment.

1. Methods
1.1. Coronary circulation model

The vascular network consists of a synthetic aortic root, aorta and two patient-
specific coronary arteries (left coronary artery (LCA) and right coronary artery
(RCA)) with their branches. The aortic root and the aorta produce physiological
boundary conditions. All arterial segments were modelled as thin, elastic tubes of
a constant length. The cross-sectional area of each tube depends on blood pressure.
The blood flow in the coronary vascular network and the aorta is simulated by a
1D model of the unsteady axisymmetric flow of Newtonian viscous incompressible
fluid through the network of elastic tubes. The 1D haemodynamic model is derived
from Navier—Stokes equations [23, 26]. The time-dependent heart outflow function
and terminal resistance of the coronary network adopt the general haemodynamic
model to the coronary circulation [9, 10, 11]. The model is described briefly as fol-
lows. The flow in every vessel satisfies the mass and momentum balances

VY g (1.1)
Au 0
A
v=(4). Fv- < 28 ), GW)Z(—S%MZ)

where ¢ is the time, x is the distance along the vessel counted from the vessel junction
point, p = 1.060 kg/m? is the blood density, A(z, x) is the vessel cross-section area,
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p is the blood pressure, u(t,x) is the linear velocity averaged over the cross-section,
U =2.5mPa-s is the dynamic viscosity of the blood. The relationship between pres-
sure and cross-section is defined by wall-state equation

p(A) = p,c? <exp (2 — 1) — 1) (1.2)

where p,, is the vessel wall density (constant), ¢ is the velocity of small disturbances
propagation in the material of the vessel wall, A is the cross-sectional area of the
unstressed vessel. At the vessel junction points we impose the mass conservation
condition and the total pressure continuity

Y &AL w(t,5%) =0 (1.3)
k=ky ko,....kn
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where k is the index of the vessel, M is the number of the connected vessels,
{ki,...,km} is the range of the indices of the connected vessels, € = 1,x; = Ly
for incoming vessels, € = —1,x; = 0 for outgoing vessels.

The boundary conditions at the aortic root include the blood flow from the heart,
which is set as a predefined time function Qg (7):

M(Z,O)A(I,O) = QH (t) (15)
T . Tt
O (1) z{ SV sin (?) Ostse (1.6)
0, T<t<T

where SV is the stroke volume of the left ventricle, T is the period of the cardiac
cycle, 7 is the duration of the systole. Inflow parameters SV, T, and 7 are extracted
from patient’s data. Section 1.2 presents details on defining terminal resistance at
the outflow of peripheral arterial segments.

Stenosis is simulated as a separate vessel with a decreased diameter correspond-
ing to patient’s data. A decreased terminal resistance simulates hyperemia. FFR is
calculated as a ratio between average pressure downstream stenosis and average
aortic pressure during hyperemia. CFR is calculated as a ratio between hyperemic
blood flow through stenosis to the blood flow through the same stenosis in patient
quiet conditions (also referred to as the rest conditions). iFR is calculated as the ratio
between average pressure after stenosis and average aortic blood pressure during the
diastolic wave-free period (WFP) under the nonhyperemic normal condition. WFP
begins in 25% of the way into diastole and ends 5 ms before the end of diastole
following the general definition of iFR [22].
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1.2. Outflow boundary conditions

We use the patient-specific CTP data which characterize the myocardium perfusion
to define peripheral resistance more accurate. CTP images present the brightness
of the iodinated contrast agent, which was administrated to the arterial blood and
transferred through the microcirculation. The brightness of the contrast has no dir-
ect physiological meaning, but it is proportional to the volumetric blood flow and
the oxygen delivery to tissue. Brighter regions correspond to a higher concentration
of the contrast, and faint regions correspond to a lower concentration of the con-
trast. CTP workstation automatically divides a myocardium from inner to external
surface into three layers: subendocardium, midwall, and subepicardium. It also di-
vides the surface of every layer into the sixteen standardized zones (territories) as
shown in Fig. 1. The embedded data processing software calculates the mean at-
tenuation density (AD) of each myocardial layer in every zone. AD characterizes
the impairment of the perfusion in a particular territory by the transmural perfusion
ratio (TPR)
ADend

TPR =
AD.,

1.7)

where ADepq is subendocardial AD and ADg,, is subepicardial AD. Two available
datasets presented TPR measurements at the rest and stress states. The rest state
corresponds to quiet patient conditions. The stress state is a state with increased
blood flow. The stress state is activated by administration of the vasodilating agent
(adenosine) which increases the lumen of the vessels and, thus, decreases the hy-
draulic resistance. The measured rest and stress TPR values for each territory are
presented in Table 1. The FFR simulations require stress values; the iFR simula-
tions rest values; the CFR simulations require both rest and stress values.

TPR has no direct physiological interpretation. However, it improves the over-
all diagnostic performance of CT-MPI in clinics [4]. TPR typically ranges from 0.0
to 1.4. Acceptable healthy values are between 1.0 and 1.4. The moderate perfusion
pathology produces values between 0.95 and 1.0. Severe perfusion pathology cor-
responds to the values between 0.6 and 0.95. Extremely low TPR values below 0.6
are hardly observed. We consider the value 0.2 as complete blocking of the perfu-
sion.

In order to use TPR as data for outflow boundary conditions, one should define a
mapping between terminal points of CA network and perfusion zones. At least one
terminal artery should be assigned to every microvascular territory. Unfortunately,
the quality of the CT scans makes it impossible to segment all needed arteries in
many cases. In the available case (see Section 1.3) we have managed to extract only
ten terminal arteries (see Fig. 2). Thus, at least six arteries were missing. We assume
that the missing arteries are not visible on CT images due to the low resolution. We
generated them synthetically. We created synthetic arteries which originate from the
closest points in the coronary network and ends up in the centre of the appropriate
perfusion zone (see dotted lines in Fig. 2). The diameter of the synthetic arteries
is prescribed to be equal to the diameter of the smallest of the segmented arteries
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Apex Apex

Figure 1. Zonal decomposition of the left ventricle: A is front view, B is rear view, C depicts all zones
as a diagram (LV apex is in the center, LV base is on the sides).

(excluding stenosed parts). As a result, each perfusion territory of LV has a corres-
ponding terminal artery.

Finally, we associate each terminal end of LCA branches with the closest territ-
ory of LV. If any two arteries end up in the same zone, we choose the artery nearest
to the centre of the zone. Another artery is prescribed to the nearest neighbour ter-
ritory.

The outflow boundary conditions assume that a terminal artery with index & is
connected to the venous pressure reservoir with the pressure pyeins = 8 mmHg by
the hydraulic resistance Ry. It is described by Poiseuille pressure drop condition

Pic (t,Li) — Pyeins = RiAy (t, L) ug (1, L) - (1.8)

Compression of the terminal coronary arteries during systole by myocardium is
an important feature of the coronary haemodynamics. To account for the compres-
sion, we set Ry = Ry(¢) for the boundary condition (1.8) in the terminal coronary
arteries. Similar to our previous works [10, 9, 2] we assume, that the dimensionless
time profile of Ry(r) is the same as the dimensionless time profile of the cardiac
output (1.6).

Tt
Ri+ (R™ — Ry)sin (?) , 0<1
Ry, T<t

Ry (1) = (1.9)

<7
<T.
The peak value of the peripheral resistance during systole is set to R = 3Ry,
where Ry, is the terminal resistance during diastole. It leads to complete blocking of

the outflow. The base hyperemic diastolic value of the peripheral resistance is set

to Rzyp = 0.3Ry. This value corresponds to clinical observations and our previous
practice [8, 2].

The values of Ry are set by the following algorithm. We assume, that the total
arterio-venous resistance Ry Of the systemic circulation produces the pressure
drop AP = Pupean — Pveins> Where Prean is the mean blood pressure of the patient.
Thus

AP

Riotal = @ (1. 10)
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where Qco is average cardiac output
Oco=SV-T . (1.11)

Then we divide Ry, between the terminal resistance of the aorta R, = Ryoa1 /0.05
and the total terminal resistance of the CAS R¢or = Ryota1/0.95. These values produce
the ratio of CBF to CO about 3—-6%. The total hydraulic resistance of coronary net-
work R is divided depending on the diameters of coronary arteries according to
Murray’s law with the power 2.27 [2]. The resulting base values of terminal resist-
ances Ry are prescribed to each terminal branch, including synthetic vessels.

Finally, we update the base values of the terminal resistances R with respect to
the measured TPR values. Qualitatively lower TPR values correspond to impaired
perfusion and greater hydraulic resistance of the perfusion territory. Thus we mul-
tiply each base resistance Ry by a coefficient o:

> 1.
k:{l TPR > 1.4 0

a+bexp(c-TPRy), TPR< 1.4

where T PRy is a TPR value of corresponding LV zone. We set the values of a, b,
and ¢ so that o, = 1 for TPR; = 1.4 and o = 4 for TPR;, = 0.2

4—aqa)’ 4-—
( “), c=5In b“. (1.13)

2
a —i—\@, g

This makes blood flow through a segment with TPR < 0.2 negligibly small. In ad-
dition we set o = 2 for TPR; = 0.6 to designate clinically accepted borderline
value of TPR. Exponential function grows slowly from TPR; = 1.4 to TPR;y = 1.0
and grows faster from TPR; = 1.0 to TPR; = 0.6, which corresponds to clinical
practice.

Correction of outflow boundary condition (1.12) increases peripheral resistance
in the regions with low TPR, which simulates microcirculation pathology. We keep
RCA branches in the model to increase the accuracy of the LCA portion of hydraulic
resistance and blood flow.

1.3. Patient data

This study involves anonymous data from a single 73 years old patient with ischemic
heart disease. The patient underwent contrast-enhanced coronary CT as well as rest
and adenosine-enabled stress CT perfusion (CTP). The CT data of the large coron-
ary arteries were processed by a previously developed segmentation algorithm [24,
26, 7]. The coronary perfusion was estimated by CTP images. CT scanner (Canon
Aquilion ONE) calculated TPR for sixteen zones of the LV wall both for the rest and
stress conditions. Figure 2 shows the extracted structure of the coronary network.
Table 1 contains geometric parameters and CTP data.
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Table 1. Parameters of the LCA and its branches: [ is length, d is diameter, Zone is the index of
corresponding TPR segment (see Fig. 1), TPRes is TPR value at natural physiological conditions,
TPRgress 18 TPR at hyperemic conditions which were produced by the adenosine administration.

No. [(mm) d(mm) Zone TPRs TPRgpess

1 10.5 33 — — —
2 25.0 3.7 — — —
3 7.8 1.3 — — —
4 8.6 34 — — —
5 4.9 1.9 — — —
6 244 33 — — —
7 24 2.6 — — —
8 12.4 2.7 — — —
9 6.5 0.4 — — —
10 62 1.9 — — —
11 9.7 1.3 4 1.22 1.28
12 9.9 0.7 1 1.03 1.05
13 153 1.3 6 0.95 0.93
14 6.7 2.5 5 1.06 1.08
15 36.1 35 — — —
16 574 23 — — —
17 11.1 2.1 — — —
18 23 1.7 — — —
19 27.8 2.5 — — —
20 343 2.3 3 1.49 1.34
21 21.1 2.5 2 1.19 1.20
22 39.5 2.5 — — —
23 54 22 8 1.18 1.41
24 152 1.2 9 1.12 1.13
25 574 23 — — —
26 14.6 1.1 13 1.21 1.39
27 20.1 1.6 7 1.02 1.10
28 20.3 0.7 12 1.21 1.33
29 15.6 0.7 11 1.23 1.25
30 46.8 0.7 16 1.25 1.27
31 17.5 0.7 10 1.15 1.13
32 383 0.7 15 1.00 1.12
33 17.4 0.7 14 1.13 1.22

Table 2. Parameters of RCA and its branches: / is length, d is diameter.

No. [,mm d, mm

1 523 3.8
2 68.6 32
3 43.2 2.1
4 43.4 2.1
5 58.1 23

The patient was diagnosed with a series of epicardial stenoses in the left anterior
descending artery (LAD). The proximal third of LAD contained two calcium ather-
osclerosis plaques which produce stenoses of 50% and 60% degree in the vascular
segments 3 and 5 (see Fig. 1). In what follows, we refer to stenosis degree as a local
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decrease of the diameter relative to the neighbour healthy part of the vessel. Another
85% degree stenosis was located in a distal part of the LAD in the vascular segment
9 (see Fig. 2). FFR of the vascular segment 9 was invasively measured before stent
placement. It was equal to 0.43. CFR data were unavailable.

Aortic root was simulated as a vessel with the length set to 5 cm and diameter
set to 2.3 cm. Aorta was simulated as a single vessel with the length set to 80 cm
and diameter set to 2.17 cm. Parameters of LCA and RCA are presented in Tables 1
and 2.

2. Results

First we study the importance of the microvascular impairment to the accuracy of
the FFR simulations. Let us compare the results of two simulations. In the first
computational experiment, all TPR values are set to 1.4, i.e., the terminal hydraulic
resistance is set to the initial base values at all terminal points regardless of CTP
data. In the second series TPR values from Table 1 at stress conditions are used to
calculate multipliers according to (1.12). We set stress TPR values by virtue of the
fact that invasive FFR measurements are also performed after adenosine administra-
tion which is exactly the same as for the stress TPR measurements. The simulated
values of FFR in the first and second cases are 0.39 and 0.41, respectively. The
measured value of FFR was 0.43. Thus the relative error of simulated FFR is 9.3%
and 4.7%, respectively. We have a substantially lower error when using patient TPR
data.

In the second group of simulations, we study the sensitivity of FFR, CFR, and
iFR to TPR in the distal territories (zones 1 and 4 in Figs. 1 and 2). In the first
series, we change both stress and rest TPR values in zones 1 and 4 from 0.2 to 1.4
simultaneously and calculate FFR and CFR in each case. In these simulations, we
use stress TPR values from Table 1 for the remaining zones to calculate FFR and
hyperemic blood flow through stenosis for CFR. We use rest TPR values for the
remaining zones to calculate blood flow in quiet conditions (at rest) for CFR and
pressure over wave-free periods for iFR. In the second series of numerical experi-
ments, we simulate stenting by removing stenosis in vessel 9 and recalculate FFR,
CFR, and iFR for the same TPR values as in the first series.

The results are presented in Fig. 3. One can see that in the presence of the 85%
stenosis in vascular segment 9 all indices increase significantly along with the de-
crease of TPR. It means that the lack of data on microcirculation pathology may
be a reason of the substantial underestimation of the haemodynamic significance
of a stenosis by noninvasive computational tools. This result supports clinical find-
ings concluding that FFR can be artificially elevated in patients with microvascular
dysfunction, leading to an underestimation of lesion severity [16].

From Fig. 3 one can also observe that in healthy conditions without stenosis, all
indices demonstrate minor variations in the wide range of all possible TPR values.
It means that revascularization improves haemodynamic indices even in the cases
of impaired perfusion. FFR, CFR, and iFR evaluate the blood flow conditions in
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Figure 2. The structure of RCA and LCA. Bold numbers correspond to the LV perfusion zones (see
Fig. 1). Dotted lines designate synthetic vessels. Vessels 3, 5, and 9 of LCA have stenoses.
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Figure 3. Calculated FFR, CFR, and iFR with and without stenosis for various TPR in zones 1 and 4
(see Fig. 2).

large coronary vessels regardless of microcirculation state. These indices may be
high even if the coronary blood flow is dangerously low.

We should note that the stress and rest TPR values of our patient (see Table 1)
are similar. The only problematic sector is zone 6 in both cases. This is the reason we
changed TPR values for both stress (hyperemic) and rest conditions in our previous
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Figure 4. Calculated CFR with and without stenosis for various stress TPR in zones 1 and 4 (see
Fig. 2). Rest TPR were fixed and taken from patient data (see Table 1).

calculations (Fig. 3). We assumed that microcirculation dysfunction manifests it-
self similarly under stress and at rest. However, in most cases perfusion impairment
hinders hyperemic response of coronary haemodynamics while leaving rest state al-
most unaffected [12]. This can have a drastic effect on CFR, since CFR is the ratio
between hyperemic and nonhyperemic (rest) blood flows. Figure 4 shows CFR val-
ues for various stress TPR values. Rest TPR values are the same for all calculations.
As one can see, CFR behaviour changes compared to Fig. 3: CFR decreases with
increased microcirculation dysfunction.

Finally, we study FFR, CFR, and iFR sensitivity to the variations of TPR in
the neighbour territories. We change TPR values in zones 5 and 6 from 0.2 to 1.4
and calculate FFR, CFR, and iFR with and without stenosis in vascular segment
9 in each case similar to the previous simulations. We observe, that the maximum
relative difference in all indices for all cases is less than 3%. Thus, we conclude
that haemodynamic indices are not sensitive to the TPR values in the neighbour
territories.

3. Conclusion

We have demonstrated that the effectiveness of coronary revascularization should be
evaluated based on CT and CTP data. Healthy values of FFR after the stenotic treat-
ment may be observed after ineffective revascularization, which may lead to a false
negative decision. Myocardial perfusion impairment plays a significant role in the
correct estimation and interpretation of haemodynamic indices across the stenotic
regions of CAs before stenotic treatment by noninvasive computational techniques.
This method is almost not sensitive to the post treatment analysis.

This is just a pilot study since we consider a single case. More clinical cases
are required for the validation and development of a robust computational tool for
practical usage.

In the present work, we utilize CT perfusion images and TPR values to assess
myocardial perfusion. The other methods, such as PET (Positron Emission Tomo-
graphy) perfusion, SPECT (Single Photon Emission Computed Tomography) perfu-
sion, give more accurate 3D distribution of myocardial blood flow and can increase
effectiveness.
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The advantage of the presented approach is the availability of TPR perfusion as-

sessment in everyday practice. Since we are also performing coronary CT to extract
the structure of large coronary arteries, CT perfusion does not require additional
equipment. It simplifies procedures for both patients and clinicians.
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