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Myocardial perfusion segmentation and partitioning
methods in personalized models of coronary blood flow
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P. Sh. Chomakhidze®, Ph. Yu. Kopylov®, Y.R.Bravyy¢ and S.S. Simakov®®®

Abstract — In this work we present methods and algorithms for construction of a personalized model
of coronary haemodynamics based on computed tomography images. This model provides estima-
tions of fractional flow reserve, coronary flow reserve, and instantaneous wave-free ratio taking into
account transmural perfusion ratio indices obtained from perfusion images. The presented pipeline
consists of the following steps: aorta segmentation, left ventricle wall segmentation, coronary arteries
segmentation, construction of 1D network of vessels, partitioning of left ventricle wall, and personaliz-
ation of the model parameters. We focus on a new technique, which generates specific perfusion zones
and computes transmural perfusion ratio according to the quality of available medical images with a
limited number of visible terminal coronary vessels. Numerical experiments show that accurate eval-
uation of stenosis before precutaneous coronary intervention should take into account both fractional
flow reserve indices and myocardial perfusion, as well as other indices, in order to avoid misdiagnosis.
The presented model provides better understanding of the background of clinical recommendations
for possible surgical treatment of a stenosed coronary artery.

Keywords: Medical image segmentation, coronary circulation, myocardial perfusion, transmural per-
fusion ratio, fractional flow reserve, coronary flow reserve, instantaneous wave-free ratio

MSC 2010: 92C55, 65D18, 68U10, 37M05, 92B99

Coronary artery disease (CAD) is the leading cause of mortality worldwide. Sten-
osis of coronary arteries is one of the common causes of decreased coronary blood
flow leading to myocardial ischemia. In severe cases of CAD, the precutaneous
coronary intervention (PCI) procedure is used to treat the coronary arteries stenosis.
Fractional flow reserve (FFR) is a golden standard for assessing the haemodynamic
significance of the stenosis [9, 18]. The other useful indices are instantaneous wave-
free ratio (iFR) and coronary flow reserve (CFR) [9, 10]. They require direct invasive
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measurements of the intra-vessel pressures or flows. The non-invasive alternatives
are more preferable for estimation of the FFR values, e.g., virtual fractional flow
reserve (VFFR) or Computed Tomography Fractional Flow Reserve (CT-FFR, FFR-
CT) [14, 17, 26]. The virtual FFR, iFR, and CFR values are calculated from person-
alized models of coronary blood circulation based on computed tomography (CT)
images [21]. The work [12] presents a reduced order method approach aggregating
eleven physiological and anatomical factors to a real time evaluation of FFR. The
work [25] presents a recent review of modern mathematical models of coronary
blood flow.

Another common cause of CAD is impaired microcirculation of the myocar-
dium, which may be also observed without any substantial coronary stenoses. Re-
cent studies showed that coronary microcirculation dysfunction is a predictive factor
for residual myocardial ischemia, which remains in numerous patients even after
PCI treatment [1]. In order to improve clinical accuracy of pre-operative diagnostics,
recent studies investigate various perfusion indices [20] and their combination with
FFR and other haemodynamic indices [2, 13]. Modern mathematical models of
coronary haemodynamics tend to adopt the use of CT perfusion data (CTP) for
CAD evaluation [8, 15].

In our previous work, we showed that microvascular perfusion impairment plays
significant role in correct computational estimation of haemodynamic indices be-
fore PCI [22]. The peripheral hydraulic resistance of myocardial perfusion is per-
sonalized based on transmural perfusion ratios of standard zones [22] and indi-
vidual zones [23]. The biomechanical model of coronary haemodynamics was lately
improved with 0D lumped parameter boundary conditions [24]. The personalized
model is incorporated into a new web-based computational technology for non-
invasive estimation of FFR from patient CT data [27].

The main problem of the previous approach [22] is insufficient quality of CT
scans. Low resolution of CT scans reduces the number of visible arteries. We typ-
ically observe less than 10 terminal arteries. A correct model must connect every
perfusion zone to at least one feeding artery. The standard CTP protocol provides
decomposition into 32 zones. The main novelty of this work is adjustment of the
number of perfusion zones to visible terminal vessels of the coronary tree after seg-
mentation of CT scans.

In the present work, we demonstrate details of methods and algorithms for con-
struction of a personalized coronary flow model and virtual assessment of FFR,
iFR, and CFR for patients with reduced myocardial perfusion. The model includes
additional terminal conditions, which depend on the perfusion indices. In order to
compute these indices, we partition the myocardium of the left ventricle into generic
zones corresponding to the coronary tree segments. We assume that every terminal
coronary artery supplies one generic zone of myocardium. Next, we compute the
average transmural perfusion ratio across the zone, and attach it to the terminal seg-
ments of the coronary tree. All steps are performed in automatic or user-guided way
to speed up the simulation. The presented model provides a better understanding of
the background of PCI recommendations based on FFR, iFR, and CFR.
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The paper is organized as follows. In Section 1 we present the pipeline, al-
gorithms and methods for image processing and mathematical modelling. In Sec-
tion 2 we demonstrate an application of our methodology to the clinical practice. In
Section 3 we discuss the results.

1. Main algorithm

The mathematical model of the coronary flow is based on a 1D network of the coron-
ary vessels reconstructed from the patient CT image. Coronary CT angiography (CTA)
is usually the preferred choice for detailed reconstruction of coronary vessel struc-
ture and especially for detecting stenotic regions. At the same time, the myocardial
CT perfusion (CTP) imaging provides both anatomical and functional evaluation of
the coronary blood flow, allowing one to both reconstruct the anatomical structure
of the coronary network and estimate the myocardial perfusion dysfunction. CTP
images may be used solely as a universal data source for constructing personalized
models of coronary blood flow. Alternatively, CTA image may be used to construct
the coronary network, and CTP image may be used to estimate perfusion. In the
latter case, an additional step may be required to align the images if they were cap-
tured at different times. In the current work, we assume that the sole CTP image is
used for simplicity.

Once the CT image is obtained, the personalized model may be constructed in
the following steps:

1. Image preprocessing;

2. Aorta segmentation;

3. Left ventricle wall segmentation;

Coronary arteries segmentation and construction of 1D network of vessels;

Partitioning of left ventricle wall;

AN U

Personalization of the model parameters.

Some of these steps were presented in detail in our previous works [27, 4, 28].
We discuss them briefly in this work, giving more details to the new Steps 3 and 5.

During the preprocessing step (Step 1) the CT image is cropped to include both
left and right ventricles and cut the ascending aorta between the aortic valve and
the aortic arch (Fig. 1). This step is needed to improve the detection of aorta on
the CT image and to reduce the computational costs of the following segmentation
algorithms. If the voxel size is highly anisotropic, then additional resampling is
preferable to make voxel sizes more isotropic, i.e., close to the cubic shape.

At Step 2 the aorta is segmented in four major phases (Fig. 2). First, the aorta
is detected on the topmost slice as the largest bright disk using circle Hough trans-
form [6] (Fig. 2a). Second, the average image intensity inside the disk is used as
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Figure 1. Cropped CTP image showing high contrast in ventricles, moderate intensities in myocardial
wall, and low intensity in the surrounding tissues.

(b) (©)

Figure 2. Aorta segmentation steps: (a) largest disk detected by circle Hough transform, (b)
threshold-based segmentation, (c) aorta segmentation using Isoperimetric Distance Trees approach,
(d) smoothed segmentation of aorta.

(d)

the threshold parameter and the connected region with the seed point in the center
of the disk is extracted as the initial guess (Fig. 2b). Third, this guess is updated
using the Isoperimetric Distance Trees (IDT) approach [4, 11] (Fig. 2¢). Finally,
the segmented mask of aorta is smoothed using mathematical morphology opera-
tions [28] (Fig. 2d).

At Step 3 the myocardial wall is segmented by a threshold-based method. The
average intensity of myocardial wall voxels in CTP images commonly lies in the
range [80; 140] HU. The left ventricle wall is located around the left ventricle cav-
ity, which has higher intensity values due to contrast enhancement. The ventricle
wall can be separated from the atria by the plane passing through the mitral valve.
There is a sharp change in intensity at the boundaries of the ventricle, so we focus
on detecting these boundaries during segmentation. At the first stage we zero all
very small, negative and very large intensities. Thus, effects of possible intensity
emissions are excluded. In addition, the intensity values at the borders of the left
ventricle should be positive. The volume of the left ventricle wall is extracted as a
connected region clipped by the plane passing through the mitral valve (see Fig. 3).
The location of the mitral plane is estimated as the plane orthogonal to the left vent-
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Figure 3. Segmentation of aorta and left ventricle walls for CTP image: aorta in red colour, left
ventricle walls in green colour.

(a) b)

Figure 4. Coronary arteries segmentation steps: (a) coronary arteries segmentation using Frangi ves-
selness filter, (b) centerlines of the coronary tree computed by distance-ordered homotopic thinning
method, aorta in red colour, left ventricle walls in green colour, coronary arteries in blue colour,
centerlines in black colour.

ricle axis and passing through the interface between the left atrium and left ventricle
cavities. The user can manually override the location of the plane if necessary.

At Step 4 the coronary arteries are segmented by Frangi vesselness filter [5],
the starting seeds are detected as the two voxels with the highest vesselness values
on the surface of the aorta (Fig. 4a). Then, the distance-ordered homotopic thinning
method [19] is used to construct the centerlines of the coronary tree (Fig. 4b). Fi-
nally, the coronary tree is partitioned to the vessel segments resulting in 1D coronary
network suitable for computations [4, 28].

Detection of a myocardial perfusion defect may indicate the presence of ischemia.
To assess perfusion, the transmural perfusion ratio (TPR) can be used, which is
defined as the ratio of the attenuation density of the contrast agent in a segment of
the subendocardium (inner layer) to the attenuation density of the contrast agent in
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the entire subepicardial layer (outer layer) [3]:

(1.1)

where ADj is the attenuation density of a subendocardial segment s, and ADgy; is the
attenuation density of the entire subepicardial layer. The values of ADg and ADep;
are provided by CTP device for every voxel of the CTP image and for 32 standard
perfusion zones.

Local TPR values may be computed in each voxel of the left ventricle wall.
Once the wall is split into outer and inner parts of the wall, we calculate the average
intensity value on the outer wall of the ventricle and divide the intensity of each
voxel of the inner wall of the ventricle by the average intensity in the outer part.
These local TPR values are used to calculate the TPR value for a certain zone as the
average value of TPR values in the zone.

TPR calculations may be performed in two ways. Either the original TPR values
are used during calculations, or the TPR values are clipped to the range [0.2,1], i.e.,
all values less than 0.2 are replaced by 0.2, and all values greater than 1 are replaced
by 1. These restrictions are introduced in order to decrease the effect of local TPR
disturbances.

At Step 5 the ventricle wall is partitioned into individualized zones correspond-
ing to the segments of the 1D coronary network. The coronary tree is processed
recursively starting at the virtual root uniting both left and right coronary branches.
At each branching point we split the ventricle wall into several zones and proceed
to the descending branching points. Finally the whole myocardial wall is split into
individual zones corresponding to the terminal nodes of the coronary tree.

The partitioning of the wall is constructed depending on the distance to the
coronary arteries. When the coronary artery branches for the first time, we divide
it into two parts. Next, for each ventricular voxel, we calculate the distance to each
of the segments of the coronary arteries. Then, we construct several zones, in each
of which the distance to a certain branch is less than the distance to other branches
and assign the voxel to the segment with minimal distance (see Fig. 5). Next, we
take one of the branches under consideration and divide the coronary branch into
segments in the same way at the branching point. Similarly, we divide the zone
that belongs to this branch into individual parts (see Fig. 6). Thus, the division of
the ventricle into individual zones is constructed depending on the segments of the
coronary arteries.

We descend recursively through the coronary tree, splitting the myocardial wall
into individual zones, corresponding to the coronary segments. During this process
we advance to a next branching point, we take only the part of the ventricle that
already belongs to the parent branch, and divide it into parts in the same way. Once
all branching points are processed, we end up with the partitioned myocardial wall
corresponding to the terminal segments of the coronary tree (see Fig. 7).

Finally, at Step 6 the TPR values of individual zones are computed as the average
TPR values. As discussed above, the clipping of the TPR values may be used before
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Figure 5. Partitioning of the left ventricle wall into two parts, corresponding to the left (L1, blue) and
right (R1, green) coronary arteries, aorta is shown in red.

Lo

Figure 6. Partitioning of the left ventricle wall into three parts, corresponding to the left anterior
descending artery (L4, yellow), left circumflex artery (LS, blue) and right coronary artery (R1, green),
aorta is shown in red.

(][]

Figure 7. Final partitioning of the left ventricle wall, aorta is shown in red.
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averaging in order to reduce the disturbance of local TPR values.

Areas with TPR values above 1.0 are considered to be healthy. Values between
0.94 and 1.0 demonstrate mild perfusion disorder. Values below 0.94 are associ-
ated with severe perfusion disorder. These perfusion indices may be included in
the mathematical model as an additional multiplier for the hydraulic resistance as
proposed in our previous work [23]. The multiplier is equal to one for all zones
with TPR above 1.0. As TPR value descends towards 0.94, the multiplier increases
gradually. Once the TPR value drops below 0.94, the multiplier increases rapidly.

The proposed pipeline was developed as a standalone C++ code, which extens-
ively uses ITK library [16] for basic image operations.

2. An example of clinical usage

In this section we present an example of haemodynamic simulations that utilize
presented algorithm. The coronary blood flow model was described in detail in
[21, 22, 23]. Blood flow in the coronary arteries and the aorta is simulated as 1D
axisymmetric flow of Newtonian viscous incompressible fluid through the network
of elastic tubes. The structure of the coronary network is extracted from CT images
(see Steps 2 and 4 above). On the inlet of the network we set cardiac output as the
boundary condition. On the outlets of peripheral coronary arteries we set hydraulic
resistances to simulate the myocardial perfusion. The peripheral hydraulic resist-
ance of the myocardial perfusion is personalized based on patient TPR data and
position of coronary arteries. Lower TPR (TPR < 1.0) values increase peripheral
resistances to simulate impaired perfusion.

The goal of simulations with the model of coronary blood flow is to compute
pressure and flow in coronary arteries as functions of space and time. After that,
we calculate a set of haemodynamic indices for each stenosis. We compute them
according to the following definitions.

e Fractional Flow Reserve (FFR) is the ratio of the mean pressure in a coronary
artery distal to a stenosis and the mean aortic blood pressure during hyper-
emia. FFR ranges between 0 and 1. The values of FFR between 1.0 and 0.8
correspond to insignificant stenosis. The values less than 0.8 are considered
as possible indication for PCIL.

e Instantaneous wave-free ratio (iFR) is the ratio between the mean pressure
in a coronary artery distal to a stenosis and the mean aortic blood pressure
during the diastolic wave-free period. iFR ranges between 0 and 1. The value
1.0 corresponds to an insignificant stenosis. The values less than 0.9 are con-
sidered as possible indication for PCI.

e Coronary flow reserve (CFR) is the ratio of the mean blood flow through a
stenosed vessel during hyperemia to the mean blood flow through the sten-
osed vessel under normal conditions. CFR typically ranges between 1.0 and
4.0. The values greater than 3.0 correspond to a healthy vessel. The values
below 2.0 are considered as possible indication for PCI.
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Figure 8. Segmented structure of left(red) and
right(orange) coronary arteries of a patient.
White line designates left anterior descending
artery.

We calculate FFR, CFR, and iFR in three cases: before the treatment, imme-
diately after the treatment, and 3 months after the PCI. We collect CT images and
TPR values before PCI and use them for calculating the indices before the treatment
and immediately after the treatment. In the second case we substitute occluded re-
gion with a healthy lumen. We assume that a possible microcirculation impairment
can not be recovered by increasing pressure in a short period and thus we use the
same TPR values. We use CT images and TPR values after PCI to calculate indices
3 months after the treatment. They give us data on changes of vascular lumens and
the state of microcirculatory regions.

We process anonymous retrospective data from a patient of the Clinical center
of Sechenov University. The patient suffered from a chest pain and angina. CT im-
ages showed a stenosis in the left anterior descending artery (LAD). The segmented
structure of patient’s coronary arteries is presented in Fig. 8. The white line repres-
ents LAD with a 90% stenosis in the middle part. The TPR values for myocardium
regions supplied by LAD are between 0.89 and 0.93. Invasively measured FFR for
this stenosis is 0.81, which is an unexpectedly high value for a 90% stenosis and
TPR < 0.95. The FFR value does not designate stenosis as haemodynamically sig-
nificant, but the TPR values show impaired perfusion. A stent was placed in LAD
to treat the stenosis and a second set of CT images was obtained 3 months after the
treatment.

We summarize the results of numerical simulations in Tables 1 and 2. Table 1
shows haemodynamic indices calculated with the help of TPR values of myocar-
dium regions. In the first case, the calculated FFR value (0.8) is very close to the
measured one (0.81). The iFR and CFR values were not measured. The FFR value
formally classifies the stenosis as insignificant, the iFR and CFR values classify the
stenosis as significant (iFR < 0.9, CFR < 3.0).

Table 2 shows haemodynamic indices calculated regardless the status of the
perfusion (all TPR values were set to 1.0). In this case, the FFR, iFR, and CFR
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Table 1. Calculated indices of a sten-

osis in LAD before and after the treat- Period FFR iFR CFR
ment using information on a myocar- Before PCI 0.8 0.81 2.18
dium perfusion. After PCI 099 099 261

Long-term 098 099  3.07

Table 2. Calculated indices of a sten- ; -
osis in LAD before and after the Period FFR iFR  CFR
treatment ignoring information on a Before PCI  0.77 0.8 2.32
myocardium perfusion. After PCI 099 099 2.89

Long-term 098 0.99 3.07

values classify stenosis as significant even though CFR in the second case is greater,
than in the first one.

We observe a significant difference in the computed values of FFR and CFR
before PCI in the first and second cases. We see excellent values of FFR and iFR
immediately after the treatment in both cases. We also observe intermediate values
of CFR in both cases, although the second approach provides more optimistic eval-
uation. Both models produce the same values of the indices in long-term, which can
be interpreted as a possibly successful recovery.

We note that the second method provides better prognosis in favour of actual
clinical decision, but the error of FFR evaluation (5%) is larger than that in the
first case (1%). It is interesting that both invasively measured and accurately sim-
ulated FFR do not require PCI treatment. However, the stenosis was treated and
CFR values reached a healthy threshold. The reason is as follows. The low value of
TPR downstream the stenosis indicates to a region with impaired perfusion and in-
creased terminal resistance. As a result, excessive amount of blood is accumulated
downstream the stenosis, particularly during hyperemia. It inflates the artery and
increases the pressure after the stenosis. Thus, formally FFR value increases and
FFR-based decision may incorrectly classify stenosis as insignificant. Therefore,
FFR must be accurately analyzed together with myocardial perfusion and other in-
dices (iFR, CFR).

3. Discussion and conclusions

The presented algorithms allow us to refine the pipeline for CT image processing
and personalization of the mathematical model of coronary blood flow. Some of
the presented steps were implemented in a user-friendly web-based interface for
non-invasive estimation of VFFR [27]. Our recent research shows that myocardial
perfusion defects may affect the results of computations [22]. Thus, an automated
segmentation and partitioning of the perfusion images play the vital role in improve-
ment of model accuracy [23]. The main novelty of this work is the additional model
personalization via the new CTP-segmentation technique for generation of limited
number of the perfusion zones adjusted to visible terminal vessels.

Although the segmentation algorithms were designed to be fully automatic, we
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still rely on interaction with the user. In most cases default segmentation parameters
are sufficient to construct a 1D model of the coronary network. However, locations
of stenoses and their severity should be controlled by the user. This final step should
be also automated in the future.

Better understanding of contrast matter propagation through the myocardium
tissue may improve the TPR evaluation technique and increase accuracy of the
model. The multilayer model of the myocardium [7] may be a useful tool for that.
Although the proposed pipeline needs further extensive evaluation, our first results
show that evaluation of a stenosis before PCI should take into account both frac-
tional flow reserve values and myocardial perfusion, as well as other indices, to
avoid misdiagnosis.

Acknowledgement: We acknowledge the help of Daria Gognieva, Mariam Gappo-
eva and other involved staff of Sechenov University in collecting medical data.
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