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ABSTRACT

Objective: In order to take a decision about the revascularization approach to be adopted, it
is of fundamental importance to determine whether coronary artery stenoses induce ische-
mia or not. An index, named (Fractional Flow Reserve), based on pressure measurements
has been proposed to this aim and is usually interpreted in terms of flows. The objective of
this work is to compute simultaneously pressures and flow rates in the coronary network of
patients with three-vessel disease, in order to study more precisely the relationship between
these two quantities. Approach: 22 patients have been included in the study. Some pressure
and flow rate measurements were collected during by-pass surgery. These clinical data allow
determining parameters for a patient’s specific model, based on the electric/hydraulic anal-
ogy. Collateral pathways are included in the model, as well as the severity of the disease and
the impact of revascularization. Main Results: For patients with stenoses on LAD, LCx,
LMCA and occlusion of the RCA, the flow rate delivered to the right territory is of course a
function of the aortic pressure, the left stenoses severity, and the pressure distal to the
thrombosis. But it mainly depends on the capillary and collateral resistances, and on the
proportion between them. Abnormal microvascular hemodynamics, may be present in pa-
tients with non-hemodynamic significant lesions as assessed by the pressure ratio. Complete
revascularization with the 3 grafts is demonstrated to be fully justified. The direction of
collateral flows may be reversed, depending on the pressure gradient. In any case, they re-
main low and become negligible when the 3 grafts are operating. Significance: Surgical de-
cision based only on pressure measurements may miss some real hemodynamic problems
due to the considered stenosis. This risk is even greater in case of serial stenoses.
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1. INTRODUCTION

In order to take a decision about the revascularization approach to be adopted, it is of fundamental
importance to determine whether coronary artery stenoses induce ischemia or not. The FFR index has
been proposed for this aim in 1993 [1]. It is derived from the ratio of the mean pressure distal to the steno-
sis to the mean proximal pressure. It was initially validated for isolated lesions and requires maximal
hyperemia conditions that are pharmacologically induced. Under such conditions (maximal vasodilation),
the distal micro-vascular resistances are minimal, and FFR is said to represent the maximally achievable
blood flow in the presence of a stenosis divided by the maximum flow expected in absence of the lesion. It
is commonly admitted that FFR values higher than 0.8 indicate a sufficient blood irrigation of the down-
stream territory. However, FFR measurement needs to insert a pressure guide-wire in the stenosed artery,
which itself creates hydrodynamic perturbations [2], and failure to achieve maximal hyperemia would re-
sult in an inaccuracy of the result. In some cases, the procedure is not possible at all: small or tortuous
vessels, adverse reaction to the drug...

Moreover, the transposition of the FFR concept to the case of serial lesions is not straightforward.
Due to the presence of a second stenosis in the artery, the condition of maximal vasodilation may not be
achieved. The two lesions impact each other, especially if they are particularly severe, close together,
non-concentric.

In order to overcome these limitations, some groups [3, 4] proposed to combine angiography tech-
niques (coronary computed tomography angiography (cCTA)) and computational fluid dynamics (CFD)
to get computed (or virtual) estimations of the FFR index, based on the medical images of each patient’s
coronary network. This requires detailed vessel segmentation procedure and mesh generation and the
numerical simulations are time-consuming. Other difficulties may occur: complex anatomy, calcifications,
motion artifacts, poor quality of the images... The 3-dimensional computations of flow and pressure in the
diseased arteries rely on the resolution of Navier-Stokes equations, which are not exactly appropriate in
the cases where turbulent flows exist. The other important point in the computed FFR approach is the
boundary conditions applied at the end of the reconstructed vessels [5-7]. The microcirculatory bed resis-
tances may be obtained from scaling laws of branches, relating organ size to its perfusion rate [3], or they
are chosen as averaged values coming from previous studies [4]. These microvascular resistances deter-
mine the flow rate through the stenosis and consequently the distal pressure. Such computational predic-
tions are much more difficult in case of multiple vessel disease, since the individual FFR of a stenosis gets
affected by the presence of other lesions, and there is a need for incorporating patient-specific physiologi-
cal parameters when modeling the downstream coronary resistances.

In the work presented here, the 0-dimensional approach is adopted (some introduction to the 0D
models can be found in [8, 9]). Contrary to the 3D models, lumped parameter models do not allow calcu-
lating the velocity or shear stress at any point of a vessel, but they have the benefit of requiring less time
and computational resources than 3D models. For this reason, this approach may be more affordable in
clinical routine. The clinical situation studied is severe multi-vessel coronary disease: patients have stenos-
es of the left main coronary artery (LMCA), left anterior descending artery (LAD) and left circumflex
branch (LCx), and chronic occlusion of the right coronary artery (RCA). In some patients, the coronary
disease may have induced the development of a collateral circulation. Bypass grafting has been performed
to obtain myocardial reperfusion distal to these critical coronary stenoses or thromboses. In previously
published papers [10, 11], we proposed a model based on hydraulic/electric analogy that describes this co-
ronary artery system mathematically. The MatLab simulations allow studying the influence of the severity
of native artery stenoses, of the degree of collateral supply developed by the patients and of the revascula-
rization status (no grafts, left grafts only, complete revascularization). These calculations may be consi-
dered as patient’s specific because the capillary and collateral resistances of each patient are deduced from
its own clinical data. These quantitative values of capillary resistances based on physiological measure-
ments may be used as boundary parameters for 3D computational models. Besides, the simulations pro-
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vide functional information about each stenosis: pressure data can be analyzed together with flows, in rela-
tion with the actual distal resistances.

In the first part of the paper, the procedure for clinical data collection and the principle of the electric
model are briefly recalled. Then the detailed results are shown for each patient, and an analysis of the si-
mulated pressure values is proposed in terms of distal to proximal pressure ratio for the stenoses.

2. MATERIALS AND METHODS
2.1. Clinical Data

The current study did not entail any additional therapeutic procedure other than conventional man-
agement (coronary bypass). Patients signed an informed consent to enter this observational study and for
the management of personal data with research purposes. Data were managed anonymously.

The reductions in diameter and area of the stenosed arteries were estimated from standard angio-
graphic techniques, before surgery. Angiograms were analyzed by quantitative coronary angiography
(QCA) and visual inspection by the cardiologists.

Additional clinical informations (Rentrop Score, left ventricular ejection fraction, diabetes, previous
stents, history of myocardial infarction) were also collected for each of the patients included in the study.

The off-pump coronary surgical procedure has been described previously in [12, 13]. The RCA is first
revascularized via a saphenous vein graft. Two series of measurements are performed: 7, (aortic pressure),
P, (central venous pressure), P, (pressure distal to the RCA occlusion), with the right graft clamped (0G);
and P, P, Qrcag (flow rate in the RCA graft) with the right graft opened (1G). The left coronary arteries
are then revascularized via the internal thoracic arteries. Two additional series of measurements are per-
formed: P, P., Py, Quapg and Qicxg (flow rates in the LAD and LCx grafts) with the right graft clamped
(2G); and P, Py Quapg Qiexg and Qreag with the right graft opened (3G). Flow rates are measured with an
ultrasonic transit time flowmeter (Butterfly Flowmeter 2001; Medi-Stim, Oslo, Norway), after hemody-
namic stabilization. All the quantities (flow rates and pressures) are registered as a function of time, but in
this study, we focus on averaged values (over a cardiac cycle). This is consistent with the definition of the
FFR index, that is based on mean pressure differences over time [14].

These clinical values of flow rates and pressures allow us to determine some parameters of the model,
as explained in the next Section.

2.2. Model Based on the Electrical Analogy

The three-vessel disease coronary network of the patients included in the study is represented by the
electrical analog shown in Figure 1. The hydraulic/electric analogy has yet been demonstrated by several
authors [8, 9]. Pressure and flow rate correspond to electrical voltage and current, respectively. Each seg-
ment of the coronary artery can be simulated by an elementary impedance with resistance R (hydraulic
resistance of the vessel), capacitance C (compliance of the vessel) and inductance L (inertia of the flowing
blood). The notations are as follows: for LMCA: Riyca, Gimca and Liyca, for LAD: Riap, Gap and Liap, for
LCx: Ricx, Giex and Licx, for RCA: Rrca, Crea and Lgca. Since the internal mammary arteries and the sa-
phenous vein graft have different histological structure and mechanical properties, the grafts (IMAG, used
for left coronary artery bypasses, and SVG, used for the RCA) were represented as suggested by Pietrabissa
et al. [15]. To take into account tapering, the IMAG is artificially divided into two segments of equal length
(70 mm) but of different diameters (2.8 mm and 2 mm, respectively); consequently, it is modeled by five
elements: two resistances Rimaci, Rimacz; twWo coils Livact, Livace; and a capacitor Guac. SVG is modeled by
two elements: a resistance Rsvg and a coil Lsyg. The SVG model does not include an electric capacitance as
experimental data confirm that when a vein is exposed to arterial pressure it loses its high compliance
characteristics. The myocardial capillaries fed by the left and right coronary arteries are represented only
by their resistances Riape, Ricxc and Rrcac. This approximation is convenient since the resistive effects are
preponderant for small diameter vessels like capillaries. For the same reason, the collateral vessels are also
represented only by their resistances R, 7= 1 - 5. The blood flow rates across the LAD, LCx and RCA
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Figure 1. Analog electrical model for the coronary circulation in patients with severe stenoses on
LMCA, LAD and LCx, and total occlusion of the right artery. The dotted lines represent the grafts.
All the notations are defined in the text (Section 2.2).

capillaries are denoted by Qape, Qicxes Qreac respectively. Quon and Q.ou are the collateral flow rates from
LAD towards RCA (before and after LAD stenoses, respectively), Q. and Q.5 are the collateral flow rates
from LCx (before and after LCx stenoses, respectively) and Q.o;; is the ipsilateral collateral flow rate (from
the aorta towards the RCA). Py is the pressure after the LMCA stenosis, P, after the LAD stenosis, P after
the LCX stenosis. 2, denotes the pressure at the end of the RCA branch.

Kirchhoff’s laws (current law and voltage law) apply to the circuit shown in Figure 1. The current law
says that for any junction, the sum of currents flowing into that node is equal to the sum of currents flow-
ing out of that node. The voltage law says that the sum of all the voltages around one loop is equal to zero.
For example, this means that the flow rate in the LAD artery, Qiap, will be the sum of the flow rate in the
LAD graft, Quap,, (if it exists), and of the flow rate in the stenosed native artery, QLap:. This means also that
in the absence of the right graft (Qrcag = 0, case (0G) and (2G)), the flow in the right territory (Qrca and
rcac) is provided by the collaterals only... and so on, for any node or loop. It is thus evident that any
pressure or flow rate of the network depends on the other.

In order to evaluate the severity of the ischemia in any patient and the benefit of the revascularization,
we define and calculate the total flow rate delivered to his heart, @, as follows:

Q; =Quap + Quex + Qrea (1)

2.2.1. Parameter Determination

1) Vessel resistance, inductance and compliance

As suggested by Wang et al. [16] and Pietrabissa et al [15], R, L and C can be calculated for each ves-
sel segment as follows:
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R= o (2a)
L= ::[’)’ '2 (2b)

3
-2

where =4 x 107 kg-m™'-s™' is the blood viscosity; p = 10’ kg-m™ is the blood density; £= 2 x 10° Pa is the
Young modulus of the vessel; /(m) is the vessel length; D (m) is the vessel diameter and 4 (m) is the vessel
wall thickness (estimated as: A= 0.08.D).

Table 1 shows the values of R, Land Cfor the left and right coronary arteries and grafts.

Left coronary stenoses were considered by varying the parameters of specific segments of the net as
follows [16]:

R=R,a™ (3a)
C =C,a*? (3b)
L=La™ (3c)

where a=1 - p, pis the percentage of area reduction of the stenosed vessel. R, (i, and L, are the values
when p = 0. Let us take the example of a 90% reduction area stenosis: p = 0.9; then a = 0.1 and the resis-
tance to flow of this segment is multiplied by 100.

2) Capillary resistances

These resistances (Riape, Ricxe and Rreac) are patient-specific because they are deduced from the clin-
ical data obtained in the case (3G) for each patient. When the 3 grafts are operating, the pressure is ap-
proximately the same in the left and right coronary vessels and the collateral flows towards the RCA be-
come negligible. Using the averaged values (over time) of all the measured quantities (flow rates and pres-
sures), it is possible to write for the left branches [17]:

IDl = Pao - RLADg : QLADg and PS = Pao - RLng ' QLng (4)
with

Table 1. Values of resistance (R), inductance (L), and capacitance (C) for the vessels represented in
the model.

Vessel type Resistance (mmHg-s/ml)  Inductance (mmHg-s*/ml)  Capacitance (ml/mmHg)

LMCA 0.1 0.02 0.002
LAD 0.5 0.03 0.0015
LCx 0.3 0.02 0.0011
RCA 0.3 0.02 0.0008

IMAGI 1.4 0.08 0.0054

IMAGII 53 0.17
SVG 0.2 0.04
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RLADg = RLng = RIMAGl + RIMAGZ (5)

Since
Qumeca =Quaps T Quext (6)
we get:
(Pao_PM)aEMCA :(PM_Pl)aEAD +(PM_P3)aECx @)
Rimcao Riano Ricxo

Equation (7) indicates that Py can be calculated as:

2 2 2
(24 a a
LMCA LAD LCx
P +R +P,

1
PM — * RLMCAO RLADO RLC><0 (8)

2 2 2
Aipmea |, %Lap + A cx

RLMCAO RLADO RLC)(O

Knowing A, P; and Py from Equations (4), (5), (8) and from the clinical measurements of P, Qiapg,
Qicxg Aimca, ALap, Aicx it is possible to calculate:

(PM_Pl)aEAD (PM_P3)aECX

QLapt = and Q¢ = 9)
Riapo " Ricxo
and then:
Quane =Quapg + Quams and Qi cye =Qiexg + Quoxt (10)
Finally, Riapc and Ricx are obtained as:
RLADC _ (Pao - Pv)_ RLADgQLADg and RLCXC _ (Pao - I:>v ) - RLngQLng (11)
QLADc QLCxc

For the right branch, the capillary resistance Rrca. is calculated as:

(Pao -R ) - ( Rrcag + Rrea )QRCAg
Rreac = (12)

Qreag

Wlth RRCAg = RSVG-
Variations of the capillary resistances with time
Even if we focus on cycle-averaged values, the simulations themselves are performed as a function of
time since the input data of each simulation is the corresponding P.(#). During systole, some collapse of
the coronary vessels occurs, due to the ventricular contraction, and the micro-vascular resistances are in-
creased [18]. A mathematical formulation (Equation (13)) has been proposed in Harmouche ef al. [19] to
describe this variation:
it

ROerlRosin[t J for0O<t<t

S

Reap (t)= (13)

—t, +1ty)

. n(t
Ry +J,R, sin fort, <t<T

4

In this equation, R.,, denotes either Riapc or Ricxc OF Rrcao, 01 is the fractional value of amplitude in-
crease in systole and &, is the fractional value of amplitude decrease in diastole. 7'is the heart cycle length,
t, the systolic duration, and # the diastolic duration. According to Equation (13), the maximal resistance
value (R + 6, R) would be reached when ¢ = #/2, and the minimal value (R, — &R) when = £ + (£/2).
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The parameter R, is chosen in order to ensure that:
1,7 -
?jo Ry (1) dt = R (14)

where R.,, “fixed” denotes the capillary resistances calculated through Equations (4) to (12).

However, in patients with very severe coronary disease (as it is the case with patients of this study),
the significance of the collapse effect of intramural arteries due to myocardial contraction may be reduced.

3) Collateral resistances

Due to the difficulty of determining the exact characteristics of the collateral pathways, it was as-
sumed that all the collateral resistances are the same:

Rcoll = Rcol2 = Rcol3 = Rcol4 = I:\)coIS = RcoI (15)

This resistance is also specific to each patient.

In the case of RCA occlusion and three vessel disease, the value of R, is strongly related to the value
of pressure P,. Thus, the 2, value measured in case (2G) is used as a convergence criterion to numerically
determine the convenient value of R., for the patient. The numerical simulations are performed using the
Matlab Simulink program. The value of R., is changed until the calculated 2, value converges towards the
clinically measured one.

2.2.2. Flow Rates and Pressure Simulations
Once the model parameters are determined, flow and pressure predictions can be performed in any
branch of the model and for all surgical cases.

3. RESULTS AND RELATED DISCUSSION
3.1. Medical Informations and Stenoses Severity

The medical informations collected for all the patients are gathered in Table 2.

The intensity of collateral recipient vessel filling was assessed in accordance with the Rentrop’s angi-
ographic grading system: 0 or 1 means poor collaterals, 2 means moderate collaterals, 3 rich collaterals.

Previous ischemic events and myocardial infarction (MI) may have induced microvascular dysfunc-
tion and scar tissue. This is an important point since the success of bypass construction depends on the
patency of the distal territory of the obstructed arteries [20].

Contrary to Patient 22 who previously received a bare-metal stent (BMS) on LAD, Patient 17 had a
subtotal occlusion in the LCx which was treated with a drug eluting stent (DES). He then developed severe
intra-sent restenosis, associated with other stenoses and total occlusion of the RCA. Indication to bypass
grafting (CABG) was posed.

Left ventricular function (LVEF) or operative risks such as diabetes mellitus [21, 22] are also to be
considered by the surgeons in their decision to bypass a totally occluded vessel, especially the RCA.

The measured percentages of area reduction are presented in Table 3. Most of the patients have left
main lesions with associated distal disease on the LAD and LCx artery. In patients 3, 6, 8, 15, all these ste-
noses are severe. In Patients 1, 2, 4, 5, 11, 17, 19, 20, 21, the LAD and LCx arteries are severely occluded
with no or moderate lesion on LMCA. On the contrary, Patient 7 has no area restriction on LAD and Pa-
tients 9, 10, 12, 13, 14 have no area restriction on LCx. Depending on their location, the area restrictions
will have a different physiological meaning. Flow to the LAD and LCx arteries will be reduced by any ste-
nosis on LMCA. Conversely, the presence of downstream stenosis in either LAD or LCx increases the re-
sistance distal to LMCA, thereby reducing the maximal blood flow in this segment. The situation seems
quite critical for Patients 19 and 21: two arteries totally occluded (RCA and LCx) and LAD almost totally
occluded.

3.2. Clinical Measurements during Surgery

Pressures and graft flows measured during surgery are presented in Table 4. In most cases, no
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Table 2. Patient’s medical informations.

Patient number Rentrop Score  LVEF (%)  Previous stent? Previous MI?  Diabetes Mellitus?

1 3 60 No No No
2 2 57 No Yes No
3 3 45 No Yes No
4 3 67 No Yes No
5 3 66 No No No
6 2 46 No Yes No
7 3 30 No No No
8 1 60 No No No
9 1 60 No No No
10 2 30 No No No
11 3 70 No No No
12 3 51 No No Yes
13 3 66 No No No
14 3 54 No No No
15 3 55 No No No
16 3 45 No No No
17 3 60 DES on LCx No No
18 - 70 No No Yes
19 - 55 No Yes No
20 - 55 No Yes No
21 - 62 No Yes No
22 - 60 BMS on LAD No No

Table 3. Area reduction (%) on LMCA, LAD and LCx. All the patients have 100% obstruction on
RCA.

Patient number LMCA LAD LCx
1 26 99.6 90.4
2 46.7 89 94.7
3 91.6 84.8 95.6
4 19 85.6 97
5 20.8 87.7 92.1
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Continued

6 85.6 93.7 82.4
7 79.8 0 84.8
8 86.3 69.7 89.8
9 83.2 77.9 0
10 75 92.7 0
11 0 75 86.3
12 75 84 0
13 78.8 94.7 0
14 81.5 66.4 0
15 87.7 79.7 88.4
16 75 91 100
17 0 91 91
18 75 75 99
19 0 99 100
20 19 96 96
21 36 96 100
22 75 91 91

Table 4. Pressures and graft flows measured during surgery (as explained in Section 2.1). Pressures
are in mmHg, flow rates in ml/min.

Patient PZP,(0G) P(0G) P (0G) Po(l1G) P(1G) (rea(1G) Po(2G) P(2G) P.(2G)

1 60 3 35 66 2 35 51 0 31
2 85 9 49 85 8 45 82 13 49
3 85 6 40 85 7 28 80 7 40
4 75 9 43 79 10 11 69 10 42
5 77 5 53 76 5 63 61 3 36
6 78 6 35 65 6 18 70 6 28
7 83 14 29 82 14 53 88 14 40
8 76 6 46 76 6 9 68 6 43
9 70 14 37 70 14 60 70 14 40
10 64 10 47 64 10 11 64 10 48
11 63 3 33 63 3 15 67 4 33
12 89 6 39 89 6 21 84 5 34
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Continued

13 74 3 29 74 3 23 65 3 22
14 73 10 27 73 10 52 70 9 32
15 81 8 45 59 7 38 77 7 40
16 76 12 41 73 12 70 60 12 33
17 64 10 22 59 9 28 71 6 23
18 68 11 54 76 10 56 63 10 34
19 89 17 63 66 7 50 67.5 7 36
20 78 4 37 63 3 39 78 4 40
21 57 4 33 80 4 63 52 4 33
22 90 11 58 67 8 12 94 13 76

Patient Quarg2G)  Que(2G) P.(3G) P,(3G) Quaps(3G)  Quexg(3G)  Qreag(3G)

1 34 27 61 1 40 14 66
2 23 32 86 13 21 19 45
3 22 48 85 7 19 45 74
4 59 40 75 11 57 30 26
5 24 56 67 2 18 46 69
6 11 12 64 5 14 18 30
7 28 43 78 13 28 29 51
8 38 16 64 6 28 17 10
9 24 60 82 13 23 45 51
10 20 7 60 10 18 13 14
11 5 10 59 4 4.6 9.4 12
12 46 24 84 5 37 19 22
13 28 23 62 4 20 16 19
14 33 30 68 9 26 10 56
15 45 14 59 7 24 12 37
16 40 32 73 12 32 21 55
17 18 4 71 7 14 4 18
18 - - 72 10 40 18 55
19 58 62 82.7 7 48 59 48
20 28 22 60 4 16 22 42
21 19 14 80 4 33 14 56
22 15 7 66 9 16 9 9
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significant variation of the pressure P, (pressure distal to the RCA thrombosis) was observed after per-
forming left coronary artery bypass grafts (2,(2G) compared to P,(0G)). In Patient 5, 18, 19, P,(2G) is
significantly lower than 2,(0G) and in Patient 7 and 22, 2,(2G) is higher than 2,(0G). This may be related
to a decrease (or increase) of the collateral flow towards RCA or to the left grafts themselves, or to the sta-
tus of LAD and LCx distal bed. As a rule, the absence of variation of P, before and after left coronary ar-
tery revascularization suggests that grafting of the occluded right coronary artery remains justified (mean
value over the 22 patients: 2,(0G) = 40.68 + 10.49 mmHg and 2,(2G) = 37.86 £ 10.92 mmHg).

Graft blood flow depends on the gradient of pressure between mean aortic pressure and the pressure
present in the distal coronary bed, on the extent of native coronary arterial obstruction, on the size and
resistance of the supplied area, on the mechanical properties of the graft itself, on the distal anastomosis...
Blood flow through saphenous vein grafts is known to be higher than blood flow through ITA grafts to the
same target area [23]. This is the case in most of the patients of this study, except Patient n°4, n°8, n°22.

Patients 6, 10, 11, 17, and 22 have mean graft flows lower than 20 ml/min. As indicated by Takami
and Takagi [24], such values may be considered as critically low. Among these patients, we can notice that
Patient 6 had a previous myocardial infarction, Patient 10 has low LVEF (30%), Patient 11 has a Rentrop
Score equal to 3, Patient 17 had previously a DES on LCx and Patient 22 had previously a BMS on LAD.

Kaku et al. [25] established an inverse correlation between the Rentrop grade and the flow rates in the
Left Internal Thoracic Artery: the higher the Rentrop grade, the lower the flow rates in the graft (Rentrop 0
or 1: mean graft flow = 50.4 + 26.3 ml/min; Rentrop 2: MGF = 43.1 + 24.1 ml/min; Rentrop 3: MGF = 32.6
+ 14.4 ml/min). Our data do not follow such a clear trend, and in any case, they are in a slightly lower
range of values. Kaku et al [25] address the question of the competition between graft flow and collateral
flow; however, some good collateral circulation may have also preserved left ventricular contractility and
patency of the distal segments of obstructed arteries, thereby maintaining conditions which are favorable
for the construction of successful coronary bypass grafts.

A decrease in blood flow occurs across the LAD graft, A Q.ap,, and across the LCx graft, A Qicx, after
unclamping the saphenous vein graft implanted on the occluded RCA. The mean values of these drops for
the whole group of patients (except Patient 18) are: A Quapg = Qapg(2G) — QLapg(3G) = 3.88 £ 7.22 ml/min,
and A Qucxg = Quexg(2G) — Quexg(3G) = 5.31 + 7.28 ml/min. In the situation (3G), all the grafts are operating
and the role of the collateral network becomes negligible (because the pressure gradient across the colla-
teral network drops to almost zero). The drops in the grafts AQ.ap; and A Qicxs may thus represent the
amount of collateral blood flow contributed by the left grafts in the situation (2G) [13].

Borowski et al. [26] provided flow measurements in RCA-graft in case of revascularization of chroni-
cally occluded RCA. In diabetic patients, they found 50 ml/min, which corresponds to the values of
Qreag(1G) and Qreag(3G) for Patient 18 of this study. However, the flow rates measured for Patient 12
(who is diabetic also) are significantly lower (about 20 ml/min).

3.3. Calculated Capillary and Collateral Resistances

The microvascular resistances were calculated as explained in Section 2.2.1, for each patient. The re-
sults are presented in Table 5. An important dispersion of the values can be noticed: from 41.5 to 354.9
mmHg-s/ml for Riap., from 28.6 to 808.3 mmHg-s/ml for Ricy, from 54 to 379.5 mmHg-s/ml for Recac
from 165 to 2980 mmHg-s/ml for the collateral resistances. In terms of averaged values (n = 22), this
yields: Riape = 152.8 £ 944 mmHg-s/ml, R = 192.2 £ 168.8 mmHg-s/ml, Rrcac = 138.7 £ 96.7
mmHg-s/ml. Excluding the values of Patients 6, 8, 11, 12, 13, and 17, which are clearly out of the normal
range, a reference for collateral resistances may be obtained by averaging the values of all the other 16 pa-
tients. Such a mean value would be: R.; = 411.6 = 128.1 mmHg-s/ml. Xie et al [27] adopted a value of 240
mmHg-s/ml for the microvascular resistance distal to a single stenosis. This corresponds to the range of
our data.

No clear correlation with previous MI or Rentrop score can be evidenced.

As regards the influence of diabetes mellitus, an elevated value was obtained for the collateral resis-
tance of Patient 12, but this is not the case for Patient 18. This result confirms the conclusion of Zbinden
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Table 5. Values of the capillary and collateral resistances (all in mmHg-s/ml).

Patient Riape Ricxe Recac Rl
1 83.3 207.8 54 165
2 174.5 210.8 96.8 430
3 207.4 94.1 62.7 350
4 47.5 119.1 147.2 580
5 175 68.7 56.0 200
6 239.1 130.4 117.5 1085
7 41.5 116.2 76 655
8 73.1 190.4 347.5 1075
9 354.9 28.6 80.7 415
10 155.6 49.9 213.8 405
11 391.2 243.6 274.5 1595
12 101.8 57.6 215 1765
13 165.5 58 182.7 1980
14 67.1 392.8 62.7 495
15 91.9 236 83.8 440
16 97.4 167.6 66 410
17 241.4 808.3 212.8 2980
18 50.8 199.7 67.1 385
19 87.8 70.2 94.1 480

20 199 141 79.5 405
21 128.7 319 80.9 255
22 187.6 319.2 379.5 515

et al. [28], who could not demonstrate any influence of diabetes mellitus on coronary collateral flow.

In Patient 17, remarkably elevated collateral resistance and LCx capillary resistance are observed,
pertaining to the LCx artery affected by restenosis of a DES. This suggests deterioration of coronary beds
distal to the DES itself, due to the released anti-proliferative drugs [29].

3.4. Flows in LMCA Branch

The simulated values for the flows in left main coronary artery, Quuca, are gathered in Table 6. High
values (>115 ml/min in the case (0G)) are found in Patients 7, 9, 12. Each of these patients has at least one
artery without blockage (Patient 7: 0% stenosis on LAD; Patients 9 and 12: 0% stenosis on LCx), associated
with moderate restrictions on the two other segments. Conversely, Patients 17, 19, 21 suffer low perfusion
rates (<21 ml/min in the case (0G)). Surprisingly, it seems that this can be related to very severe stenoses
on LAD and LCx, but not on LMCA. This provides evidence that the functional impact of the
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Table 6. Flows in LMCA branch (in ml/min).

Patient Qumca(0G) Quvea(1G) Quvea(2G) Qumca(3G)
1 40.7 14.0 18.0 2.9
2 50.2 32.1 14.0 4.4
3 48.3 26.8 114 3.7
4 71.7 63.6 21.0 16.2
5 84.2 49.7 25.3 9.7
6 47.2 31.3 12.2 7.7
7 129.7 113.6 71.9 56.0
8 68.2 62.3 18.2 15.2
9 116.6 101.7 58.9 64.5
10 80.1 70.7 50.1 41.7
11 27.5 22.7 12.1 7.5
12 125.7 119.1 65.6 61.8
13 84.5 79.4 43.2 38.0
14 73.8 56.5 28.1 194
15 65.8 34.0 17.1 7.7
16 37.3 20.6 10.5 3.3
17 17.3 13.2 4.4 2.2
18 70.3 63.5 31.8 26.3
19 13.2 0.6 7.9 0.1
20 36.0 14.6 13.0 1.2
21 20.7 7.7 9.4 0.8
22 37.9 21.7 8.6 3.0

LMCA stenosis strongly depends on the downstream stenoses (LAD and LCx stenosis). Reciprocally, the
flow in LMCA will determine the flow in LAD and LCx and in the collateral pathways Q.1 and Q... Such
a hemodynamic interplay between serial stenoses is addressed in the literature by several authors [30, 31].

Besides, a decrease of Quuca can be noticed when the number of operating grafts increases. Averaged
values over the whole group of patients yield: 61.2 = 33.4 ml/min in the case (0G), 46.3 + 34.5 ml/min in
the case (1G), 25.1 + 20.0 ml/min in the case (2G) and 17.9 £ 20.9 ml/min in the case (3G). This is not
surprising since the presence of the right graft changes the pressure 2, and the presence of the left grafts
also increases P, and Ps. They become close to 7, because the pressure drop in the graft is small. The
pressure P, impacts Py through the collateral pathways, and thus it also impacts the flow in LMCA. The
pressures P and 25 directly impact the flow in the native stenosed left arteries (because the transtenotic
pressure gradient is reduced).
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3.5. Perfusion of the Left Territory

Results of the simulations for the flows in LAD (resp. in LCx) are presented in Table 7 (resp. Table 8)
and results for the perfusion of capillaries distal to LAD (resp. LCx) are presented in Table 9 (resp. 10).
Some striking values for the flow in the native LAD artery (Q.ap1) may be noticed in the initial situation
(0G): almost no flow (<1 ml/min) for Patients 1 and 19, corresponding to very severe LAD stenoses (al-
most total obstruction), and conversely, the highest flow rate for Patient 7 (91.4 ml/min), corresponding to
an absence of stenosis. The same remark also applies for the flow in the native LCx artery (Q.cx(0G)): al-
most no flow (<1 ml/min) for Patients 16, 18, 19 and 21, corresponding to almost 100% LCx obstruction,
and conversely, the highest flow rates (>63 ml/min) for Patients 9, 10, 12, 13, corresponding to an absence
of stenosis.

Table 7. Flows in LAD branch (in ml/min). In the cases (0G) and (1G), we have: Quap1 = Qrap, since
QLADg =0.

Patient Qapi(0G) Qapi(1G) Quai(2G)  Quang(2G) Quan(2G)  Quami(3G)  Quang(3G)  Quan(3G)

1 0.07 0.07 0.01 39.3 39.3 0.01 38.7 38.7
2 23.6 19.7 3.6 235 27.0 3.2 20.8 24.0
3 20.9 16.0 -1.7 28.2 26.5 2.6 19.1 21.7
4 56.1 56.1 14.9 54.1 69.0 15.6 56.6 72.2
5 25.8 18.0 4.2 21.6 25.8 3.5 17.7 21.1
6 11.6 8.3 0.3 17.5 17.8 0.3 14 14.3
7 914 87.2 62.8 41.4 104.2 55.6 32.7 88.3
8 48.0 46.9 15.8 33.2 49.0 15.3 294 44.7
9 10.6 6.5 -12.1 25.1 13.0 -14.6 254 10.8
10 12.0 10.6 0.3 21.6 21.9 0.3 17.9 18.2
11 10.2 9.0 4.8 6.0 10.8 3.7 4.6 8.3

12 39.7 38.3 6.0 39.5 45.5 5.9 38.0 43.9
13 11.8 11.1 0.1 22.7 22.8 0.1 20.1 20.1
14 52.2 48.8 23.0 324 55.5 22.8 27.0 49.7
15 39.1 25.7 8.3 39.0 47.3 7.5 24.3 31.8
16 25.0 20.8 2.7 284 31.1 3.3 31.6 35

17 11.1 9.7 1.6 15.0 16.7 1.5 14.0 15.5
18 59.0 63.5 23.2 38.2 61.4 26.7 40.5 67.2
19 0.8 0.6 0.05 41.5 41.5 0.06 47.4 47.5
20 8.7 54 0.5 26.1 26.6 0.3 15.8 l6.1
21 6.8 7.6 0.5 24.4 25.0 0.7 32.3 33.0
22 18.8 12.8 2.4 24.4 26.8 1.6 15.8 17.4
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Table 8. Flows in LCx branch (in ml/min). In the cases (0G) and (1G), we have: Qicx = QLo since
Qchg = 0.

Patient Qca(0G) Qen(1G)  Qea(2G)  Quexg(2G)  Quexl(2G)  Qen(3G)  Qen(3G)  Qex(3G)

1 19.8 13.8 34 17.4 20.8 2.8 13.7 16.5
2 15.4 12.4 1.3 21.9 23.2 1.1 18.8 19.9
3 15.0 13.8 0.6 48.4 49.0 1.4 444 45.8
4 8.0 7.5 0.5 29.9 30.5 0.5 29.7 30.2
5 37.4 31.7 6.2 46.0 52.1 6.1 44.9 51.0
6 30.6 234 7.4 23.0 30.4 7.5 18.6 26.1
7 31.2 27.6 1.1 38.8 39.9 1.0 30.5 31.5
8 17.6 16.3 -0.06 20.1 20.1 0.1 17.4 17.5
9 99.5 97.7 63.8 46.5 110.3 80.5 51.4 132.0
10 63.3 61.0 45.6 18.8 64.5 41.9 15.8 57.8
11 14.9 13.7 4.7 11.7 16.4 3.8 9.4 13.2
12 82.7 81.1 56.4 24.5 80.9 56.1 23.3 79.4
13 69.9 68.6 40.7 22.0 62.7 38.1 19.5 57.6
14 13.1 8.6 -3.7 17.1 13.4 -3.1 11.8 8.7

15 17.8 9.8 -0.5 22.3 21.9 0.5 12.3 12.7
16 0.01 0.01 0 20.0 20.0 0 20.7 20.7
17 4.5 35 0.8 4.9 5.7 0.7 4.0 4.7

18 0.9 0.8 0.02 19.5 19.5 0.02 17.8 17.8
19 0.01 0.0002 0.0045 50.1 50.2 0 58.3 58.3
20 13.7 9.1 1.2 33.8 35 0.8 21.7 22.5
21 0.0 0.0 0.0 12.9 12.9 0.0 13.7 13.8
22 14.3 9.1 2.1 14.7 16.8 1.4 9.0 104

Table 9. Flows in LAD capillary area (in ml/min).

Patient Quap(0G) Quap(1G) Quap(2G) Quanc(3G)
1 6.8 154 33.6 40.1
2 20.3 21.6 22.8 24.3
3 16 18.4 20.2 22
4 54.6 58.4 66.8 72.8
5 19.6 20.9 19 21.5
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Continued

6 10.5 9.5 15.6 14.4
7 87.9 87.8 100.2 88.6
8 46.9 47.6 47.8 44.9
9 7.6 7.8 9.05 11.15
10 12.4 13.4 19.9 18.5
11 9 9 9.55 8.3

12 38.5 38.9 43.95 44

13 114 12.2 21.6 20.2
14 48.4 49.65 51.3 50

15 35.7 27.1 42.8 32.1
16 22.6 24 27.6 35.45
17 10.5 9.9 15.8 15.5
18 55 65.1 57.5 67.8
19 3 6.7 38.1 48.1
20 8.6 9.5 214 16.3
21 8.1 16.8 21.15 33.75
22 18.6 14.4 25 18.15

Apart from these extreme situations, an important decrease of the flow in the native stenosed arteries
(Quapi and Qicx) can be observed when the left grafts are operating. This phenomenon can be attributed
to increased distal pressure induced by the graft, decreasing transtenotic flow. This could promote the de-
velopment of the native disease in these branches. Although the idea of flow competition between the graft
and the native artery is commonly admitted, an accelerated progression of native vessel obstruction after
surgical coronary bypass grafting has been well documented [32, 33]. Experimental measurements pro-
vided by Stein et al. [34] in a hydrodynamic model of the cardiovascular system confirm this finding: the
aorta-coronary bypass eliminates the pressure gradient across the stenotic coronary segment, and this
causes a reduction of flow in the native artery, which may accelerate the atherosclerotic process. Besides,
low flow in a graft may be due to other causes than competition with the transtenotic flow: for example,
high resistance in distal microvessels. Overall, the perfusion of the LAD territory (Qiap) and of the LCx
territory (Qicx) is improved in the presence of the left grafts, but this improvement remains moderate.

Referring to the network of Figure 1, one can easily deduce from mass conservation laws that:

Quap =Quapg + Quaps = Qeos + Quane and Quex =Qiexg + Quext = Qeots + Quexe (16)

Consequently, in the case of moderate stenoses on LAD (or LCx), and important resistances of the
collateral pathway (R (or Reis)) and microvascular territory (Riape (or Ricx)), blood coming from the
graft will preferentially flow through the native artery rather than through the collateral pathway and to-
wards the distal capillaries, because the resistance of the native artery is smaller. We thus obtained a nega-
tive Quap: (Patient 9) or Qica (Patient 14) flux. Retrograde flow in the native artery has yet been predicted
by some computational works or in vitro experiments [15, 35]. Besides, backflow is also known to occur
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naturally due to the changes in the relative importance of stenotic resistance against distal capillary resis-
tance between systole and diastole. During systole, in which distal capillary resistance becomes high due to
myocardial compression, the stenotic resistance is much less important than distal resistance. This has
been illustrated, among others, by Nordgaard et al [36] who measured LAD and LIMA flow profiles in a
porcine model under different rates of LAD occlusion.

As it was already mentioned for the branch flow (Quap and Qicy), it can be seen from the results of
Table 9 and Table 10 that the perfusion of the distal capillary areas of these branches (Qiapc) and (Qicexc) is
moderately improved in the presence of the left grafts. Averaged values calculated over the 22 patients are
as follows (all in ml/min): QLapc(0G) = 25.1 + 21.7, Quap(1G) = 26.5 £ 22.0, Quanc(2G) = 33.2 *+ 21.7,
Quapc(3G) =34.0 £ 21.4; and Quexc(0G) = 24.7 *+ 27.2, Quex(1G) =26.0 £ 26.9, Quexc(2G) = 32.8 = 25.8,
Qex(3G) = 34.3 £ 29.9. This is due to the notable decrease of the flow in native artery when the left grafts
are operating, so that the sum of these contributions is not very much improved. The LAD capillary perfu-
sion remains particularly low, even in the case (3G), for Patient 9 (Quap: < 0) and for Patient 11 (flows in
the left grafts < 10 ml/min). Very low values of Qicx are also obtained for Patient 14, 17 and 21, in correla-
tion with elevated values of the LCx capillary resistance (Ricxc).

Table 10. Flows in LCx capillary area (in ml/min).

Patient QLcx(0G) Quexc(1G) Quexc(2G) Quex(3G)
1 13.25 16.3 14.2 16.9
2 13.6 15.5 18.9 20.1
3 154 21.3 43.1 46.55
4 9.1 12.1 28.05 30.5
5 36 39.3 46.1 52.3
6 28.4 23.8 28.2 26.2
7 28.25 28.7 359 31.8
8 16.7 17.2 18.8 17.6
9 96.3 98.9 106.7 132.8
10 60.9 61.4 62.4 58.05
11 13.8 13.8 15.2 13.2
12 81 81.3 79.3 79.5
13 68.5 68.7 61.5 57.7
14 8.8 9 9 8.8
15 14.3 11 17.2 12.85
16 2.1 6.3 16.4 21
17 3.7 3.5 4.7 4.7
18 2.7 7.3 15.3 18
19 2.4 6.4 46.95 59.1

20 13.2 13.3 29.9 22.8
21 2.4 7.9 8.7 14.1
22 12.9 9.8 14.9 10.5
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3.6. Flows in RCA Branch, and Total Flow, Q:

Results for blood delivery in the right territory are gathered in Table 11. Flow to this area seems crit-
ically low for Patient 6, 8, 10, 11, 12, 13, 17, 22, in the case (0G). In a previous study [17], we demonstrated
mathematically that the collateral resistance, R.,;, and the RCA capillary resistance, Rrcac, are preponderant
factors for the perfusion of the right territory, in comparison with the other parameters. Indeed, collateral
resistance is abnormally high in Patients 6, 8, 11, 12, 13, 17 and RCA capillary resistance is abnormally
high for Patients 8 and 22. Patient 17 and 22 had previous stent revascularization. Comparing situations
(0G) and (2G), data of Table 11 also demonstrate the obvious necessity of the RCA bypass: the left grafts
alone do not induce a satisfactory improvement in Qrca and Qkca.. The same remark also applies to the
results obtained for the total coronary flow, Q. The averaged Q value (over the 22 patients) is 66.1 + 33.1
ml/min in the case (0G), 92.5 + 38.6 ml/min in the case (1G), 83.8 + 32.4 ml/min in the case (2G), 107.6 +
43.5 ml/min in the case (3G). Complete revascularization with the 3 grafts is thus fully justified. However,
even in the case (3G), Q. remains lower than 40 ml/min in Patients 11, 17, 22, due to low flow in the
grafts and/or poor status of the distal run-off.

3.7. Collateral Flows

Results for collateral flows are presented in Table 12. Collateral blood flow is controlled by two fac-
tors: the pressure difference between the feeding artery and the receiving artery and the collateral resis-
tance. The highest flows are obtained for Patient 1 and 5, in the case (0G): they are around 10 ml/min, asso-
ciated with a pressure gradient (2, — £,) around 25 mmHg. This yields a flow capacity of 0.4 ml/min/mmHg,
that can be compared to the data given by Rockstroh and Brown [37]: 0.68 ml/min/mmHg. Collateral
perfusion is notably low in the cases (0G) and (2G) in Patients 6, 8, 11, 12, 13, 17 and 22: the sum of all
the contributions of the 5 connections, Q.oisum, remains lower than 11 ml/min, due to elevated values of
R, or to previous stent implantation. Such a blood supply would not be enough to prevent myocardial
ischemia in the right area [38]. In some situations, negative Q.. values are obtained, meaning that the
direction of collateral flow is reversed. This happens when the pressure in the left arteries (P or A) is
lower than 2, either due to very severe stenoses on LAD and LCx (Patient 1, 18, 19, 21), or to the re-
vascularization of the right artery (case (1G)). Such reverse collateral flows have already been reported
in the literature [39-41]. When the revascularization is complete (Case (3G)), the pressure in both left
and right arteries is almost aortic pressure. No more pressure gradient exists and the collateral flows
become negligible. Loss of collateral flow after revascularization agrees with the findings of previous
studies [25, 42-44].

3.8. Pressures

Simulated data for the pressure everywhere in the network are shown in Table 13. In the case (0G), as
expected, the highest pressure drops in the left arteries are correlated to the most severe area reductions.
This can be noticed for Patients 1, 19, 21, as regards £,, — P, (pressure drop in LAD) and for Patients 16,
18, 19, 21, as regards P,, — P; (pressure drop in LCx). The right graft (case (1G)) allows to get a pressure
level equivalent to aortic pressure in RCA (2.(1G) = P,(1G) = P(1G)), but it also modifies the pressures
on the left side, due to possible reversed flow in the collateral network. A modification of the aortic pres-
sure itself can also be noticed for Patients 15, 18, 19, 20, 21, 22. In the case (2G), pressure drops in LAD
(P — P) and in LCx (P, — Ps) are about a few mmHg, and correspond to the pressure drop in the inter-
nal mammary artery grafts. As discussed in Section 3.2, it appears that the pressure distal to the RCA
thrombosis, 7., is not significantly improved by the left grafts. Of course, in the case (3G), all the pressures
reach a level close to the aortic pressure.

It is important to mention that the influence of graft anastomoses and of collaterals is de facto in-
cluded in these pressure data since the parameters used to build the model are deduced from clinical mea-
surements (with the grafts operating).
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Table 11. Flows in RCA branch and total flow, Q: (in ml/min).

Patient (kca(0G) (rea(1G)  rea(2G)  Qrea(3G)  Qreag(1G)  Qreag(3G)  Gread(0G)  Qrea(1G)

1 31.3 88.0 21.8 67.8 87.7 67.5 31.1 70.3
2 16.8 52.4 13.8 45.5 52.4 454 21.9 47.4
3 21.3 83.8 19.2 75.0 86.7 75.3 25.7 73.9
4 114 34.9 8.4 26.9 34.9 26.9 11.8 28
5 31.5 85.7 22.4 70.8 85.6 70.6 39.2 75.3
6 7.7 31.5 6.8 30.2 31.9 30.2 11.1 30.0
7 11.4 55.0 12.4 51.6 56.1 52.1 17.8 53.3
8 4.5 13.6 3.9 10.3 14.4 10.4 6.5 12.1
9 11.3 439 11.6 52.1 46.3 53.5 17.5 41.4
10 7.7 18.3 6.6 14.5 19.1 14.9 9.7 15.1
11 3.7 13.3 3.8 12.0 13.2 12 5.9 13.1
12 5.2 23.8 4.9 22.2 24.1 22.3 8.1 23.1
13 4.4 24.5 3.8 19.1 24.7 19.2 6.3 23.2
14 13.4 61.0 13.3 56.4 61.9 56.6 21.6 59.8
15 14.7 39.5 144 37.5 40.9 37.7 21.6 37.0
16 18.6 64.4 11.8 55.7 64.5 55.7 18.8 54.9
17 2.4 14.3 2.9 18.0 14.3 18.0 3.8 14.0
18 16.1 66.7 13.2 56.0 67.3 56.2 18.4 58.5
19 18.7 49.9 11.8 494 49.9 49.4 14.1 37.4
20 20.4 53.3 16.9 42.6 53.3 42.5 21.0 45
21 20.9 73.1 134 57.1 73 57 17.2 56
22 7.4 11.7 6.2 9.3 11.9 9.4 9.0 9.3
Patient Qreac(2G) Qreac(3G) Q(0G) Q(1G) Q(2G) Q(3G)
1 34.2 66 51.2 101.9 81.9 123
2 22.3 45 55.8 84.5 64.0 89.4
3 31.5 74 57.2 113.6 94.8 142.5
4 13 26.0 75.5 98.6 107.9 129.4
5 35.2 69 94.8 1354 100.4 142.9
6 11.2 30.0 50 63.2 55.0 70.6
7 20.4 51.0 134.0 169.8 156.6 171.4
8 6.4 10.0 70.0 76.7 73.0 72.5
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Continued

9 19.2 51.0 121.3 148.1 134.8 194.9
10 10.6 14.0 83.0 89.9 92.9 90.5
11 6.3 12.0 28.7 35.9 31.0 33.6
12 8.1 22.0 127.6 143.3 131.3 145.5
13 6.2 19.2 86.1 104.2 89.3 96.9
14 21.9 56 78.8 118.5 82.2 114.9
15 23.6 37.0 71.6 75.0 83.6 82.0
16 18.9 55.0 43.6 85.1 62.9 111.4
17 4.8 18.0 18.1 27.5 25.3 38.2
18 21.3 55.1 76 131 94.1 141

19 18.4 48.0 19.5 50.5 103.6 155.2
20 27.1 42.0 429 67.9 78.5 81.2
21 21.4 56.0 27.7 80.8 51.3 103.8
22 9.9 9 40.5 33.6 49.9 37.2

Table 12. (a) Collateral flows (in ml/min). Case (0G); (b) Collateral flows (in ml/min). Case (1G); (c)
Collateral flows (in ml/min). Case (2G); (d) Collateral flows (in ml/min). Case (3G).

(a)

Patient Q-11(0G) Q.13(0G) Q.04(0G) Q.05(0G) Q-o15um(0G)
1 104 10.5 -6.75 6.55 31.1
2 5.6 5.65 3.3 1.8 21.95
3 6.2 8.9 4.9 -0.4 25.8
4 3.8 3.8 1.5 -1.1 11.8
5 10.5 10.6 6.2 1.4 39.2
6 2.5 2.8 1.1 2.2 11.1
7 3.6 4.2 3.5 2.95 17.85
8 1.3 1.8 1.1 0.9 6.4
9 33 4.7 3.0 3.2 17.5
10 2.4 2.9 -0.4 2.4 9.7
11 1.2 1.2 1.2 1.1 5.9
12 1.7 1.8 1.2 1.7 8.1
13 1.4 1.6 0.4 1.4 6.2
14 4.3 4.9 3.8 4.3 21.6
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15 4.4 5.8 34 3.5 21.5
16 6.1 6.3 2.4 -2.1 18.8
17 0.8 0.8 0.6 0.8 3.8
18 53 5.7 4.0 -1.8 18.5
19 6.2 6.2 -2.2 -2.4 14
20 6.8 6.8 0.1 0.5 21
21 7.0 7.0 -1.3 -24 17.3
22 24 2.6 0.2 1.4 9
(b)
Patient Qon(1G) Quo3(1G) Qoa(1G) Quois(1G) Qeolsum(1G)
1 0.1 0.01 -15.3 -2.5 -17.6
2 -0.01 0.02 -1.9 -3.1 -5.0
3 -1.5 0.05 -2.4 -7.5 -12.85
4 -0.01 0.01 -2.3 -4.6 -6.9
5 0.03 0.08 -2.9 7.6 -10.4
6 -0.2 0.01 -1.2 -0.4 -2.0
7 -0.6 0.02 -0.6 -1.1 -2.9
8 -0.4 0 -0.7 -0.9 -24
9 -1.2 0.02 -1.3 -1.2 -4.9
10 -0.4 0.01 -2.8 -0.4 -4.0
11 0 0 -0.04 -0.1 -0.1
12 -0.15 0 -0.6 -0.2 -1.1
13 -0.1 0 -1.1 -0.1 -1.4
14 -0.4 0.02 -0.85 -0.4 -2.0
15 -0.7 0.02 -1.4 -1.2 -4.0
16 -0.08 0.03 -3.2 -6.3 -9.6
17 0 0 -0.2 -0.04 -0.2
18 -0.3 0.03 -1.6 —-6.5 -8.7
19 0.02 0.02 -6.1 -6.4 -12.4
20 0.02 0.03 -4.1 —4.2 -8.2
21 0.05 0.06 -9.2 -7.9 -17.0
22 -0.1 0.005 -1.6 -0.7 -2.5
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(o)

Patient Q.u(2G) Quo3(2G) Quos(2G) Qu5(2G) Qeotsum(2G)
1 7.3 7.3 5.7 6.6 34.2
2 4.6 4.6 4.2 4.3 22.3
3 6.2 6.8 6.3 5.9 31.4
4 2.8 2.8 2.2 2.45 13.05
5 7.5 7.5 6.8 6.0 35.3
6 2.25 2.3 2.2 2.2 11.2
7 4.0 4.4 4.0 4.0 20.4
8 1.3 1.4 1.2 1.3 6.5
9 3.65 435 3.95 3.6 19.2
10 2.1 2.4 2.0 2.1 10.7
11 1.3 1.3 1.25 1.2 6.35
12 1.6 1.7 1.55 1.6 8.05
13 1.2 1.3 1.2 1.2 6.1
14 4.4 4.6 4.2 4.4 22
15 4.7 5.0 4.5 4.7 23.6
16 3.9 4.0 3.5 3.6 18.9
17 1.0 1.0 0.9 1.0 4.9
18 4.35 4.5 3.9 4.2 21.3
19 3.9 3.9 3.4 3.25 18.35
20 5.6 5.6 5.2 5.1 27.1
21 4.5 4.5 3.85 4.2 21.55
22 2.1 2.1 1.8 1.9 10

(d)

Patient Q.11(3G) Qu3(3G) Qeoa(3G) Qeoi5(3G) Qeotsum(3G)
1 0.1 0.1 -1.4 —0.4 -1.5
2 0.02 0.02 -0.3 -0.2 —0.44
3 -0.16 0.04 -0.3 —0.75 ~1.33
4 0 0.01 -0.6 -0.3 —0.89
5 0.06 0.07 —0.4 -1.3 ~1.51
6 ~0.04 0.01 -0.07 -0.1 -0.24
7 -0.3 0.02 -0.3 -0.3 -1.18
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8 -0.1 0 -0.2 -0.1 -0.5

9 -0.7 0.03 -0.35 -0.8 —-2.52
10 -0.2 0.01 -0.3 -0.25 -0.94
11 0 0 -0.02 -0.04 -0.06
12 -0.08 0 -0.1 -0.08 -0.34
13 -0.06 0 -0.06 -0.06 -0.24
14 -0.14 0.02 -0.3 -0.1 -0.66
15 -0.15 0.02 -0.3 -0.15 -0.73
16 0.01 0.03 -0.45 -0.3 -0.7

17 0 0 -0.03 -0.01 -0.04
18 -0.1 0.03 -0.6 -0.2 -0.97
19 0.02 0.02 -0.6 -0.8 -1.34
20 0.02 0.02 -0.2 -0.3 —-0.44
21 0.04 0.04 -0.75 -0.3 -0.93
22 -0.01 0.004 -0.2 -0.1 -0.32

Table 13. Pressure values (in mmHg).

Patient P(0G) Pu(0G) P,(0G) P (0G) P(0G) P5(0G) P(1G) Pu(1G)

1 60 59.8 31.1 12.5 31 49 66 65.9
2 85 84.5 44.4 68 444 57 84.9 84.7
3 85 69 33 61.4 32.9 30.3 84.9 76.1
4 75 74.7 38 52.3 379 27.0 79 78.7
5 77 76.6 41.7 62.3 41.6 46.2 76 75.8
6 78 72.7 27.7 47.9 27.7 67.7 65 61.4
7 83 75.6 36.6 74.8 36.6 68.8 81.9 75.5
8 76 67.5 43.5 63.1 43.4 59.1 76 68.2
9 70 60.3 37.6 58.5 37.5 59.8 69.9 61.5
10 64 61 44.6 42.1 44.6 60.6 64 61.3
11 63 62.9 30.2 61.5 30.2 58.9 63 62.9
12 89 84.2 35 71.3 35 83.8 88.9 84.5
13 74 69.5 22.1 34.4 22 69.2 73.9 69.8
14 73 67.9 32.6 64.1 32,5 67.8 72.9 69.1
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15 81 70.7 38.2 62.8 38.2 64.1 59 53.7
16 76 74.6 32.7 48.8 32.7 18 73 71.7
17 64 63.9 23.4 52.5 23.4 61.1 59 58.9
18 68 65.4 31.7 57.5 31.6 20 76 73.6
19 89 89 39.1 214 39.1 19.8 66 66
20 78 77.9 31.9 32.5 31.8 35.1 63 63
21 57 56.9 27.2 21.5 27.2 16.9 80 80
22 90 88.6 67.8 69.2 67.8 79.8 67 66.2

Patient P,(1G) PA(1G) P(1G) P(1G) P,(2G) Pu(2G) P.(2G) P(2G)

1 65.7 23.3 65.3 58.4 51 50.9 30.9 46.6
2 84.8 70.8 84.5 62.5 81.9 81.8 49 79.3
3 84.6 70.3 84.3 40.5 79.9 76.2 40.0 76.8
4 78.8 56.3 78.7 34 69 68.9 41.9 62.9
5 75.7 65.8 75.3 50 61 60.9 36 58.5
6 64.8 43.7 64.7 57.7 70 68.6 28 68
7 81.8 74.8 81.5 69.5 87.9 83.8 39.9 83.3
8 75.9 63.9 75.8 60.4 68 65.7 43 64.2
9 69.8 60.4 69.6 61.1 69.9 65.1 39.9 67.2
10 63.9 44.7 63.8 61.0 64 62.1 48 61.6
11 62.9 61.7 62.9 59.2 67 66.9 32.9 66.3
12 88.9 72 88.8 84.1 83.9 81.5 34 79.5
13 73.9 36.7 73.8 69.5 65 62.7 22 62.4
14 72.7 65.5 72.5 69 70 68 32 66.3
15 58.8 48.4 58.7 50 77 74.3 40 72.6
16 72.2 50.8 72.5 29.6 60 59.6 32.9 56.8
17 58.9 48.9 58.8 56.8 71 70.9 23 69.3
18 75.8 65.2 75.5 34.1 63 61.8 33.9 58.7
19 65.8 16.8 65.6 14.5 67.5 67.5 36 62.8
20 62.8 34.7 62.6 34.4 78 78 40 75.1
21 79.8 40.2 79.5 46 52 51.9 32.9 49.3
22 67 53 66.9 60.6 94 93.7 75.9 91.2
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Patient P(2G) P(2G) P(3G) Pu(3G) P,(3G) P(3G) P(3G) P(3G)

1 30.8 49.0 61 60.9 60.7 56.6 60.4 59.4
2 48.9 79.5 85.9 85.9 85.8 83.6 85.6 83.9
3 39.9 74.5 84.9 83.7 84.7 82.8 84.4 80
4 41.9 65.6 75 74.9 74.9 68.6 74.7 71.6
5 35.9 55.8 67 66.9 66.7 65 66.4 62
6 27.9 67.4 64 63.1 63.9 62.4 63.7 61.9
7 39.9 83.6 78 74.8 77.8 74.3 77.6 74.5
8 43 65.7 64 62.1 63.9 60.7 63.9 62.0
9 39.8 64.8 81.9 76.6 81.8 79.1 81.5 76.2
10 47.9 61.9 60 58.4 59.9 58 59.8 58.2
11 32.9 65.7 59 58.9 58.9 58.4 58.9 57.9
12 34 81.2 83.9 81.6 83.9 79.7 83.8 81.3
13 22 62.5 62 60 61.9 59.7 61.8 59.8
14 31.9 68.1 68 66.6 67.8 65 67.5 66.6
15 39.9 74.4 59 57.8 58.8 56.2 58.7 57.6
16 32.8 57.7 72.9 72.7 72.8 69.4 72.5 70.6
17 23 70.4 71 70.9 70.9 69.4 70.8 70.5
18 33.8 60.9 72 71 71.8 67.4 71.6 70.1
19 35.9 61.9 82.7 82.7 82.5 77.3 82.3 76.2
20 40 74.3 60 60 59.9 58.2 59.7 57.6
21 32.9 50.6 80 80 79.8 76.4 79.6 78.5
22 75.9 92.4 66 65.9 66 64.2 65.9 65.1

3.9. Distal to Proximal Pressure Ratios

Distal to proximal pressure ratios for LMCA, LAD and LCx stenoses may be easily obtained from the
computed pressure values of Table 13. These ratios are presented in Table 14, for all the situations (0G,
1G, 2G, 3G).

Considering the impact of the LMCA stenosis, all values are above 0.8. The lowest value (0.81) is ob-
tained in Patient 3, case (0G), and corresponds to the highest area restriction (92%). Obviously, this does
not reflect the quite low LMCA flow rates shown for Patients 17, 19, 21 in Table 6. The pressure ratio
alone cannot allow concluding that there is no ischemia in the distal territory, because perfusion through
one stenosis is also influenced by the other stenoses, and by the microcirculatory resistances.

The correlation between stenosis severity, low flow rates and low pressure ratios seems more evident
in LAD and LCx branches. Patients 1, 19, 20, 21 have LAD area reductions higher than 96%, transtenotic
flow rates (Qrap1(0G)) lower than 10ml/min, and pressure ratios P/ Pu(0G) lower than 0.42. Patients 4, 16,
18, 19, 21 have LCx area reductions higher than 97%, transtenotic flow rates (Q.c(0G)) lower than 10 ml/min,
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Table 14. Pressure ratios (no units). Case (0G); (b) Pressure ratios (no units). Case (1G); (c) Pressure
ratios (no units). Case (2G); (d) Pressure ratios (no units). Case (3G).

(a)

Patient Pul Poo(0G) P/ Py(0G) P/ Pu(0G) P/ P,(0G) P/ P,,(0G)
1 0.997 0.209 0.819 0.208 0.817
2 0.994 0.804 0.674 0.8 0.671
3 0.812 0.89 0.439 0.722 0.356
4 0.996 0.7 0.361 0.697 0.36
5 0.995 0.813 0.603 0.81 0.6
6 0.932 0.659 0.932 0.614 0.869
7 0.91 0.99 0.911 0.901 0.829
8 0.888 0.935 0.876 0.83 0.777
9 0.862 0.97 0.992 0.836 0.855
10 0.953 0.691 0.995 0.658 0.948
11 0.998 0.978 0.937 0.977 0.935
12 0.947 0.846 0.995 0.801 0.942
13 0.94 0.495 0.995 0.466 0.935
14 0.93 0.943 0.999 0.878 0.929
15 0.873 0.888 0.906 0.775 0.791
16 0.981 0.654 0.242 0.642 0.237
17 0.999 0.821 0.956 0.82 0.955
18 0.961 0.88 0.306 0.846 0.294
19 0.998 0.241 0.223 0.24 0.223
20 0.998 0.418 0.451 0.417 0.45
21 0.998 0.377 0.296 0.377 0.296
22 0.984 0.782 0.9 0.769 0.887

(b)

Patient Pul Po(1G) P/ Pu(1G) P/ Py(1G) P/ P(1G) P/ P(1G)
1 0.998 0.353 0.886 0.353 0.885
2 0.997 0.836 0.738 0.834 0.736
3 0.896 0.924 0.532 0.828 0.477
4 0.996 0.715 0.432 0.713 0.43
5 0.997 0.868 0.66 0.866 0.658

https://doi.org/10.4236/jbise.2021.143014 167 J. Biomedical Science and Engineering


https://doi.org/10.4236/jbise.2021.143014

Continued

6 0.946 0.712 0.939 0.673 0.888
7 0.921 0.99 0.921 0.912 0.848
8 0.898 0.937 0.886 0.842 0.796
9 0.88 0.982 0.992 0.864 0.873
10 0.959 0.73 0.995 0.699 0.954
11 0.999 0.981 0.942 0.98 0.941
12 0.95 0.852 0.995 0.81 0.945
13 0.944 0.526 0.995 0.497 0.939
14 0.947 0.948 0.999 0.898 0.946
15 0.91 0.903 0.932 0.822 0.848
16 0.983 0.708 0.412 0.697 0.405
17 0.999 0.830 0.963 0.83 0.963
18 0.969 0.885 0.463 0.857 0.449
19 1 0.254 0.22 0.254 0.219
20 0.999 0.551 0.546 0.551 0.545
21 0.999 0.503 0.575 0.502 0.574
22 0.988 0.801 0.915 0.791 0.904
(c)

Patient Pul Poo(2G) P/ Pu(2G) P/ Pu(2G) P/ P(2G) P/ Po(2G)
1 0.998 0.915 0.962 0.914 0.96
2 1 0.969 0.972 0.968 0.971
3 0.954 1.0 0.978 0.961 0.932
4 0.998 0.913 0.952 0.912 0.951
5 0.998 0.962 0.917 0.96 0.916
6 0.98 0.991 0.982 0.972 0.963
7 0.953 0.994 0.997 0.948 0.951
8 0.967 0.978 1 0.945 0.967
9 0.93 1.03 0.995 0.96 0.926
10 0.971 0.991 0.996 0.962 0.967
11 0.999 0.991 0.981 0.99 0.981
12 0.971 0.976 0.996 0.948 0.967
13 0.965 0.996 0.997 0.961 0.962
14 0.973 0.975 1 0.948 0.973
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15 0.965 0.977 1.0 0.943 0.968
16 0.993 0.953 0.969 0.947 0.963
17 1.0 0.977 0.992 0.976 0.992
18 0.981 0.95 0.985 0.932 0.966
19 1.0 0.931 0.918 0.931 0.917
20 0.999 0.963 0.953 0.962 0.952
21 0.999 0.948 0.974 0.947 0.973
22 0.997 0.974 0.987 0.97 0.983
(d)

Patient Pul Po(3G) P/Pu(3G) P/ Pu(3G) P/ P,(3G) P/ P (3G)
1 0.998 0.929 0.975 0.928 0.973
2 1 0.973 0.977 0.973 0.977
3 0.986 0.989 0.956 0.975 0.942
4 0.999 0.916 0.956 0.915 0.955
5 0.999 0.971 0.926 0.971 0.925
6 0.986 0.989 0.981 0.976 0.968
7 0.959 0.994 0.997 0.954 0.956
8 0.97 0.978 0.999 0.949 0.97
9 0.935 1.033 0.995 0.966 0.93
10 0.974 0.993 0.996 0.967 0.97
11 1.0 0.992 0.982 0.991 0.982
12 0.972 0.977 0.997 0.95 0.969
13 0.968 0.996 0.997 0.964 0.965
14 0.981 0.975 1 0.956 0.981
15 0.98 0.974 0.997 0.954 0.977
16 0.997 0.955 0.971 0.952 0.968
17 1.0 0.978 0.994 0.978 0.994
18 0.986 0.95 0.987 0.937 0.973
19 1 0.935 0.921 0.935 0.921
20 1 0.97 0.96 0.97 0.96
21 1 0.955 0.982 0.954 0.981
22 0.998 0.974 0.987 0.973 0.985

https://doi.org/10.4236/jbise.2021.143014 169 J. Biomedical Science and Engineering


https://doi.org/10.4236/jbise.2021.143014

and pressure ratios P/ Pu(0G) lower than 0.36. Absence of stenosis (Patient 7 (no stenosis on LAD); Pa-
tients 9, 10, 12, 13 (no stenosis on LCx)) is also correlated with high flow rates and pressure ratios higher
than 0.99. The results obtained for Patient 14 have to be studied more carefully: no stenosis on LCx,
P/ Py(0G) very close to 1, and a surprisingly low flow rate (Qicxi = 13 ml/min). This may be due to the
status of the distal run-off: for Patient 14, the Ric. value (393 mmHg-s/ml) is about 6 times higher than
the Ruap. value (67 mmHg.s/ml); consequently, blood flows much more easily into LAD.

Pressure ratios Pi/P,, or P/ P, combine the influence of the successive stenoses: LMCA stenosis +
LAD stenosis (2/Pi = (Pu/Pi) * (Pi/Py)) or LMCA stenosis + LCx stenosis (P5/Pi = (Pul Pio) * (Psl Py)).
So that each stenosis may independently have a pressure ratio higher than 0.8, but the product is lower
than 0.8. For example: in Patient 3, Pu/P.(0G) = 0.81, P/Pu(0G)= 0.89 and P/P,, = 0.72; in Patient 8,
P/ Px(0G) = 0.89, P/ Pu(0G)= 0.87 and P/ P, = 0.78; in Patient 15, Pu/Pi(0G) = 0.87, P/ Pu(0G)= 0.89
and P/ P, = 0.77.

Other groups already pointed out that the individual pressure ratio of a stenosis gets affected by the
presence of other lesions or by the resistance of the supplied myocardium area [4, 7, 30, 31, 45, 46].

When the right graft is operating (case (1G)), all the ratios increase slightly, because the pressures are
modified even in the left branches. But, except for the LAD artery of Patient 3 and for both LAD and LCx
of Patient 15, values that were previously lower than 0.8 remain lower than 0.8.

In the case (2G) and (3G), all the ratios become higher than 0.91 because the pressure drops in the
grafts (P, — Pi or P, — Ps) are small (a few mmHg). The highest scores are obtained in the case (3G), de-
monstrating again that complete revascularization is fully justified for the 3-vessel disease patients of this
study. For Patient 9, the previously mentioned situation with retrograde flow through the LAD stenosis
(Quan: < 0) corresponds to P, > Py, i.e. Pi/ Py > 1.

4. LIMITATIONS OF THE MODEL

There are two main limitations:

*  Taking the same R.; value for the five collateral pathways is an approximation; determining a specific
value for each pathway, or at least, some proportions between these collateral resistances, would make
the model closer to the physiology.

*  The capillary resistances, Riape, Ricxe> Rreac, are deduced for each patient from the measurements per-
formed with the 3 grafts operating. These values are also used to perform the simulations in the 0G,
1G, 2G situations. This is another approximation of our model and probably does not represent ex-
actly the physiology.

A way to estimate the impact of these approximations is to calculate the relative error (ER) between
simulated and measured values of the same quantity when it is possible. If ER is defined as

ER = (simulated value — clinical value)/clinical value,

we obtain (averaged values over all the patients): 16.5% for P,(0G), 0.1% for Py(2G), 20.8% for Qapg(2G),
38.4% for Qucxg(2G), 2.45% for Quapg(3G), 5.8% for Qucxg(3G), 48.2% for Qreag(1G), 2.2% for Qreag(3G),
thus showing that the model fails to reproduce satisfactorily the flow rates Qicx(2G) and Qreag(1G).

However, the values of the parameters (resistances, inductances, compliances) used to run our calcu-
lations, and the influence of the lumen restriction on these values are in good agreement with those given
by Uus et al. [47] who constructed a 0D coronary blood flow model from Coronary Computed Tomogra-
phy datasets.

5. CONCLUSIONS

This paper demonstrates that for patients with stenoses on LAD, LCx, LMCA and occlusion of the
RCA, the flow rate delivered to the right territory is of course a function of the aortic pressure, the left
stenoses severity, and the pressure distal to the thrombosis, but it mainly depends on the capillary and col-
lateral resistances, and the proportion between them. In any case, the collateral supply remains low and
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the improvement in myocardial flow resulting from bypass graft exceeds significantly provided by colla-
teral circulation.

Our simulations allow knowing pressures and flows everywhere in the coronary network. It thus ap-
pears that abnormal microvascular hemodynamics, may be present in patients with nonhemodynamic sig-
nificant lesions as assessed by the pressure ratio. The simultaneous analysis of flow and pressure is neces-
sary to distinguish the impact of the focal stenosis from that of downstream coronary resistance. Conse-
quently, a surgical decision based on pressure measurements only may miss some real hemodynamic
problems due to the considered stenosis. This risk is even greater in case of serial stenoses.

Besides, quantitative values of different parameters (for example, the capillary resistances) based on
physiological measurements are provided, which may also be used for further developments (3D computa-
tional models).
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NOMENCLATURE

LMCA: left main coronary artery

LAD: left anterior descending artery

LCx: left circumflex branch

RCA: right coronary artery

P,.: aortic pressure

P,: central venous pressure

P,: pressure distal to the RCA occlusion

Qreag: flow rate in the RCA graft

Quapg: flow rate in the LAD graft

Qicxg: flow rate in the LCx graft

Riape: resistances of the capillaries vascularized by the LAD artery
Ricxc: resistances of the capillaries vascularized by the LCx artery
Rreac: resistances of the capillaries vascularized by the RCA artery
Qiapc: blood flow rate across the LAD capillaries

Qicxc: blood flow rate across the LCx capillaries

(rcac: blood flow rate across the RCA capillaries

Q.on: collateral flow rate from LAD towards RCA before LAD stenoses
Q.o14: collateral flow rate from LAD towards RCA after LAD stenoses
Qeonz: collateral flow rate from LCx before LCx stenoses

Q.ois: collateral flow rate from LCx after LCx stenoses

Q.o13: collateral flow rate from the aorta towards the RCA

R: resistance

C: capacitance

L: inductance

IMAG: internal mammary artery graft
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