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Hypothermia, if provided before coronary reperfusion, reduces infarct size in animal models of acute
myocardial infarction (AMI). Translation to humans has failed so far, because the target temperature is
not reached in time within the endangered myocardium using systemic hypothermia method. Hence, a
clinically applicable method has been developed to provide intracoronary hypothermia using cold saline,
selectively infused locally into the infarct area.

In this study, a lumped parameter model has been designed to support the clinical method and to
describe this myocardial cooling process mathematically. This model is able to predict the myocardial
temperature changes over time, which cannot be measured, based on the temperature and flow of the
intracoronary injected cold saline and coronary arterial blood. It was validated using data from an iso-
lated beating porcine heart model and applied on data from patients with AMI undergoing intracoronary
hypothermia.

In prospect, the computational model may be used as an assistive tool to calculate the patient specific
flow rate and temperature of saline required for reliable achievement of the target myocardial tempera-
ture in the hypothermia enhanced clinical treatment of AMI.
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1. Introduction

Despite important gains in survival in the last decades, coro-
nary artery disease, especially acute myocardial infarction (AMI),
remains the leading cause of death in the world [1-5]. In AMI pa-
tients, infarct size relates directly to short- and long-term mortality
and to the development of chronic heart failure [6-8]. Therefore,
limiting infarct size is of paramount importance. To reduce infarct
size, the preferred therapy of AMI is timely reperfusion by primary
percutaneous coronary intervention (PPCI) [9]. Although reperfu-
sion is essential to save myocardium, the process of restoring blood
flow to the ischemic area can induce different forms of myocardial
injury and cardiac myocyte death: a phenomenon known as my-
ocardial reperfusion injury [10-12]. Myocardial reperfusion injury
may even account for up to 50 percent of the total infarct size after
intervention [13]. Currently, there is no effective therapy to reduce
myocardial reperfusion injury in humans [14,15].
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In experimental studies, it has been shown that mild hypother-
mia (32 —-34°C) induced before the onset of reperfusion (i.e.
during occlusion of the coronary artery) attenuates myocardial
reperfusion injury, thereby reducing infarct size [16-22]. However,
systemic cooling methods investigated in humans have been dis-
appointing so far [23-27] probably because the myocardial area at
risk (AAR) did not reach the target temperature quick enough [28].
Therefore, a clinical applicable intracoronary cooling method was
developed in which hypothermia can be applied selectively to the
infarct area by infusing cold saline before reperfusion (occlusion
phase) and after reperfusion (reperfusion phase) [29,30].

This method was first tested in an isolated beating porcine
heart model of AMI, in which local cooling of the myocardial AAR
was successfully achieved, while having direct feedback on coro-
nary temperature by a pressure/temperature sensor-tipped wire in
the distal coronary artery. Furthermore, the temperature of the my-
ocardial AAR was measured with needle thermistors at three loca-
tions [31]. When applying this method to humans, the myocardial
needle thermistors are evidently absent and only the intracoronary
sensor is present. Therefore, there is an unmet need for a model
that can predict the temperature of the myocardial AAR by the
measured intracoronary temperature.


https://doi.org/10.1016/j.medengphy.2019.03.011
http://www.ScienceDirect.com
http://www.elsevier.com/locate/medengphy
http://crossmark.crossref.org/dialog/?doi=10.1016/j.medengphy.2019.03.011&domain=pdf
mailto:b.g.v.willigen@tue.nl
https://doi.org/10.1016/j.medengphy.2019.03.011

66 B.G. van Willigen, L.C. Otterspoor and M. van 't Veer et al./Medical Engineering and Physics 68 (2019) 65-75

B
Occlusion 1 1 Reperfusion "
o | !

¢, Lt 1 —%

‘V ! P,
—Par : l o 4
= ' ' -0
E | .

8 | 1 | 1
E 1 1
= | |
= 1 |
o 1 | 1
I 1 1
ol I
1 I
]
too | to1]_ytro Ltm te
0 200 400 600 800 1000
Time [s]

Fig. 1. (A) Schematic overview of the numerical model with three compartments: the arterial side (red), the myocardial AAR (bronze), and the venous side (blue). Heat
transfer caused by convection and conduction is indicated with arrows and black parallel dashes, respectively. The symbols are explained in the mathematical equations
described in Sections 2.1.1-2.1.3 (B) The venous flow (¢,, blue), saline and blood flow combined (¢,, orange), arterial blood flow (¢q, yellow), and saline flow (¢s, purple)
input over time with the occlusion phase (t,o <t <t,;), the reperfusion phase (t.o <t<t;;), and after the cooling period (t;; <t <t). (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

In other words, the purpose of this study is to design a com-
putational model, which is able to predict the myocardial tem-
perature based on the intracoronary arterial temperature and the
temperature and flow of the injected saline. In future clinical stud-
ies of AMI patients treated with intracoronary hypothermia, this
model also may be used as an assistive tool to calculate the patient
specific saline infusion rate and temperature requirements needed
to achieve an optimal therapeutic myocardial temperature for each
individual patient.

2. Methodology
2.1. Theoretical background

Assuming that a global distribution of blood flow, pressure, and
heat transfer is sufficient to describe the temperature distribution
in the coronary circulation, a lumped parameter model is used to
describe the temperature response in the coronary circulation dur-
ing the cooling period before reperfusion (occlusion phase) and af-
ter reperfusion (reperfusion phase).

The model consists of three compartments: 1) the coronary
artery (red) representing the infarct related coronary artery distal
to the occlusion and the arterial side of the microcirculation, 2)
the myocardial AAR (bronze), and 3) the coronary vein (blue) rep-
resenting the venous side of the microcirculation and the assembly
of all coronary veins (Fig. 1A). In addition, the boundary of every
compartment, or ambience (white area), is set to body temperature
(Tg). For complete understanding, in the sequel of this section, the
compartments are described individually.

2.1.1. The coronary arterial temperature response

The first compartment, the arterial side of the coronary circula-
tion, has an inflow of saline (¢s) and arterial blood (¢,) with tem-
perature Ts and T, respectively, which results in a different total
inflow (¢,) during the occlusion and reperfusion phase (Fig. 1B).

If we neglect entropy of mixing effects and assume constant
heat capacity in the temperature range of interest, these two flows
mix to a temperature Ty:

T. — @sCsTs + Pacy Ty
= s s T rarhTh
¢5Cs + ¢acb
With ¢, and c¢s the specific heat capacity of blood and saline
[ngT]’ respectively.
Furthermore, conductive heat transfer (Fig. 1A, black dashes)
occurs between: 1) artery and ambience 2) artery and my-
ocardium, and 3) artery and vein with the thermal resistances

(1)

Rao, Ram, and Rgy, respectively. The mathematical description of the
coronary artery temperature response is as follows:

dr, 1 1
@ = @ore(h—To) — o= To) +
1
R 27T " Ry, T ) )

Where Cq = Vyppcp, with Cq the coronary arterial thermal ca-
pacitance [,]—<], V, the volume of the coronary artery [m3], and p,

the density of blood [’%]. Furthermore, the thermal resistances

R; = ﬁ—;’(m with i = {a0, am, av}, d; a representative heat transfer
1

thickness, A; a representative heat transfer surface area, and kp
the thermal conductivity of the myocardium. Finally, px and cx are
the density [%] and specific heat capacity [,(éT] of the mixture of

blood and saline, respectively.

2.1.2. The myocardial temperature response

The mixture of blood and saline leaves the coronary artery with
temperature T, and flow ¢, into the AAR, where conductive heat
transfer takes place between: 1) coronary artery and myocardium,
2) myocardium and ambience, and 3) vein and myocardium with
the thermal resistance Rgm, Rmy, and Ry, respectively. The mixture
of blood and saline leaves the myocardium with temperature Tp,
and flow ¢,. This results in:

dT, 1 1
T: = a(gbopxcx(Ta - Tm) + m(Tﬂ —Tm) +
1 1
—rm(Tm — Ty) — rm(Tm - TO)) (3)

Where G, = m x ¢, with Gy, the myocardial thermal capacitance
[%], m the mass of the AAR [kg], and c; the specific heat capacity of
myocardial tissue [,{é—ﬂ. R = Aif:—;'(m with i = {am, mv, m0} are again
the thermal resistances.

2.1.3. The venous temperature response

Subsequently, blood is flowing with ¢, to the venous side with
temperature T, merging with another blood flow ¢, which origi-
nates from other parts of the myocardium than the AAR. These two
flows mix to temperature T,, and enter the vein:

T, = DvChT + PoCpTm
* DuCp + PoCh
Conductive heat transfer occurs between: 1) myocardium and

vein 2) vein and ambience, and 3) artery and vein with the thermal
resistances Rpmy, Ry, and Ryy, respectively, resulting in:

(4)
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dTy 1

1
qa a((¢v + ¢o) pxCx(To — Ty) + Tm(Tm -T)+

1 1
_RTO(T”_TO)—’_RTU(T“_T“)) (5)

Where G, =Vyppc, with C, the venous thermal capacitance
[,i(] and V, the volume of the vein [m3] and R; = Aif—;‘(m with i=
{mv, v0, av} the thermal resistances for the venous temperature
response.

The initial temperatures (Tq, Ty, and Ty) are set on body tem-
perature and to maintain simplicity, px and cy are assumed to have
the same value as p;, and c;, respectively.

The flow inputs depend on the phase as shown in Fig. 1B:
saline (purple) flows during both phases (occlusion and reperfusion
phase), while arterial blood (yellow) flows only during the reper-
fusion phase and venous blood (blue) flows constantly.

2.2. Parameter estimation

The model is implemented in MATLAB R2015b and the ordi-
nary differential equations describing the arterial [T,] and myocar-
dial [T;] temperature response are solved with the MATLAB solver
ode15s. The venous temperature [Ty,] is not measured in humans.
Therefore, not included with parameter estimation and fixed on Tj,.

For the estimation of the parameters, the MATLAB non-linear
least squares function (Isqnonlin) is used, such that the sum of
squared errors (x ) between the experimental data (y) and the sim-
ulation of the model (f(x)) is minimized:

n
X =Y i i) (6)
i=1

In our model, y equals the measured coronary arterial
temperature (see next paragraphs), f(x) equals the simula-
tion of the model, T,, with the estimated parameters x =
{m, Ago. Aam. Aav, Amo» Amvs Avo. Va. Vy, ¢y}, and i the data points
(sample frequency of 100 per second.). The parameters X remain
the same value despite the phase. In contrast, ¢, is assumed zero
during the occlusion phase (f,p <t<t,1) and changes during the
reperfusion phase (t.g <t<t.1) (Fig. 1B). Therefore, the parameters
x are first estimated on the occlusion phase. Thereafter, ¢4 is fitted
on the reperfusion phase with the parameters x fixed.

This method seeks for an optimal combination of parameters
describing the measured data with minimal error, the optimal pa-
rameter vector. It is possible that the method obtains a local min-
imum, while there exists a global minimum in the parameters
space. Therefore, an initial parameter space of 100 samples is gen-
erated based on Latin Hypercube Sampling (LHS) within a physi-
cal realistic range obtained from literature (see Appendix A). The
method runs 100 times based on different initial parameters to re-
duce the probability of finding a local minimum.

2.3. Data

In this study, two datasets are used: 1) a dataset to validate the
model obtained from isolated porcine beating hearts, which con-
tains intracoronary, myocardial, and venous temperatures of five
experiments [31] and 2) a dataset to apply the model obtained
from the clinical SINTAMI study [29] containing intracoronary tem-
perature and aortic (P;) and distal coronary (Py) pressure of 10 pa-
tients. This section gives a brief description of the procedures used
to obtain these data.

2.3.1. Isolated beating porcine hearts

A full description of the isolated beating porcine heart model of
AMI is described by Otterspoor et al. [31,32]. In short, five porcine
hearts temperatures were obtained at six locations: in the dis-

tal coronary artery (distal T artery, T)"%), three myocardial posi-
tions throughout the AAR (T infarct) with TJ'®®* as mean of the
three positions, at a position outside the AAR (T reference), and
the great cardiac vein (T vein, T,"%) (Fig. 2). These temperatures
were measured during the occlusion phase created by inflating an
over-the-wire-balloon (OTWB, Apex™, Boston Scientific, 12 mm,
2.5-3.5 mm) in the mid segment of left anterior descending artery
(mid-LAD) and reperfusion phase after deflating the OTWB.

During both phases, saline was infused through its lumen selec-
tively into the AAR at a rate of 30 mL/min for 5 min. with a tem-
perature of 22°C and 4°C for the occlusion and reperfusion phase,
respectively.

The porcine dataset underwent small adjustments to synchro-
nize the occlusion and reperfusion phases of the five porcine ex-
periments. After the synchronization, T[™%, T, and T)"% were
averaged for the five experiments. The average T, during the occlu-
sion phase was used to estimate the model parameters described
in Section 2.2. The parameter estimation is performed on the mean
rather than on each realisation to avoid fitting on outliers. These
fitted parameters are used to predict the Tp. The validation con-
sisted of the comparison of T,;7¢* with the predicted values, Tp,.

2.3.2. Clinical study: SINTAMI

The Safety and feasibility of INTracoronary hypothermia in
Acute Myocardial Infarction study (SINTAMI), assessed safety and
feasibility of the intracoronary hypothermia method in humans
[33]. In this study, 10 patients with AMI were included (all pro-
vided with written informed consent). An OTWB (Apex™, Boston
Scientific, USA) was placed at the location of the occlusion. Dur-
ing the occlusion and reperfusion phase, saline of 22°C and 4°C,
repectively, was infused. After both phases, both performed for a
maximum of 10 min, the saline flow stopped and regular PPCI pro-
cedure followed. The aortic (P;) and distal coronary (P;) pressure
and intracoronary temperature (T,) distal to the occlusion were
monitored. Alterations in saline flow during the experiments will
result in peaks in Tj"®*. In the model, these peaks are neglected,
but the alterations in flow are included.

In patients, the coronary artery may recoil after reperfusion at
the location of the occlusion causing AMI, which increases the re-
sistance of the stenosis (Rs). Furthermore, despite the effort to re-
duce the edema, the swelling will not be completely gone, which
results in an increase of the resistance of the microcirculation (Ry,).
The increase of Ry and Rs result both in a decrease of P;. Conse-
quently, the flow ¢q(t) with t.g <t <t (Fig. 1B) is related to Py,
Rs, and Rp,, which both vary in time:

bo(t) = RO —R®) _ P(®) ~R,©)
Rs(t) R (t)
With assumption that the venous pressure P, < <Py and using
the right side of (7), this yields:
Py(t) =P (t) _ Ry(t)
PO =R ® T Ra®
As mentioned, Ry, is related to Py; therefore, Ry, is described as
follow:

with tno <t <t (7)

with o <t <trq (8)

Py
Py (t)
With Rp(t0) = qbal(jit(:o) and ¢@q(t;o) representing the flow just

after revascularisation (at t = t.g). Substituting (9) in (8) results
in:

R (t) = Rm(t;0) with o <t <t 9)

2
Ga(t) = (Pdﬁ(t)> ¢a(tro) with tro <t <ty (10)

a

In summary, the flow has a linear relation with pressure and
resistance (8), but the resistances (R, and Rs) change over time.
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Fig. 2. Overview of the thermistor position: The grey zone indicates the AAR. The black oval indicates the site of occlusion in the LAD. T infarct proximal: thermistor close
to the site of the LAD occlusion; T infarct mid: thermistor at the mid infarct area; T infarct distal: thermistor at the distal infarct area; T;™% is the mean of the three
thermistors. T reference: thermistor in the non-infarcted myocardium; T vein: thermistor in the proximal great cardiac vein, T,"**. In addition, T distal artery: the guidewire

with temperature sensor is present within the distal lumen of the coronary artery, T"%.

Therefore, the flow is approximated with the quadratic decrease of
P, based on experimental observations.

The SINTAMI data is used as a proof of concept. The T;"% dur-
ing the occlusion phase is used to fit T,. Subsequently, the fit-
ted parameters (described in Section 2.2) are used to predict Tp.
To demonstrate its feasibility, T, will be checked whether it is
realistic.

2.4. Sensitivity analysis

In order to make the model patient specific, it is important to
identify the parameters with the most influence on the outcome,
such that these parameters could be coupled to patient data. To
identify the important parameters, the variance based sensitivity
analysis (VBSA) is applied on the model. This method is widely
used, because it is global, quantitative, model free, and easy to
interpret and implement [34,35]. Furthermore, VBSA is able to
identify parameters, which can be fixed in their uncertainty range
(Factor Fixing) and finds the importance ranking amongst the
parameters (Factor Prioritization). The VBSA suggest that the total
variation of the output can be fractionated in the variation of the
individual parameters and their interactions [34,35]. A parameter
with a large contribution to the variance of the total output,
identified with a high main sensitivity index (Sy;), should be
measured as accurately as possible to reduce the total variance of
the output. The purpose of Sy, is Factor Prioritization. A parameter
with a small contribution to the total variance of the output,
including its interactions, could be fixed in its uncertainty range,
because the outcome of the output would not depend on this
parameter within this range. These are the parameters with a low
total sensitivity index (St). The indices are computed based on an
approximation method of Saltelli [36].

3. Results
3.1. Porcine beating hearts

The validation of the model is described in Fig. 3. The mean
T,me4 and T,7¢% of the five porcine experiments (mean =+ standard
deviation, sd) are shown in dark and light grey, respectively. The
Teas decreases by 5.5+2.6°C (mean + sd) and 4.1 £0.9°C during
occlusion and reperfusion phase, respectively. The T"¢% decreases
by 12.04+0.5°C and 5.0+ 1.7°C during occlusion and reperfusion
phase, respectively.

Occlusion

‘ Reperfusion '

40

w
o

'
]
|
]
'
I
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w
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I Arterial data

251 RS
8K Myocardial data
' | |——Arterial simulation
il Myocardial simulation
20 L 1 1 i L i
0 200 400 600 800

Time [s]

Fig. 3. The mean =+ the sd of the arterial (dark grey) and myocardial (light grey)
temperature of the five experiments and the arterial (red) and myocardial (orange)
simulation, in which the parameters are fitted on the mean of the arterial data of
the five experiments. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

The model parameters were fitted on the T)"% during the oc-
clusion phase (Fig. 3, red line, occlusion phase). With this param-
eter set the T)"* during the reperfusion phase (red line, reperfu-
sion phase) was predicted within the measured range (dark grey)
by fitting ¢, on the reperfusion phase. Moreover, the predicted Ty,
(orange line) follows the measured data (light grey) for both phase
as well (Fig. 3). In addition, both temperature responses return to
body temperature, when saline stopped. Finally, the fitted parame-
ters are within a physiologically realistic range Table 1, except for
the values of the arterial and venous area of the microcirculation,
which will be discussed in the discussion.

3.2. Clinical study

Complete datasets were obtained for 7 out of the 10 patients;
therefore, only these 7 patients are used in this study. The simula-
tion of these patients are presented in Appendix B. Fig. 4 shows
the arterial (red) and myocardial (orange) temperature response
simulated by the model with parameters fitted on the arterial
data (dark grey) during occlusion phase and ¢, on the reperfusion
phase of Patient 2 as example. As can be seen, during the occlusion
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Table 1

Estimated parameters based on the mean arterial data of
the five porcine experiments and physiologically realistic
range obtained from literature (Appendix A Table A.4).

Parameter Fitted value Range
m[kg] 7.00-1072 [0.70 1.30] -10°!
Ago[m?] 6.28.107° [0.63 9.42] -10-*
Agm[m?] 3.05-102 [1.31 4.06]
Aqy[m?] 3.14-10°° [0.31 4.71] -10~4
Amo[m?] 6.45-1073 [0.65 1.20] 102
Amy[m?] 1.10- 1072 [1.31 4.06]
Ayo[m?] 6.28 107> [0.63 9.42]-10*
Va[mL] 1.88 [1.01 1.88]
Vy[mL] 2.40 [2.40 4.45]
¢a[mL/min] 1.85-102 [50 300]
¢y[mL/min] 5.00-10' [50 300]
Patient 2
401
—Clinical data
——Model artery
.| ——Model myocardium

)

e_35

[0)

—

=

©

—

(o)

£

$ 30T

|—

25 : : : : : :
0O 200 400 600 800 1000 1200
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Fig. 4. The intracoronary arterial data (grey) temperature response and the simu-
lation of the intracoronary arterial temperature (red) and the prediction of the my-
ocardial (orange) temperature. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Table 2

The mean of the fitted parameters on the arterial temper-
ature during occlusion phase of the SINTAMI data of the 7
patients and their physiologically range. The parameters per
patient are shown in (Appendix C, Table C.6).

Parameter Fitted mean Range

m[kg] 4.63-102 [4.00 8.00] -102
Ago[m?] 8.85.107° [0.63 9.42] -10~4
Agm[m?] 9.16-102 [0.75 2.50]
Aay[m?] 3.22-10°° [0.31 4.71] -10*
Amo[m?] 4.98-1073 [3.68 7.37] -103
Amy[m?] 2.98.102 [0.75 2.50]
Ayo[m?] 2.86-104 [0.63 9.42]-10~4
Vo[mL] 115 [0.58 1.16]
V,[mL] 1.59 [1.37 2.74]
¢q[mL/min] 165 [50 300]
¢y[mL/min] 160 [50 300]

phase (0-420 s), the Tj"* drops quickly within 60 s. Thereafter,
the reperfusion phase starts with a larger oscillation of the T"%
due to the increased coronary blood flow. As aimed for, the Te%
drops to approximately the same temperature during the reperfu-
sion phase for the occlusion phase. Furthermore, the figure shows
that T, (red line) is very well simulated and T, (orange line) is
realistic.

In addition, the parameters of the 7 patients are within the
physiological range. The mean of the parameters of the 7 patients
are shown in Table 2. The parameters per patient are shown in
(Appendix C, Table C.6).

3.3. Sensitivity analysis

The VBSA is applied on the model with the sum of squared er-
ror, x, as output (6). The parameters are estimated based on the
arterial data (y = [T"*]) during the occlusion phase. Furthermore,
the number of realizations is N = 1000k with k the number of pa-
rameters. Fig. 5 shows the mean Sy (A) and the total St (B) index
of the 11 parameters. The parameter with the largest contribution
to the variance of the total output is Agnm (the area between the
arterial and myocardial compartment) (Fig. 5A). Fig. 5B shows that
the parameters A,g, Vg, and V, can be fixed in their uncertainty
range due to their low Sy. The arterial flow ¢, also has a low Sr,
because of its value of zero during the occlusion phase. The other
parameters (m, Aqg, Aav, Amg, Avm, and ¢,) show a small S;; and a
larger St, which means that their interactions are important.

4. Discussion

To mathematically describe myocardial hypothermia, a model of
heat distribution per compartment was developed. This model is
able to describe the cooling process and the trend of both the arte-
rial and myocardial temperature curves obtained from the isolated
beating porcine heart of myocardial infarction. In humans it is not
possible to measure the actual myocardial temperature in the AAR,
in contrast to the isolated beating porcine heart. Hence, the model
is necessary to predict a realistic myocardial temperature.

First, the model is verified on data of porcine beating hearts
[31]. As shown in Fig. 3, the predicted myocardial temperature fol-
lows the trend of the corresponding data when the model param-
eters are fitted on the measured arterial temperature data during
the occlusion phase.

Otterspoor et al. [31] mentioned the study limitations for the
porcine beating heart experiments concerning the study set up
and the anatomic differences between pig and human. A difficulty
in the porcine experiments for this study was the large variation
in myocardial temperatures between the experiments during the
occlusion phase, which hampered an unambiguous estimation of
the model parameters. During the occlusion phase, heat transfer
mainly occurs by conduction, which leads to a less homogenously
distribution of heat than convection dominated heat transfer. Plac-
ing the thermistors visually in combination with the complexity
of the coronary circulation, leads to a wide spread in myocardial
temperatures during the occlusion phase between the experiments.
Nevertheless, Fig. 3 shows that the model is able to simulate the
trend of the myocardial temperature very well. However, in order
to determine a more precise myocardial temperature during the
occlusion phase based on the intracoronary arterial temperature,
more myocardial data is necessary.

In contrast, the reperfusion phase is dominated by convection,
which results in a homogenously dispersion of the cooling; there-
fore, the myocardial temperature depends less on the location of
the thermistors and the arrangment of the coronary vessels. This
results in similar arterial and myocardial temperature responses
during the reperfusion phase and a more accurate simulated my-
ocardial temperature during the reperfusion phase.

Notably, during the occlusion phase, there is a large difference
between the myocardial and arterial temperature, while during the
reperfusion phase, these temperatures are about the same. This is
caused by the different heat exchange during both phases. During
the occlusion phase, the flow is slow, which results in heat ex-
change mainly by conduction. This results in a temperature gradi-
ent from the artery to the myocardium. In contrast, the flow during
the reperfusion phase is higher. Therefore, convection is dominat-
ing, which results in similar arterial and myocardial temperatures.
The model is able to describe this phenomenon.
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Fig. 5. The main (A) and total (B) sensitivity index of VBSA with N = 1000k realisations and parameters estimated on the arterial data during the occlusion phase.

The determination of the parameters concerning the resistance
of the myocardium (determined by Agmn and Apny) was not within
the predefined physiological range. This parameter range is based
on experiments on dogs, which have many collaterals unlike pigs.
This lack of vascularization results in a higher resistance of the my-
ocardium (lower Agnm and Apy) in pigs, because the heat of the my-
ocardium has more difficulty to reach the artery. This is also shown
in the significant distinction between myocardial and arterial tem-
perature during the occlusion phase due to a very low arterial tem-
perature Fig. 3. However, the exact increase of resistance described
with the values of Agym and Apy is unknown, which could explain
the low values of Agn and Anmy.

Secondly, the model is applied on patient data from the SIN-
TAMI study [33].To overcome the negative results of mild hy-
pothermia in human studies probably due to systemic cooling [28],
selectively intracoronary infusion of saline can potentially make
hypothermia clinically applicable. As shown previously [29,33],
the cooling is restricted to the jeopardized myocardium, achieved
quickly, and maintained. In Fig. 4, the prediction of myocardial
temperature is shown to be realistic when the parameters are fit-
ted on the arterial temperature data of the occlusion phase.

The data obtained from the clinical study contains the intra-
coronary arterial temperature response, Py, and P; (Appendix B).
In contrast to the porcine experiments, the saline flow (14-
30 mL/min) was adjusted during the procedure to control the de-
crease of arterial temperature. The P, and P, give an indication if
both phases were successful. During the occlusion phase, P; should
be significant lower than P, due to the coronary occlusion and
should restore to approximately the same value as P, during reper-
fusion. The model succeeds in simulating the different relation be-
tween the arterial and myocardial temperature for different P,.

The amount of similarity between the arterial and myocardial
temperature depends on the blood flow. The larger the blood flow,
the more heat transfer by convection, the more similar the arterial
and myocardial temperature response.

For the porcine experiments, blood flow was completely re-
stored after deflating the OTWSB, i.e. the P, is about equal with P,
while for the patients, the P; diminishes. Therefore, more conduc-
tive heat transfer takes place during the reperfusion phase, which
results in a less similar arterial and myocardial temperature re-
sponse. The patients with a large distinction between the myocar-
dial and arterial temperature (Appendix C) show, indeed, a low P,
e.g. patient 3 and 10 (Appendix B).

There has been chosen for a simplification by using a lumped
parameter model. As mentioned above, the myocardial tempera-
ture may and probably will depend on the location and depth of

the thermistors. Therefore, the myocardial temperature was mea-
sured at three different locations (Fig. 2) and the average of these
temperatures was used for simulation to decribe the trend of the
temperature rather than the absolute value. Therefore, spatial vari-
ations inside the components are unneccessary. In addition, the
specific heat and the density of the entrance flow into the artery
is assumed to be equal to the specific heat of blood, while the en-
trance fluid is a mixture of blood and saline. Therefore, the spe-
cific heat and the pressure is time dependent and depends on the
amount of flow of saline and blood and the amount of blood al-
ready in the compartment. The density of saline (1004.6 kg/m3)
is less than 5% smaller than the density of blood [10]; therefore,
can be assumed to be equal. The specific heat of saline (4190 ké—k)
is approximately 13% larger than the specific heat of blood (3651

kéT)' This linearization is sufficient for the reperfusion phase, be-

cause the blood flow is at least three times larger than the saline
flow. However, during the occlusion phase, only saline is entering
the vessel and mixes with an unknown amount of blood distal
to the occlusion. Therefore, the entrance fluid during the occlu-
sion phase would have a specific heat more towards that of saline
than that of blood. A higher specific heat means that more heat
is needed to change the temperature, which would lead to a lower
arterial temperature than is simulated with the current model. This
could improve the simulation of the porcine data and the results of
patient 5 and 9, for which the simulated arterial temperature dur-
ing the occlusion is slightly higher than the data (Appendix C).

In addition, the saline flow should replace the coronary blood
flow partly during reperfusion phase, because of the assumption of
hyperemia. However, the model adds the saline flow to the blood
flow during the reperfusion phase to avoid time depending param-
eters (Fig. 1B). Furthermore, the model is applied on AMI patients
with occlusions in the LAD. Although it is expected that the tem-
perature response can be simulated for occlusions in other coro-
nary arteries with parameters adjusted to the size and location of
the occlusion, this should be further examined.

The sensitivity analysis is performed to indicate the parameters,
which should be measured accurately (high Sy;) and which can be
fixed in their uncertainty range (low Sr). The VBSA identifies a high
Su for Agm, which would make the model more accurate when it
is measured precisely. Furthermore, A9, V,, and V, are not influ-
encing the outcome of the model within their uncertainty range
and they can, therefore, be fixed. This would make the simula-
tion of the temperature response faster. It has been assumed that
the number of simulations are sufficient to determine the sensitiv-
ity indices; however, a bootstrapping method should confirm this
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assumption. Finally, the sensitivity analysis resulted in one impor-
tant parameter, Aym; therefore, this model is ideal for personalized
planning of treatment. For instance, this parameter could be cou-
pled to myocardial mass as the relation described in [37].

5. Conclusion

In conclusion, the computational model is designed to describe
heat distribution within the coronary circulation based on three
compartments (artery, myocardium, and vein). This model is able
to simulate the arterial temperature with a realistic predicted my-
ocardial temperature. In an ongoing, randomized clinical proof of
principle trial of intracoronary hypothermia in patients with acute
myocardial infarction (EURO-ICE study; ClinicalTrials.gov, registra-
tion number: NCT03447834), the computational model can be fur-
ther refined. Thereafter, it is plausible that the model may play a
role in clinical practice in patients undergoing intracoronary hy-
pothermia for AMI by computing a patient specific flow and tem-
perature of the saline to be infused.
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Table A3
Minimum and maximum value of the characteristics of mid-
LAD and capillaries.

Characteristics Min  Max  Reference

Radius mid-LAD (r;)[mm] 0.5 3.0 [38]
Radius capillaries (rc)[um] 0.5 2.5 [39]
Length mid-LAD (L;)[cm] 4.0 10 [40,41]

Table A4
Minimum and maximum value of the characteristics of mid-LAD and capillaries.

Table A5
Constants used in the numerical models.

Abbreviation Description Value Reference

oo 2] Blood density 1057  [45]

cs[‘éfK] Specific heat saline 4190  [45]

ol k] Specific heat blood 3651  [45]

ct[ﬁ] Specific heat tissue 3683  [45]

ki iz | Thermal conductivity of the myocardium 0.582 [45]

dgo[m] Thickness between artery and ambience. 0.001 [46]
(based on coronary artery wall thickness)

dgm[m] Thickness between artery and myocardium. 0.010 [47]
(based on left ventricle wall thickness)

dgy[m] Thickness between artery and vein. 0.001 [46]
(based on coronary artery wall thickness)

dmo[m] Thickness between myocardium and 0.001 [39]

ambience.

(based on length cardiac myocytes)

dmy[m] Thickness between myocardium and vein. 0.010 [47]
(based on left ventricle wall thickness)

dyo[m] Thickness between vein and ambience. 0.001 [46]

(based on coronary artery wall thickness)

Appendix A. Parameters

The uncertainty range of the parameters in model 1 and 2 are
based on literature values and characteristics of the mid-LAD and
capillaries assuming that these values are equal for pigs and hu-
mans (Table A.3).

Subsequently, the parameters for pigs (Table A.4, column 3) and
humans (Table A.4, column 4) are based on these values and the
mass of the heart (my,) (second row in Table A.4, respectively). The
my, of pigs and humans are approximately 500 [31] 300 g [39].
In order to define a range, a deviation of +33% has been used.
There is assumed that 20% of m; corresponds with the mass of
AAR (m). Furthermore, the total volume in the coronary circulation
is 1.25 mL, whereof 27.5% corresponds with the coronary arteries
(5.5% for mid-LAD), 37.1% with the coronary veins, and 35.4% with
the microcirculation. The exchange surface of microcirculation is
500 cm? per gram.

Abbreviation Parameter Range pigs Range humans Formula Reference/ Assumption
my[kg] Mass heart [350 650] [200 400] - [37]
m[kg] Mass AAR [70 130] [40 80] 0.2my -
Ago[m?] Area between artery and ambience [0.63 9.42]-10* [0.63 9.42]-104 # Half of the artery is in contact with
the ambience.
, 5004125 . o
Agm|m?] Area between artery and [1.31 4.06] [0.75 2.5] — 10~* per gram Half of the microcirculation is
myocardium (microcirculation) arterial [40].
Aq[m?] Area between artery and vein [0.31 4.71]-10~4 [0.31 4.71]-10~4 Zmpl Quarter of the artery is in contact
with the vein.
Amolm?] Area between myocardium and [0.65 1.20]-10-2 [3.68 7.37]-10-3 % Based on left ventricle wall
ambience Llp thickness of 1 cm.
Amy[m?] Area between myocardium and [1.31 4.06] [0.75 2.5] 500£125 -10~4 per gram Half of the microcirculation is
vein (microcirculation) 2 venous [37].
Avo[m?] Area between vein and ambience [0.63 9.42]-104 [0.63 9.42]-10~4 2ﬂ2rLLL Half of the vein is in contact with
the ambience.
Va[mL] Volume artery [1.01 1.88] [0.58 1.16] 5.5%417.7% van 1.25 mL [42,43]
per 100 g
V,[mL] Volume vein [2.40 4.45] [1.37 2.74] 371%+17.7% van 1.25 mL [42,43]
per 100 g
Pa[mL/min] Flow artery [50 300] [50 300] - [44]
¢v[mL[min] Flow vein [50 300] [50 300] - [44]
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Appendix B. Clinical data of SINTAMI
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Fig. B6. Arterial temperature data (black) and P, (blue), mean P, (yellow), P4 (orange), and mean P, (purple) data of the SINTAMI study for patients 1-5, 9, and 10. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Appendix C. Simulation of patient data
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Fig. C7. The intracoronary arterial data (grey), temperature response and the simulation of the intracoronary arterial temperature (red). The prediction of the myocardial
(orange) temperature of patients 1-5, 9, and 10. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table C6
Estimated parameters fitted on the arterial temperature data during occlusion phase of SINTAMI.
Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 9 Patient 10
m[kg] 4.00-102 7.16-1072 4.16-1072 4.98 .10 4.00-102 4.09-102 4.00-102
Ago[m?] 6.28-10> 1.85-107* 6.81-10° 1.05-10°4 6.29-10° 7.33-107° 6.28.10°>
Agm[m?] 1.01-10! 1.51.10"! 7.09.102 9.34.1072 7.34.1072 6.16- 102 8.98.1072
Ag[m?] 3.14.10°° 3.18.107 3.15.107° 3.54.10> 3.14.107° 3.24.10°° 3.14.10-°
Amo[m?] 5.31-1073 5.13-103 4.92-103 4.73-1073 4.86-1073 4.75-103 5.18-103
Amy[m?]  234.1072 329.102 682-102 238-102 1.12-1072 240-102 2.53.102
Avo[m?] 4.83.104 1.04.10°* 2.47-10* 6.75.10> 3.53.104 3.28.104 421-10*
Va[mlL] 116 1.07 116 115 116 116 116
Vy[mL] 137 2.74 1.46 139 137 142 137
ba "":—51 2.14-10? 1.80 - 10? 1.50 - 10? 1.51.102 1.22-10% 2.18-10? 1.20-10?
o "’%l 2.37-10° 9.13.10! 2.59.10% 1.03-10° 1.18-10? 9.64-10! 2.17-10?
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