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In Vivo Measurement of Swine Endocardial
Convective Heat Transfer Coefficient

Chanchana Tangwongsan, James A. Will, John G. Webster*, Life Fellow, IEEE, Kenneth L. Meredith, Jr., and
David M. Mahvi

Abstract—We measured the endocardial convective heat
transfer coefficient at 22 locations in the cardiac chambers of
15 pigs in vivo. A thin-film Pt catheter tip sensor in a Wheatstone-
bridge circuit, similar to a hot wire/film anemometer, measured .
Using fluoroscopy, we could precisely locate the steerable catheter
sensor tip and sensor orientation in pigs’ cardiac chambers. With
flows, varies from 2500 to 9500 W/m2 K. With zero flow, is
approximately 2400 W/m2 K. These values of can be used for
the finite element method modeling of radiofrequency cardiac
catheter ablation.

Index Terms—Cardiac radiofrequency ablation, convective heat
transfer coefficient, heat convection, endocardial convective heat
transfer coefficient, radiofrequency ablation.

I. INTRODUCTION

ACCORDING to the American Heart Association [24],
as many as two million people in the United States

suffer from atrial fibrillation and more than 100 000 people
suffer from tachycardia. radiofrequency (RF) catheter cardiac
ablation has been successfully used for the treatment of
these cardiac arrhythmias as a preferable alternative of the
conventional “Maze” operation (in which long surgical cuts
interrupt excitation pathways) and drug therapy because of
its controllability, high efficacy, low complication rate, and
minimal invasiveness [2], [3], [9], [10]–[15], [19]. In order
to improve the electrodes and enhance the success rate of RF
catheter ablation, researchers have performed finite element
method (FEM) modeling of RF catheter ablation [6], [7],
[18]–[20], [22]. The value of endocardial convective heat
transfer coefficient is important to accurately simulate heat
loss from the endocardium since the blood flow in the cardiac
chambers carries away a large amount of heat from the ablation
site during the ablation [6], [19], [20]. Researchers have used
the value of ranging from 44 to 6090 W/m K for different
locations in the cardiac chambers [1], [6], [7], [8], [13], [14],
[18], [20]. However, none of these values came from in vivo
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measurements in animals. Bhavaraju obtained the values of
from in vitro experiments [1]. Shahidi et al. and Labonte

estimated the values of from mathematical calculations
assuming the blood flow is laminar [7], [14]. Tungjitkusolmun
et al. estimated the values of using the blood velocities in
the cardiac chambers obtained by Doppler ultrasound [20].
Jain et al. used the value of of 1800 W/m K for their FEM
analysis but did not mention their sources of the value of [6].

Few attempts to measure in vivo have been reported.
Bhavaraju [1] constructed a physical model of the swine
heart from silicone rubber and embedded thermistors (BR11,
Thermometrics Inc.) into the wall of the model heart. He
then pumped a blood substitute, consisting of 40% glycerol
and 60% water by weight, at various flow rates through the
model heart and measured in vitro , in several locations.
His experiments yielded values of ranging from 44 to
3930 W/m K. Since his heart model was stiff, and not as
flexible as the real heart, at many locations, especially under
the valves, his experimental results of are extremely low
and questionable. Santos et al. [12], [13] used a Swan–Ganz
catheter with a thermistor embedded near its tip to measure
in eight locations in two pigs in vivo. The values of obtained
from his measurements range from 510 to 4800 W/m K.
However, his experimental results are questionable for several
reasons. First, the Swan–Ganz catheter he used is neither stiff
nor steerable, making it extremely difficult to accurately locate
the measuring sites. Second, he did not use fluoroscopy. Third,
the orientation of the measuring surface of his catheter could
face the endocardial wall instead of the flowing blood during
the measurement, which could significantly alter the results.
Fourth, because the thermistor that is embedded on the surface
of his catheter is as thick as 0.2 mm, the average temperature
he measured was different from the surface temperature, which
would result in miscalculation of .

Because we could not find any reliable values of in pre-
vious research, we measured using a Wheatstone bridge cir-
cuit, similar to a hot wire/film anemometer circuit, connecting
it to a steerable catheter sensor, using fluoroscopy and using the
system to perform in vivo measurements of the endocardial con-
vective heat transfer coefficient in 22 locations inside the car-
diac chambers of 15 pigs.

II. METHOD

Fig. 1 shows the flow chart of in vivo measurement of . The
test animals (pigs) were prepared for in vivo measurement. The
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Fig. 1. Flowchart of in vivo measurement where the catheter is located inside the pig’s cardiac chambers.

Fig. 2. Catheter sensor. (a) The steerable catheter has Loctite coating except where the thin film Pt sensor (RTD) at its tip is exposed. (b) Top view of the RTD
sensor. (c) Cross-sectional view of the RTD sensor through line C.

catheter sensor shown in Fig. 2 was advanced into the cardiac
chambers of the pigs to the measuring locations. The catheter
sensor was connected to the measuring system, which heated the
sensor about 5 C above the pig’s body temperature. The tem-
perature of the heated sensor and the electric power consumed
by the sensor were measured and collected by data acquisition
programs, Biobench and Labjack. Calculation from those data
yielded [17].

A. Pig Preparation

We obtained pigs, weighing from 12 to 45 kg, from the
Department of Animal Science at the University of Wisconsin-
Madison (for open chest measurement) and from the University
of Wisconsin Hospital, University of Wisconsin-Madison (for
measurement under fluoroscopy). The protocol for these studies
was approved by the Animal Care and Use Committee and
was in compliance with all National Institute of Health (NIH)
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guidelines for the humane use of animals in research. The pigs
were sedated by injecting Telazol, a narcotic preanesthetic,
intramuscularly at an approximate dose of 4 mg/kg. They
were then masked to a surgical plane of anesthesia with 5%
halothane. The anesthetic was then reduced to 3%–4% and
incisions were made with an electrosurgical unit through the skin
and underlying tissues to expose the trachea and the sternum.
The tracheostomies were achieved by dissection and intubation
of the pigs’ trachea. The animals were then ventilated and
the anesthetic levels adjusted, maintained at oxygen saturation
near 100%, and the heart rate was between 80–130 beats/min
for the balance of the experiment.

For open chest measurements (without fluoroscopy), the
chest of the animal was opened by cutting the sternum from
the xiphoid process. Any bleeding from the cuts was ligated or
stopped by electrocautery. A surgical retractor kept the chest
open, exposing the intact heart within the pericardium. The
catheters were introduced into the jugular vein for the right
heart measurements and either through the carotid artery or the
left atrium directly for the left heart measurements. Placement
was verified by palpation and visual observation.

For the measurements under fluoroscopy, the external jugular
of the test animal was canulated and the catheter sensor was
advanced to the right atrium and then the right ventricle through
the tricuspid valve. The catheter sensor was introduced through
the carotid artery to reach the left ventricle and then the left
atrium through the mitral valve. Placement of the catheter sensor
was verified by fluoroscopy.

B. Catheter Sensor

Fig. 2(a) shows the catheter sensor, which was a modified
temperature ablation catheter (Blazer II TM Temp. ablation
catheter, Boston Scientific Corporation) with a Pt thin-film
resistive temperature sensor (TFD, Omega Engineering, Inc.) as
shown in Fig. 2(b) on its tip. The temperature sensor was cov-
ered by a thin layer of glass ( m) on top of the thin-film Pt
to protect it from erosion and any mechanical impact. Another
layer of ceramic substrate ( mm) was underneath the Pt
thin film. The temperature sensor was mounted on the tip of an
ablation catheter, and Loctite, a biocompatible epoxy, sealed
the electric connection, covering the backside of the sensor and
rounding the sharp edges of the sensor. Dr. D. Panescu of the
Boston Scientific Corporation supplied the catheter.

C. Measuring System

We used the circuit shown in Fig. 3 [17] to measure .
The measuring circuit, similar to a constant temperature hot
wire/film anemometer, is a Wheatstone bridge circuit with the
catheter sensor in one of its arms and three wire-wound resistors
(1 W) and a precision potentiometer in the other arms. The
bridge circuit maintains the resistance of the sensor constant;
thus, the temperature of the heated sensor remains constant
(in the constant temperature mode) during measurement. The
potentiometer is adjusted so the sensor heats 5 C above the
flowing fluid temperature.

To acquire the value of , we measured the voltage across the
sensor and the voltage across and and recorded

Fig. 3. Circuit diagram of constant temperature measuring system, R ;R ,
and R are wire-wound resistors with 1% tolerance,�20 ppm/ C temperature
coefficient. R is a resistive temperature detector.

them using the BioBench program and Labjack program.
and were used to determine the current that flows through
the sensor. was also used to determine the resistance and
the temperature of the sensor. Once we knew the current, the
resistance, and the temperature of the sensor, we could estimate
the electric power consumed by the heated sensor. Hence, we
calculated using

(1)

where
electric power consumed by heating the sensor (W);
convective heat transfer coefficient (W/m K);
sensor area (m );
temperature of the heated sensor (K);
temperature of the blood that flows adjacent to the site
(K)

However, a correction is needed to obtain a more accurate
value of since there is a glass layer cover on top of the Pt
thin film and another layer of ceramic substrate underneath the
Pt thin film [17]. Fig. 4(a) shows the equivalent structure of
the catheter sensor in the one-dimensional heat transfer through
the catheter sensor. Fig. 4(b) shows the electrical analogy. We
treat the heat transfer rate as a flow and we calculated the
thermal resistances from the thermal conductivity, convective
heat transfer coefficient, and thickness of the material and the
area of the material. The temperature difference is analogous to
the potential difference. The Fourier equation may be written as

(2)

From Fig. 4(b) and (2), the value of can be calculated using
(3), shown at the bottom of the next page [17], where

exposed surface area of the catheter sensor [as shown
in Fig. 2(a)] mm mm m ;
temperature difference between the heated sensor and
the blood (K);
electric power consumed by the heated sensor (W).;
thermal resistance of the glass layer
(K/W);
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Fig. 4. One-dimensional heat transfer through the catheter sensor. (a) The equivalent structure of the catheter sensor. (b) The electrical analogy.

thermal resistance of the ceramic substrate
(K/W);

thermal resistance of the Loctite layer
(K/W);
thickness of the glass layer mm;
thermal conductivity of the glass W/m K;
thickness of the ceramic substrate mm;
thermal conductivity of the ceramic W/m K;
thickness of the Loctite mm;
thermal conductivity of the Loctite W/m K.

D. In Vivo Measurement

In order to perform in vivo measurements, the pericardium
was opened and the catheters were advanced to the designated
measuring sites in the atria, the ventricles, and the valves.

We measured the values of in 22 locations in the pig’s car-
diac chambers. The measuring locations in the right atrium were
the lateral and the medial walls, the floating position in the right
atrium, and at the AV node. For the right ventricle, we measured
the floating position in the right ventricle, the lateral and the
septal walls, the apex of the right ventricle, the AV node (ven-
tricular side), underneath the tricuspid valve, and the floating
position in the tricuspid valve and in the pulmonary valve.

For the left atrium, the measuring locations were the lateral
and medial walls of the left atrium and the floating position in-
side the left atrium. The measuring locations in the left ventricle
included the floating position in the left ventricle, the lateral
and septal walls, the apex, underneath the mitral valve, and the
floating positions in the mitral valve and in the aortic valve.

When we measured the values of at the endocardial walls
under fluoroscopy, we pressed the back of the catheter sensor
against the walls leaving the sensing area facing the flowing

blood. We utilized fluoroscopy to ensure the proper orienta-
tion of the sensor and the precise measuring sites. Fig. 5 shows
the images from fluoroscopy, illustrating the placement of the
catheter sensor and the proper orientation of the sensor thin film,
which faced the flowing blood in the cardiac chambers. We also
ensured that the catheter sensor was not placed in the blood for
more than 20 min. After 20 min, the deposition of blood compo-
nents on the sensor began to affect our measurements (data not
shown). We also cleaned the surface of the sensor with water
and dried it every time we reinserted the sensor to remove any
blood deposition. Each measurement was recorded for at least
30 s using either Biobench or Labjack data acquisition pro-
grams. The results were then analyzed using (3) to yield the
value of . Although the placements of the catheter sensor in
many locations are next to the wall in the cardiac chambers, not
in the floating position, the values of obtained using (3) are
less than 10% different from the more accurate equation (not
shown here). Therefore, we only use (3) to yield the value of
in all locations.

III. RESULTS

A. Theoretical Calculation of in Zero Flow in the Cardiac
Chambers

For free convection in still blood (at the body temperature
of 39 C) for vertical planes at an isothermal surface [17], the
sensor was heated to a constant 5 C above the blood temper-
ature. By using the thermal properties of blood [18], [19], [22]
and the volume coefficient of expansion of water, the Grashof
number and the Prandtl number are

From [4, Fig. 7-7], and W/m K, where
is the average value of over the exposed area of the sensor.

(3)



1482 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 51, NO. 8, AUGUST 2004

Fig. 5. Fluoroscopy images from the in vivo measurements of h: (a) at the apex of right ventricle, (b) at the lateral wall of right ventricle, (c) underneath the
tricuspid valve, and (d) at the lateral wall of the right atrium.

TABLE I
EXPERIMENTAL RESULTS OF THE IN VIVO ENDOCARDIAL CONVECTIVE HEAT

TRANSFER COEFFICIENT h (W/m �K) IN 22 LOCATIONS FROM 15 PIGS

B. In Vivo Experimental Results

Table I shows the experimental results of the in vivo measure-
ments in 22 locations in the cardiac chambers of 15 pigs. We
pooled the data obtained from both the open chest animals and
under fluoroscopy since there were no significant differences

in data. The values of range from 2500 to 9500 W/m K.
We performed at least three measurements at each location
(except at the medial walls of the atria and the floating position
in the aortic valve) and calculated the median values of , the
average values of , and the standard deviations of the results
from all measurements at each location. Fig. 6 presents the
median values of mapped on a heart diagram. The largest
value of was obtained from the floating position in the
left atrium and the smallest value of was obtained from
the right atrial wall near the AV node (AV node in the right
atrium). Table II shows the values of at zero flow in each
cardiac chamber measured after the heart stopped. The value
of in each cardiac chamber at zero flow was approximately

W/m K. There was no significant difference of
the free measured from each cardiac chamber. Fig. 7 shows
the waveforms from the in vivo measurements of at eight
locations in the cardiac chambers recorded by the Biobench
program.

IV. DISCUSSION

The goal of this project was to obtain accurate in vivo
measurements of . Several factors were critical to the design
of the probe we utilized. We selected a thin sensor so that the
surface temperature was close to the average temperature. We
determined the thermal resistance of any backing and protective
coating. We needed to ensure that little or no blood components
were deposited on the surface of the sensor to avoid added
thermal resistance. We considered two alternatives, coating the
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Fig. 6. Median values of h from in vivo measurements in 15 pigs in 22
locations mapped on a heart diagram.

TABLE II
EXPERIMENTAL RESULTS OF THE IN VIVO ENDOCARDIAL CONVECTIVE

HEAT TRANSFER COEFFICIENT h (W/m �K) AT ZERO FLOW IN

EACH CARDIAC CHAMBER

sensor with heparin-carbon solution [21] or frequently cleaning
the sensor. Coating with heparin solution is desirable but not
very practical since it adds an unknown thermal resistance. As
a result, every 20 min we cleaned the sensor to remove any
blood deposition during the measurement. Finally, we needed
to confirm the location and proper orientation of the sensor.
This was accomplished both by palpation in the open chest
and by fluoroscopy in the closed chest.

The median values of are reported in 22 locations in the
heart. For the floating position in each chamber, the values of

in the left side of the heart are higher than those in the right
side. This is reasonable since blood velocity is higher in the left
cardiac chambers [5]. The values of measured at the endocar-
dial wall in the ventricles and the values of at the apices of
both ventricles are higher than those at the septum and the outer
walls. This may reflect that the majority of the blood from both
atria flows directly to the apices while a smaller amount of blood
with lower velocity flows past the septum and outer walls.

For floating positions in each valve, the highest value of is at
the pulmonary valve (8000 W/m K) and the lowest value of
is at the aortic valve (5000 W/m K). However, theory suggests
that higher velocity should yield a higher value of and the

TABLE III
VELOCITIES OF THE BLOOD IN THE HUMAN HEART AND SOME LARGE

VESSELS (CM/S) [5], [22]

average velocity at the ascending aorta is higher than that at
the pulmonary artery [5], [23], as shown in Table III. This low
experimental value of at the aortic valve might result from the
improper placement of the catheter sensor in the ascending aorta
during the measurement. The catheter sensor might have been
close to the wall of the ascending aorta, which has lower blood
velocity, instead of floating in the middle of the valve.

Because the beating heart moves and twists with each beat,
it is not possible to measure the boundary layer effects as a
function of position within the heart chambers. Furthermore,
the flow phenomena of blood inside the cardiac chambers are
totally different from what would be expected in a solid tube or
geometrical-formed container. During ventricular filling in the
left ventricle, as soon as the valve opens, the blood from the left
atrium flows into the left ventricle and forms vortices [16].

For a zero flow rate, all of the values of in each cardiac
chamber are very similar at approximately W/m K.
Although this value is about twice as large as the theoretical
calculation value of free convection in the blood mentioned ear-
lier, the lack of variability between measurements suggests that
our result is accurate. We measured the values of when the
heart had already stopped its activity; thus, we did not expect
any residual flow. However, since the valves inside the car-
diac chamber were not fully closed, the blood could still move
through the valves due to gravitational force and the remaining
pressure inside the cardiac chambers. This slight flow could be
the main cause of the high value of we obtained. Furthermore,
some minor inaccuracy of the theoretical calculation might have
occurred because the thermal properties we used for the theo-
retical calculation were the values at 37 C, since we could not
find those values at 39 C (pig’s body temperature). Finally, we
estimated some of the values, such as the volume coefficient of
expansion from the value for water since we could find no values
measured in blood.

Because of the small size of the sensor, the Grashof or
Rayleigh Number and the Reynolds number (for the forced
convection flows) are small. Most of the correlations are more
reliable at the upper end of the Grashof or Reynolds number
ranges, hence better agreement of the experimental data and
the theoretical calculation at higher flows.

At the lower flow rate in stagnant liquid (at a low Grashof
Number), the experimental flow regime is uncertain. The nat-
ural convection correlation assumes a flat vertical surface, no
edge effects, constant fluid properties, and no forced convec-
tion (fluid movement) at all which are difficult to replicate. Most
other experiments in natural convection attempt for relatively
large Grashof numbers, therefore the flow is strongly driven by
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Fig. 7. Waveforms of the voltage across the catheter sensorR detected during the in vivo measurement of h using the Biobench data acquisition program: (a) in
the right atrium, (b) in the left atrium, (c) in the right ventricle, (d) in the left ventricle, (e) in the tricuspid valve, (f) in the mitral valve, (g) in the pulmonary valve,
and (h) in the aortic valve. All of the waveforms are not from the same pig; hence there are different heart rates.

free convection with negligible small amounts of forced convec-
tion. However, in our case, Gr is small, so normally negligible
small forced convection has a big effect and cannot be neglected.

Fig. 7 shows that the waveforms from the in vivo measure-
ments of are very similar to the waveforms from pressure mea-
surements. Fig. 7(h), measured in the aortic valve, shows a sim-
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ilar waveform as the aortic pressure recorded by Nerem et al.
[11].

V. CONCLUSION

This study shows that can be measured in vivo using a hot
wire/film anemometer system.

We measured at 22 locations in the cardiac chambers of
15 pigs. At each location, we measured at least three separate
measurements (from different pigs) and calculated the median,
average, and the standard deviation. For each measurement, we
measured at least 30 s and calculated to yield the average value
of . We also obtained waveforms from each measurement and
we found that they are very similar to the waveforms from pres-
sure measurement.
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