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ABSTRACT Changes in cardiac tissue properties following the application of various ablation modalities
may lead to the development of an array of associated complications. The application of either radio
frequency (RF) or cryothermal ablations will alter the biomechanical properties of various cardiac tissues
in a differential manner; in some cases, this may be attributable to increased incidences of cardiac
tamponade, pulmonary vein stenosis, and/or atrial-esophageal fistula. Thus, a greater understanding of the
underlying changes in tissue properties induced by ablative therapies will ultimately promote safer and more
efficacious procedures. The effects of applied RF or cryothermal energies on the biomechanical properties
of the pulmonary vein, left atrial, or right atrial samples (n = 369) were examined from fresh excised
porcine (n = 35) and donated human tissue (n = 11). RF ablations were found to reduce the tensile
strength of the porcine cardiac specimens (p < 0.05), and a similar trend was noted for human samples.
Cryoablations did not have a significant impact on the tissue properties compared with the untreated tissue
specimens. Locational and species differences were also observed in this experimental paradigm (p < 0.001).
Incorporating these findings into cardiac device design and computational modeling should aid to reduce the
risks of complications associated with tissue property changes resulting from cardiac ablative procedures.

INDEX TERMS  Atrial fibrillation, biomechanical properties, cryoablation, radiofrequency ablation.

I. INTRODUCTION

Atrial fibrillation (AF) continues to affect millions of indi-
viduals in the United States alone, and the incidence of this
disease is expected to grow rapidly, 2.5 fold by 2050 [1].
In general, individuals over the age of 80 elicit incidences of
AF above 10% [1], [2]. Unfortunately, complications asso-
ciated with catheter ablation procedures for AF occur at
approximate rates of 4-6% [3], [4]. Some of these compli-
cations are the secondary result of the application of either
radiofrequency (RF) or cryothermal ablative energies, such
as cardiac tamponade, pulmonary vein (PV) stenosis, and/or
atrial-esophageal fistula. While it is generally considered
that the heating or cooling of tissues will alter their biome-
chanical properties, the exact therapeutic thresholds have
not been identified in controlled experiments. Additionally
during such RF clinical procedures, surpassing the minimum

target temperature of 50°C for myocardial scar formation is
quite plausible, especially when aiming to create transmural
lesions [5]. It is considered that RF energies build up within
the associated tissues during RF ablations [6]. Exceeding
ablation temperatures of 60-65°C has been reported to
result in the denaturation of collagen, temperatures higher
than 80°C cause elastin denaturation, and both scenarios
contribute to a loss of total tissue compliance [7]. In contrast,
it is considered that ice formation during cryoablations
induces altered alignment of structural proteins without
compromising their integrity, although there have been noted
modifications to their elastic moduli [8]. In other words, the
application of ablation energies changes biomechanical as
well as tissue properties that may play a role in the manifes-
tation of the aforementioned complications. Thus, a greater
understanding of how and why these transformations occur
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could ultimately reduce their elicitation relative to these
cardiac treatments.

Detailed biomechanical characterizations of various
myocardial structures within the heart as a whole are cur-
rently underway. For instance, the biomechanical properties
of the fossa ovalis have been investigated in an effort to reduce
iatrogenic atrial septal defect formations [9]. Additionally,
our laboratory has studied the relative contact forces required
to cause perforations and the associated relationships with
various ablation modalities [10]. Furthermore, interest in
engineered heart tissues, as well as rapid utilization of tran-
scatheter valves, has fueled the study of both valves and
chordae tendineae properties to better mimic their native
behavior [11], [12]. Therefore, a detailed understanding of
biomechanical as well as biothermal tissue properties asso-
ciated with ablative therapies remains an intense area of
interest. Further, as cardiovascular technologies continue to
advance, the role of computational modeling in both device
development and personalized medicine will likely become
readily available and increasingly important [13].

Il. METHODS

Human heart specimens (n = 11) were acquired from
nonviable organ transplant donors through LifeSource
(St. Paul, MN, USA) as well as the University of Minnesota
Bequest Program (Table 1). Yorkshire cross swine (n = 35)

TABLE 1. Human heart demographics.

Heart | Age | Weight | Gender Cause of Cardiac History
# r) | (kg Death
Hypertension,
1 45 96 M CVA alcoholism
2 34 86 M CVA None
Hypothyroidism,
3 62 73 F CVA hyperlipidemia
4 52 74 F CVA None
AF, mitral
5 81 75 F Natural regurgitation
Bladder
6 67 82 cancer None
7 69 77 COPD None
Hypertension,
hyperlipidemia,
8 68 137 M CVA CABG
Head
trauma
9 58 93 F Hypertension
Drug
10 52 94 overdose None
11 57 106 M CVA None

AF=atrial fibrillation; CABG-coronary artery bypass graft; COPD=chronic
obstructive pulmonary disease; CVA=cerebrovascular accident
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cardiac tissue was also obtained from the University of
Minnesota Meat Sciences Lab as well as our laboratory. Fresh
atrial and ostial PVs (n = 369) were carefully dissected
into dog-bone-shaped tissue bundles and 2-0 silk sutures
(Surgical Specialties Corp., Reading, PA, USA) were tied
to both ends (Fig. 1). This dog-bone orientation allowed
for repeatable failures of these tissues near their midpoint;
evulsions occurred at the tissue regions with the smallest
cross-sectional area. Pectinate muscles from the right and left
atrium were used; pulmonary vein samples were dissected so
that the axial direction of the vein aligned with the long axis
of the dog-bone shape. Dimensions of all tissue samples were
measured with calipers to allow for subsequent data normal-
ization. All swine samples were tested within 24 hours post
explantation; some human specimens were tested beyond this
timeframe, but within 48 hours. Samples were stored in saline
at 4°C prior to uniaxial testing. The prepared samples were
randomized to the following study groups: 1) no treatment,
2) RF ablation for 1 minute at 30 W, with a 65°C temperature
limit, or 3) focal cryoablation for 2 minutes. Specimens were
then pulled uniaxially until we observed failure at a rate

A

FIGURE 1. A prepared dog-bone shaped specimen which was submerged
in saline during dissection. Following dissection an ablation treatment
(in this case cyrothermal) was performed (A). Sutures were affixed to
each end of the sample. The specimen was then mounted in the
mechanical force tester looping the sutures onto hooks. The undeformed
strain was measured after the sample was mounted but prior to the
uniaxial pull. The scale bar depicts 1 cm (B).
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of 100 mm/min with a mechanical force tester (Chatillon,
Largo, FL, USA). A typical stress response plot for each
treatment modality is displayed in Figure 2. Lagrangian
strain was used in this experimental paradigm, and the initial
tissue length was measured after the application of ablation
modalities.

i
ho Treatment
Cryo

Uttimate Tensile Strength (MPa)

L L
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Strain (%)

FIGURE 2. During uniaxial pulls the stress-strain response of each
treatment (RF = red, no treatment = green, and cryothermal = blue)
was measured.

A. DATA ANALYSES

Ultimate tensile strength, strain at failure, and Young’s mod-
ulus parameters were calculated and analyzed with Matlab
(MathWorks, Natick, MA, USA) and Minitab (State College,
PA, USA). All determined values are presented as mean =+
standard deviation. Analysis of variance (ANOVA) for groups
of 3 or more and t-test with Bonferroni correction for individ-
ual comparisons were used to examine normally distributed
data. P-values <0.05 were considered as significant.

Ill. RESULTS

The relative tensile strength, strain at failure, and derived
Young’s modulus parameters for tissues were found to be
significantly different, i.e., between the right/left atrial and
PV specimens as shown in Table 2 (p < 0.05 for RA and LA
compared to PV). Furthermore, there were significant dif-
ferences between species, with human hearts having greater
ultimate tensile strength and Young’s modulus parameters,
but lower strain at failure, as provided in Table 3 (p < 0.001).

TABLE 2. Comparisons of porcine biomechanical properties sorted by
tissue type.

Location
RA LA PV P-value
Eﬁ},‘g‘te tensile strength | ) (9,035 | 1.04£0.76 | 1.640.95 0,001
Strain at failure (%) 87433 11739 153+68 <0.001
Young's modulus (kPa) 1548 19£10 3123 <0.001
Number 33 23 39

LA=left atrium; PV=pulmonary valve; RA=right atrium
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TABLE 3. Comparisons of pulmonary vein biomechanical properties
sorted by species: human versus swine.

Species
Human Swine P-Value
Ultimate tensile strength 5004522 | 1.642095 | <0.001
(MPa)
Strain at failure (%) 58+28 153+68 <0.001
Young's modulus (kPa) 2244219 31+£23 <0.001
Number 29 39

TABLE 4. Comparisons of the biomechanical properties of porcine
pulmonary veins, right atrium, and left atrium in each treatment group:
controls (NT), radiofrequency (RF) therapy or cryothermal therapy (Cryo).

Ablation Modality

Pulmonary Vein NT RF Cryo P-value
Ultimate tensile strength

1.64+0.95 | 1.09+£0.59 | 1.41£0.49 | 0.012
(MPa)
Strain at failure (%) 153+68 128+62 147£72 ns
Young's modulus (kPa) 31423 21«13 27+18 ns
Number 39 27 32
Left Atrium
Ultimate tensile strength |y 4.0 76 | 0.6420.30 | 0.8320.49 | 0.044
(MPa)
Strain at failure (%) 117£39 90+33 85421 0.001
Young's modulus (kPa) 19+10 15+10 21+12 ns
Number 23 25 29
Right Atrium
Ultimate tensile strength | 59 35 | 0.544040 | 0.63£0.30 | ns
(MPa)
Strain at failure (%) 87+33 69+36 84432 ns
Young's modulus (kPa) 15+8 14+8 1549 ns
Number 33 37 40

The applied ablation modality and therapeutic applica-
tion site within these hearts were both shown to be factors
influencing the resultant biomechanical properties. Following
RF applications, the relative tensile strength for both the
porcine pulmonary veins and left atrial tissue specimens was
different, as shown in Table 4 (p < 0.05 for PV and LA NT
compared to RF). Note that post-treatment responses of the
porcine right atrial and human PV samples followed the same
trends, but these effects did not achieve significance (Table 5).
Further, the application of RF energies reduced the tensile
strength of all investigated tissues; typically this resulted in
reduced evulsion forces by approximately one-third follow-
ing RF ablations. In contrast, cryoablative therapies elicited
no statistical impact on the ultimate tensile strength, regard-
less of the tissue tested.

IV. DISCUSSION

The biomechanical properties of cardiac tissues observed
here were similar to those reported in the literature. For
instance, studies examining the biomechanical properties
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TABLE 5. Comparisons of human pulmonary vein biomechanical
properties associated with treatment group: controls (NT),
radiofrequency (RF) therapy or cryothermal therapy (Cryo).

Ablation Modality
NT RF Cryo P-value
Ultimate tensile strength | 5 6,5 »5 | 3850962 | 6.69+5.91 | ns
(MPa)
Strain at failure (%) 58+28 55+21 64+25 ns
Young's modulus (kPa) | 2244219 | 144+108 | 2194225 | ns
Number 29 30 25

of porcine peripheral and coronary arteries revealed ulti-
mate tensile strength and Young’s modulus parameters in
agreement with this study [14], [15]. It should be noted
that there were expected differences between arteries and
the venous/cardiac tissues used in this experiment. Also,
Venkatasubramanian et al. reported a shift in Young’s modu-
lus of the physiological region of the frozen samples so that
they acted stiffer [14]. Similar behavior was observed in this
study during cryoablation with a shift of Young’s modulus
(data not shown). Furthermore, it was reported that RF energy
application caused a loss of pulmonary vein compliance and
contraction of the tissue, which was exacerbated with temper-
ature increases beyond 60-65°C [7]. Note that a temperature
limit of 65°C was utilized in our experiments, and although
there was an increase in compliance, inversely related to
Young’s moduli, no significant changes were observed. It is
important to acknowledge that in the current study samples
were examined following the ablation, so this shrinkage
would not be observed as it was out of our window of inter-
est. Additionally, similar effects of ablation were exhibited
for the esophagus, with RF significantly reducing the ulti-
mate tensile strength and cryoablation having no noticeable
impact [16]. In general, the effects of RF and cryothermal
ablation observed in this study are in agreement with those
manifested in a variety of other tissue types including veins
and esophagus.

The biophysical disruption of the structural integrity of
tissues in relation to heating has been characterized numerous
times [7], [17]-[20]. As temperatures exceed 65°C collagen
denaturation occurs, and at temperatures above 80°C elastin
denaturation is incited [7]. In this experimental paradigm
a temperature limit of 65°C was used, which allowed for
collagen breakdown in these tissues following the applica-
tion of RF therapeutic ablation. Therefore, reduced structural
integrity was expected and was found to be in agreement
with our presented results. In contrast, cryoablative therapy
is considered to have minimal effects on the integrity of
structural proteins, so reductions in ultimate tensile strength
would not be anticipated and were not observed in this study.
Yet, the relative induced changes that RF and cryothermal
ablative energies had on the structural proteins were asso-
ciated with the tissue and species specific biomechanical
responses.

Although we identified significant difference between the
swine and human biomechanical properties, there are a num-
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ber of other factors one needs to consider. The tissue samples
studied here were from 6-9 month old swine, while samples
from human donors ranged between the ages of 34-81 years.
Aging processes will alter biomechanical properties; e.g.,
studies examining the chordae tendineae reported that with
age the collagen orientation becomes more disorganized and
alterations in the collagen wave structure occur [21]. More
specifically, the large ranges in the age and associated disease
state of the donor human specimens studied here may have
contributed to the observed variabilities and differences when
compared to the swine samples. Note that some of the donors
had cardiac conditions, which may have altered their anatomy
and biomechanical properties of the tissue. Also, given the
relatively small sample size for human tissue, additional test-
ing would aid in verifying these findings. Nevertheless, swine
hearts were used as a translational model to approximate
tissue biomechanics following ablation.

The biomechanical properties assessed in our investiga-
tions of both human and swine tissues should be of interest to
scientists, engineers, and electrophysiologists utilizing these
therapies to treat patients. We consider here that this is one
of the first studies to examine the effects of ablative energies
on the biomechanical properties of various cardiac tissues.
Greater awareness of the resultant differences that RF and
cryothermal ablation applications have on tissues may influ-
ence future iterations of such delivery devices and/or be used
to fine tune clinical procedures, so to minimize circumstances
leading to the development of associated complications. For
instance, the knowledge that RF weakens the ultimate tensile
strength of various tissues could be advantageous in particular
applications. For example, the Baylis RF transseptal needle
(Baylis Medical, Montreal, CA) takes advantage of these
induced effects and uses RF energy to more readily cross
the septum, i.e., as an alternative to solely applying mechan-
ical force. Additionally, the results presented here may have
numerous implications for device design and implementation
in numerous clinical scenarios that help to improve the safety
and efficacy of all types of ablation procedures.

This study had some inherent limitations which may
include: 1) tissue temperatures during applied therapies were
not monitored; 2) only uniaxial force responses were studied;
and 3) the relative viability of the human tissues was not
always optimal. Monitoring of the contact tissue temperatures
would have allowed for a more accurate examination of
the influence temperature has on biomechanical properties.
However, we employed clinical systems for therapeutic
delivery, and this type of monitoring would in turn be inva-
sive and may have compromised the measured tissue prop-
erties of interest. Furthermore, samples were typically near
or less than 1 mm? in cross-sectional area, so catheter tip
temperatures were expected to be quite close to maximum
tissue temperature. Noted above, biomechanical properties
were only examined uniaxially and these tissues likely have
directional differences, since they are not homogeneous in
nature. Furthermore, some of the human tissue used was
not tested within 24 hours post explantation. Although, we
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did not observe significant differences between the relative
properties of our obtained human samples, this may have
been masked by the small sample size. Therefore, further
experiments need to be conducted to investigate these
potential study limitations.

V. CONCLUSIONS

The effects of RF and cryothermal ablation on the biome-
chanical properties of cardiac tissues were investigated using
a translational approach. Applied RF energies induced sig-
nificant denaturation of structural proteins, ultimately lead-
ing to decreases in tensile strength, but without associated
changes in strain at failure and/or derived Young’s modulus.
Cryoablations did not elicit significant effects on any tissue
properties compared to untreated specimens. There are tissue
specific and species variations that need to be accounted for
in applications related to the biomechanical properties of
cardiac tissues. Thus, special consideration should be taken
when using animal models as substitutes for human tissues
in device design efforts. This research highlights the need for
further studies to investigate the tissue property transitions
that occur during and following the application of ablation
modalities, especially with respect to clinical complications.

ACKNOWLEDGMENT

The authors would like to express their gratitude to
LifeSource as well as the organ donors and their families for
the hearts used in this research. They would like to thank
Monica Mahre for preparation of this manuscript.

REFERENCES

[1] Y. Miyasaka et al., “Secular trends in incidence of atrial fibrillation in
Olmsted County, Minnesota, 1980 to 2000, and implications on the pro-
jections for future prevalence,” Circulation, vol. 114, no. 2, pp. 119-125,
Jul. 2006.

[2] A. Alonso et al., “Incidence of atrial fibrillation in whites and
African-Americans: The atherosclerosis risk in communities (ARIC)
study,” Amer. Heart J., vol. 158, no. 1, pp. 111-117, Jul. 2009.

[3] R. Cappato et al., “Updated worldwide survey on the methods, efficacy,
and safety of catheter ablation for human atrial fibrillation,” Circulat.,
Arrhythmia Electrophysiol., vol. 3, no. 1, pp. 32-38, Feb. 2010.

[4] A.Natale and A. Raviele, Eds., Atrial Fibrillation Ablation, 2011 Update:
The State of the Art Based on the Venice Chart International Consensus
Document. West Sussex, U.K.: Wiley, 2011.

[5] D. E. Haines, “The biophysics of radiofrequency catheter ablation in
the heart: The importance of temperature monitoring,” Pacing Clin.
Electrophysiol., vol. 16, no. 3, pp. 586-591, Mar. 1993.

[6] K. Yokoyama, H. Nakagawa, F. H. M. Wittkampf, J. V. Pitha, R. Lazzara,
and W. M. Jackman, “Comparison of electrode cooling between internal
and open irrigation in radiofrequency ablation lesion depth and incidence
of thrombus and steam pop,” Circulation, vol. 113, no. 1, pp. 11-19,
Jan. 2006.

[71 L.C. Kok, T. H. Everett, J. G. Akar, and D. E. Haines, “Effect of heating
on pulmonary veins: How to avoid pulmonary vein stenosis,” J. Cardio-
vascular Electrophysiol., vol. 14, no. 3, pp. 250-254, Mar. 2003.

[8] R. T. Venkatasubramanian et al., ‘“Freeze—thaw induced biomechanical
changes in arteries: Role of collagen matrix and smooth muscle cells,”
Ann. Biomed. Eng., vol. 38, no. 3, pp. 694-706, Mar. 2010.

[9] S.G. Quallich, B. C. Holmgren, S. A. Howard, and P. A. Iaizzo, “Assessing
the biomechanical properties of the fossa ovalis,” in Proc. 10th Annu.
Congr. Eur. Cardiac Arrhythmia Soc., Munich, Germany, 2014, vol. 39.
no. (suppl. 1), p. S71.

[10] S. G. Quallich, M. Van Heel, and P. A. Taizzo, “Optimal contact forces to
minimize cardiac perforations before, during, and/or after radiofrequency
or cryothermal ablations,” Heart Rhythm, vol. 12, no. 2, pp. 291-296,
Feb. 2015.

VOLUME 4, 2016

[11] J. A. Stella and M. S. Sacks, “On the biaxial mechanical properties of
the layers of the aortic valve leaflet,” J. Biomech. Eng., vol. 129, no. 5,
pp. 757766, Feb. 2007.

[12] M. S. Sacks, F. J. Schoen, and J. E. Mayer, Jr., “Bioengineering challenges
for heart valve tissue engineering,” Annu. Rev. Biomed. Eng., vol. 11,
pp. 289-313, Aug. 2009.

[13] D. A.Nordsletten, S. A. Niederer, M. P. Nash, P. J. Hunter, and N. P. Smith,
“Coupling multi-physics models to cardiac mechanics,” Prog. Biophys.
Molecular Biol., vol. 104, nos. 1-3, pp. 77-88, Jan. 2011.

[14] R.T. Venkatasubramanian, E. D. Grassl, V. H. Barocas, D. Lafontaine, and
J. C. Bischof, “Effects of freezing and cryopreservation on the mechanical
properties of arteries,” Ann. Biomed. Eng., vol. 34, no. 5, pp. 823-832,
May 2006.

[15] C. Lally, A. J. Reid, and P. J. Prendergast, “Elastic behavior of porcine
coronary artery tissue under uniaxial and equibiaxial tension,” Ann.
Biomed. Eng., vol. 32, no. 10, pp. 1355-1364, Oct. 2004.

[16] R.FE. Evonich, III, D. M. Nori, and D. E. Haines, ‘A randomized trial com-
paring effects of radiofrequency and cryoablation on the structural integrity
of esophageal tissue,” J. Intervent. Cardiac Electrophysiol., vol. 19, no. 2,
pp. 77-83, Aug. 2007.

[17] W. Gorisch and K.-P. Boergen, ‘“Heat-induced contraction of blood ves-
sels,” Lasers Surgery Med., vol. 2, no. 1, pp. 1-13, 1982.

[18] S.S. Chen and J. D. Humphrey, ‘“Heat-induced changes in the mechanics
of a collagenous tissue: Pseudoelastic behavior at 37 °C,” J. Biomech.,
vol. 31, no. 3, pp. 211-216, Dec. 1998.

[19] C. T. Vangsness, Jr., W. Mitchell, III, M. Nimni, M. Erlich, V. Saadat,
and H. Schmotzer, “Collagen shortening: An experimental approach with
heat,” Clin. Orthopaedics Rel. Res., vol. 337, pp. 267-271, Apr. 1997.

[20] T. Kang, J. Resar, and J. D. Humphrey, ‘“Heat-induced changes in the
mechanical behavior of passive coronary arteries,” J. Biomech. Eng.,
vol. 117, no. 1, pp. 86-93, Feb. 1995.

[21] C. Millington-Sanders, A. Meir, L. Lawrence, and C. Stolinski, *“Structure
of chordae tendineae in the left ventricle of the human heart,” J. Anatomy,
vol. 192, no. 4, pp. 573-581, May 1998.

STEPHEN G. QUALLICH received the
Ph.D. degree from the Visible Heart Labora-
tory, University of Minnesota. He is currently a
Senior Reliability Engineer with Medtronic PLC.
His primary research interests include cardiac
ablation tissue property changes, fossa ovalis
tearing, RF ablation steam pops, and infrared
imaging of cryoablation.

KEVIN E. KRIEGE is currently pursuing the
bachelor’s (Hons.) degree in physiology with
the University of Minnesota. He has volunteered
in the Visible Heart Laboratory for more than
two years, and aspires to attend medical school.

L}
.
T

PAUL A. IAIZZO received the Ph.D. degree.
He is currently a Professor with the Departments
of Surgery, Integrative Biology and Physiology,
and the Carlson School of Management at the
University of Minnesota, Minneapolis. His main
research focus is translational systems physiology,
and his research group has developed a unique
isolated working large mammalian heart model.
=] Other research interests include cardiac pacing,

skeletal muscle pathophysiology, thermoregula-
tion, black bear hibernation, wound healing, and spine biomechanics.

-

1900105



