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INTRODUCTION
Thermal ablation with radiofrequency (RF) and microwave energies is becoming an
increasingly important treatment for unresectable tumors of the liver, kidney, lung, and bone
(1-5). Prior to use in patients, ablation device performance is typically predicted by
computer modeling, or characterized with experiments in ex vivo and in vivo models (6-16).
The expected size and shape of an ablation zone created by a given device is often based
upon these experimental results and utilized to predict clinical performance during human
application. Characterization data also aides in pre-procedural planning, potentially in
conjunction with computer modeling and treatment planning software (17,18). As a result,
knowledge of the volume of tissue that a device can successfully ablate is important for
optimal and safe clinical implementation.

During both clinical and experimental assessment of ablation devices, it has been noted that
ablated tissues undergo involution on immediate post-ablation images (19). Although the
underlying mechanism has not been described, protein denaturation, contraction of collagen
and dehydration known to occur at high temperatures almost certainly contribute (20,21).
Importantly, this observation suggests that measurements of the post-treatment ablation zone
may underestimate the pre-treatment dimension of tissue that has been destroyed.
Awareness of the degree of contraction associated with different thermal ablation techniques
would aid in more accurately estimating actual system performance. The purpose of this
study was to determine the amount of tissue contraction during radiofrequency and
microwave ablation and whether contraction was related to ablation-induced dehydration of
the tissue.
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MATERIALS AND METHODS
Experimental setup

Bovine liver and lung tissues were harvested en bloc from a local abattoir, wrapped tightly
in a plastic bag to prevent moisture loss, and stored within 1 h of harvesting in a refrigerator
at approximately 4 °C. Within the next 24 h, the organs were sliced perpendicular to the
capsule (liver) or visceral pleura (lung) into sections approximately 10 cm wide by 10 cm
deep, and 6-10 cm tall as permitted by the organ. Sections were allowed to warm to room
temperature in a shallow bath of 0.9% saline (liver) or in air (lung) at 20 °C over the course
of 1-2 h.

Position markers were created from 1.5 mm diameter polytetrafluoroethylene (PTFE) tubes
(McMaster-Carr, Atlanta, GA) and inserted into the tissue using an acrylic template and 20-
gauge introducer needles. The tubes were oriented parallel to each other along a plane
bisecting the ablation applicator to create three diametric markers – inner, middle and
peripheral – approximately 10 mm, 20 mm and 30 mm apart, respectively (Figure 1). Only
the inner and peripheral markers were placed in lung samples because preliminary data
showed that the shrinking effect was so substantial that the middle markers artificially
limited movement of the other markers. Soft plastic tubes were chosen because they are
flexible and, unlike metallic wires, should not interfere with RF current or microwave
propagation.

Measurement procedure
Control measurements (n = 9 in liver, n = 8 in lung) were performed using markers in tissue
that did not undergo ablation to assess placement error and provide a dataset to which post-
ablation measurements could be compared. A total of 36 ablations were created in liver (n =
20) and lung (n = 16) utilizing either a 17-gauge cooled RF electrode (Cool-tip™, Covidien,
Boulder, CO) or a prototype 17-gauge water-cooled triaxial antenna (22). In both the RF and
microwave ablation groups, input powers and times were designed to create a 25-30 mm
ablation zone that would encompass all of the position markers: 12 min at 200 W max using
impedance-based power pulsing for RF (n = 12 in liver, n = 8 in lung); 7 min at 65 W for
microwave (n = 8 in liver, n = 8 in lung). After ablation, tissues were sliced along the
marker plane to permit full visualization of all markers in situ. Controls were sliced in the
same fashion. Ablation zone diameter and the minimum distance between the inner, middle
and peripheral markers were then measured. Total contraction in millimeters (mm), TC, was
calculated as the difference between pre- and post-ablation diameters at each position. We
also calculated a relative contraction in mm, RC, at each position by subtracting the total
contraction from the nearest more central position:

(1)

(2)

The total and relative contractions measured at the inner position are equivalent. Relative
contraction at the middle position in lung was estimated based on a linear interpolation of
the inner and peripheral positions and only used for comparison to water content, as
described below.
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Dehydration measurements
Additional samples of ex vivo bovine liver and lung were sectioned immediately post-
ablation into 5 mm × 5 mm × 5 mm blocks around each measurement position (n = 144
total, 12 for each marker position, tissue and energy combination; Figure 2). Sample masses
were then determined from an electronic balance (Sartorius Analytical, Westbury, New
York) before being dehydrated at 60 °C for at least 24 h to remove all available water
(Ronco 187-04; Beverly Hills, CA). The mass of each sample was determined after
dehydration and the mass-fraction of water, FW, calculated as

(3)

where mpre is the mass of the sample in grams (g) before dehydration and mpost is the mass
of the sample after dehydration. Since only two positions were measured from lung samples,
dehydration at the middle position was estimated based on a linear interpolation of the inner
and peripheral positions. Mass-fraction of water was also recorded from normal liver and
lung tissues (n = 9 each) to estimate the percentage of water mass removed during the
ablation.

Statistical analysis
Diameters pre- and post-ablation were analyzed using mixed effect linear regression. Since
the set of diameter measurements was not normally distributed, the square root was used as
the dependent variable in the models. The models included the independent variables tissue
type (lung, liver), energy type (control, RF, microwave), and marker position (inner, middle,
outer) with a random effect for the tissue. All potential interactions were included in the
model to account for any three-way interactions. P-values less than 0.05 were considered
statistically significant.

RESULTS
Ablation-induced tissue contraction

No differences were noted between RF and microwave ablations in liver (mean diameter ±
standard deviation: 32.6 ± 5.2 mm and 33.1 ± 3.4 mm; P = .82) or lung (22.2 ± 3.1 mm and
23.4 ± 2.9 mm; P = .47).

Overall, post-ablation diameters were significantly smaller at each position when compared
to controls (P < .0001; Table 1). The peripheral position, which is closest to the ablation
zone measurement, contracted a total of 15% for RF ablation in liver, 30% for microwave
ablation in liver, 55% for RF ablation in lung and 49% for microwave ablation in lung. Total
contraction was greatest near the peripheral portions of the ablation zone, with decreasing
effect at the middle and inner positions (Figures 3-6). Conversely, relative contraction was
most substantial at the inner position, with less contraction noted at the middle and
peripheral positions (Table 2). When comparing tissue types, we found that lung tissue was
overall characterized by significantly more contraction than liver (P < .0004). When
comparing energy types, microwaves produced greater contraction than RF in liver (P < .
0001) but not in lung (P > .45)

Dehydration analysis
Mean (± standard deviation) mass-fractions of water in normal liver and lung were 71% ±
4.5 and 77% ± 2.3, respectively. The mass-fractions of water measured at each position
ranged from 29.8% to 79.2% in liver, and from 23.1% to 81.8% in lung (Table 2). A positive
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correlation between the percentage of water removed and relative contraction was noted for
RF and microwave ablations in liver and lung tissues. This correlation was weaker for
microwave ablations (Figure 7).

DISCUSSION
Our study found that ex vivo liver and lung tissues contract 15-50% along one diameter, or
an approximate volume reduction of 27-75%, as a result of RF and microwave ablation. We
found that microwaves induced significantly more contraction than RF in liver tissue, but a
similar difference was not noted in lung. Total contraction was significantly greater in lung
than liver, while relative contraction was most marked near the applicator with decreasing
effect further from the applicator. Tissue dehydration correlated positively with relative
contraction.

Our findings have both research and clinical implications. The relatively high amount of
diametric contraction should be considered when evaluating the performance of ablative
devices ex vivo. For example, our data suggests that if a device creates a 2-2.5 cm diameter
ablation zone in ex vivo liver, the original diameter of tissue included in that ablation zone
was likely 3 cm or larger. Based on our findings, contraction will likely depend on the
energy type used, the device, applied power, treatment time and type of tissue ablated. In
addition, our findings shed light on the problem of using computer modeling to predict
device performance, especially when comparing computer models to experimental results.
Without accounting for tissue contraction, a computer model is likely to overestimate the
actual diameter measured post-ablation experimentally, an effect that has plagued previous
studies (10,23).

Similarly, tissue contraction may be relevant when comparing pre-ablation and post-ablation
images. It has been shown that the correlation between imaging and histopathologic changes
depends on the time after ablation and the modality used, with some studies noting an
increase in ablation zone size on imaging performed a few days after ablation (19,24,25).
The findings of this study suggest that immediate post-ablation imaging may underestimate
the original volume of tissue treated. It is also possible that delayed increases in ablation
zone size seen at imaging may be related to rehydration of the zone of ablation. More
evaluation will be needed to test these hypotheses, since the timing of the post-ablation
imaging may have an important impact on the assessment of treatment response.

Microwave ablation is associated with faster heating in a larger volume around the
applicator, and higher temperatures than RF (> 150 °C); thus, the result that dehydration
caused by microwave heating has a weaker correlation with relative contraction is somewhat
surprising (21,26,27). We found that microwaves created more dehydration at the inner
position, but less dehydration at the peripheral position than RF. These results might be
partially explained by the hypothesis that water vapor driven from the inner position re-
condensed and artificially elevated water content in the middle and peripheral positions of
microwave ablations (21,23). Such an effect may be less likely with RF energy since the
maximum temperature threshold is only 100 °C. We also noted that contraction in normal
lung was more significant than in liver, regardless of energy type, and was less correlated to
dehydration. One possible explanation for this finding is that contraction in the lung may be
more related to the effects of heat on collagen and tissue architecture collapse around the air-
filled spaces, rather than dehydration (20). It should also be noted that the microwave energy
used in this study was designed to create an ablation similar in size to an RF ablation. The
effects of input power and time on dehydration and contraction remain to be explored, but it
is reasonable to expect that using higher powers or longer treatment times would increase
the amount of dehydration and tissue contraction. More direct measurements of tissue
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contraction and dehydration appears warranted to help explain some of these findings in
more detail.

The primary limitation to this study was the use of unperfused ex vivo tissues. Further study
will be needed to determine whether these findings are confirmed in a perfused or in vivo
model. In vivo testing should also help determine whether the ablation zone rehydrates and
expands post-ablation. However, the ex vivo model is simpler, more controlled and valuable
for relative comparison of devices precisely due to the lack of perfusion. Since many
ablation devices are developed and characterized in ex vivo models, the results of this study
have immediate relevance.

The study was also limited in its use of normal tissue. Our finding that the amount of
contraction is tissue specific implies that various pathologies of tumors may have dissimilar
and distinct responses to heat. For example, fatty tumors may not experience as much
dehydration due to their lower inherent water content; fibrous tumors may contract more due
to collagen shrinking than dehydration. These hypotheses need additional testing for
verification. However, recent reports of tumor involution immediately after RF ablation
support the hypothesis that the response of some tumors to heat can be approximated by
normal liver tissue (19).

Finally, as noted above, the methods used to compare relative contraction to dehydration
need refinement. Both measurements could not be performed on the same sample, so
relative contraction was estimated based on the pre- and post-ablation diameter
measurement groups. Additional study with image-based markers and direct observation of
both hydration and diameter changes is ongoing.

In conclusion, RF and microwave ablation both cause significant contraction of normal
bovine liver and lung tissue ex vivo. In liver, contraction appears to be primarily due to
dehydration, while in the lung architectural distortion and collapse may have more
influence. Ablation-induced contraction also appears to be tissue type and ablation modality
specific. As a result, post-ablation measurements may not accurately depict the original
dimensions of the treated tissue when evaluating device performance or assessing treatment
response in the clinical setting.
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Figure 1.
Cartoon section of the experimental setup. Thin, flexible markers were placed on either side
of the ablation applicator to mark the original position of the tissue at peripheral (30 mm),
middle (20 mm) and inner (10 mm) locations. Lung samples only included the peripheral
and inner points due to the large amount of contraction that occurred during ablation.
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Figure 2.
Tissues were sectioned into approximately 125 mm3 blocks from the center of the ablation
zone to encompass the peripheral, middle and inner measurement points for dehydration
analysis.
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Figure 3.
Markers exposed after RF (left) and microwave ablation (right) in normal liver tissue. Line
represents 1 cm scale.
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Figure 4.
Mean inner, middle and peripheral diameters measured from unablated controls, RF
ablations and microwave ablations in liver tissue. Error bars represent the standard error of
the mean. Measures of significance are noted between groups as follows: *** P < .0001, **
P < .001, ns = not significant.
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Figure 5.
Markers exposed after RF (left) and microwave ablation (right) in normal lung tissue. Line
represents 1 cm scale.
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Figure 6.
Mean inner, middle and peripheral diameters measured from unablated controls, RF
ablations and microwave ablations in lung tissue. Error bars represent the standard error of
the mean. Measures of significance are noted between groups as follows: *** P < .0001, ns
= not significant.
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Figure 7.
Positive correlation between relative contraction and the mass fraction of water for RF and
microwave ablation in liver and lung tissues. Dashed lines represent the best-fit linear
trendline for each dataset with fitting function, f(x), and coefficient of determination, R2,
defined for each.
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