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Purpose: To analyze the spatial distribution and temporal development of liver tissue contraction
during high-temperature ablation by using intraprocedural computed tomography (CT) imaging.
Methods: A total of 46 aluminum fiducial markers were positioned in a 60×45 mm grid, in a single
plane, around a microwave ablation antenna in each of six ex vivo bovine liver samples. Ablations
were performed for 10 min at 100 W. CT data of the liver sample were acquired every 30 s during
ablation. Fiducial motion between acquisitions was tracked in postprocessing and used to calculate
measures of tissue contraction and contraction rates. The spatial distribution and temporal evolution
of contraction were analyzed.
Results: Fiducial displacement indicated that the zone measured postablation was 8.2±1.8 mm
(∼20%) smaller in the radial direction and 7.1±1.0 mm (∼10%) shorter in the longitudinal direction
than the preablation tissue dimension. Therefore, the total ablation volume was reduced from its
preablation value by approximately 45%. Very little longitudinal contraction was noted in the distal
portion of the ablation zone. Central tissues contracted more than 60%, which was near an estimated
limit of ∼70% based on initial water content. More peripheral tissues contracted only 15% in any
direction. Contraction rates peaked during the first 60 s of heating with a roughly exponential decay
over time.
Conclusions: Ablation zones measured posttreatment are significantly smaller than the pretreatment
tissue dimensions. Tissue contraction is spatially dependent, with the greatest effect occurring in
the central ablation zone. Contraction rate peaks early and decays over time. C 2014 American
Association of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4897381]
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1. INTRODUCTION

Image-guided interventional therapies have gained substan-
tial attention as nonsurgical means for tumor destruction.1–3

Thermal ablation is one such procedure in which a needlelike
device is inserted under image guidance (e.g., ultrasound,
computed tomography (CT), or magnetic resonance imaging)
and delivers energy directly to the surrounding tissue.4–7 En-
ergy types include radiofrequency, microwave, laser or ultra-
sound waves, and cryogenic cooling.8–12 Among those abla-
tion techniques, radiofrequency and microwave ablations are
the two most widely adopted and studied to date.13–16 Both
radiofrequency and microwave ablations have been shown
to provide a survival benefit in treating primary liver can-
cer, hepatic metastases, renal cell carcinoma, and benign le-
sions.17–24

The volume of ablated tissue is the primary metric used
to evaluate the technical success of ablation procedures.
Many vendors provide guidelines that predict ablation zone
size for various combinations of power, time, and applicator
design. Most of those guidelines and independent studies of
ablation devices or ablation zone growth to aid treatment
planning were produced from experiments in ex vivo tis-
sue models.25–28 However, two recent studies29,30 from sepa-
rate groups have highlighted the fact that dehydration and

collagen shrinking resulting from thermal ablation lead to
shrinkage of the treated tissue volume. The appearance of
ablation zones measured postablation reflects the shrunken
volume, not the original tissue volume. Therefore, postabla-
tion dimensional measurements may underestimate the orig-
inal tissue dimensions by 10%–50% depending on tissue type
and thermal exposure.29,30 Contraction has also been posi-
tively correlated with local tissue dehydration so contrac-
tion is especially relevant in the analysis of microwave abla-
tions.29

While previous studies have begun to characterize the
changes in tissue morphology due to thermal ablation, they
have been limited in scope. For example, the previous tech-
niques included only a single diametric contraction metric
inferred by comparing ablated and unablated samples. They
did not evaluate the temporal evolution of contraction nor
did they provide spatial analysis of contraction throughout
the ablation zone.29,30 Other studies have characterized the
shrinking of collagen in response to a thermal insult and
developed models of shrinking based on temperature and
exposure time, but those studies did not pertain to paren-
chymal tissue such as liver, lung, and kidney.31–34 More
recently, a shrinkage model of liver was proposed based on
isothermal and surface contraction measurements but which
did not account for the impact of water vaporization during
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tumor ablation procedures.35 An improved knowledge of the
mechanism, history, and practical effects of tissue contraction
is required to better understand ablation zone growth, trans-
late ex vivo and in vivo study results into a clinical setting,
aid in treatment planning, and more accurately assess treat-
ment outcomes. Therefore, the purpose of our study was to
analyze the spatial distribution and temporal development of
liver tissue contraction during high-temperature ablation by
using intraprocedural CT imaging.

2. MATERIALS AND METHODS

2.A. Experimental setup

A total of six freshly harvested bovine livers were cut into
10×8×4 cm blocks, which were tightly bound in plastic and
stored for up to 24 h at 4 ◦C–6 ◦C. In each sample, 46 Al
fiducials of 1 mm diameter were inserted through six biopsy
needles fixed 8 mm apart in a single plane. A microwave
antenna (LK 15; NeuWave Medical, Inc., Madison, WI) was
first inserted into the center of the fiducial grid (Fig. 1). The
fiducials were then placed by inserting the needles to the
distal aspect of the antenna, dropping a fiducial in each nee-
dle, withdrawing the needles 10 mm, and repeating so that
the grid covered an approximately 60×48 mm area in the tis-
sue coplanar with the antenna. Each sample was placed onto
the bed of a 64-slice CT scanner (750 HD; GE Healthcare,
Waukesha, WI) with the antenna and fiducial marker plane
parallel to the bed. A continuous generator output of 100 W
at 2.45 GHz (Certus 140; NeuWave Medical, Madison, WI)

F. 1. Experimental setup illustration. Fiducials were inserted into liver
tissue around the antenna in a single plane parallel with the scanning bed.
Tissue contraction was analyzed by measuring fiducial displacement over
time.

was applied for 10 min. After cables losses were consid-
ered, the estimated power delivery to the tissue sample was
55–60 W.

2.B. CT image processing

Helical CT data were acquired over the entire sample
volume every 30 s during the ablation (512×512, 15 cm
field of view, 120 KVp, 200 mA, 0.625 mm slice thickness,
0.531:1 pitch). To prevent streak artifacts around the antenna
from compromising fiducial detection, all CT volumes were
preprocessed using a metal artifact reduction tool similar to
that described by Boas and Fleischmann.36 Coronal maximum
intensity projection (MIP) images at each time point were then
generated with a resolution of 10 pixels/mm for further image
processing. Fiducials were segmented from MIP images by
basic thresholding and their centroids indexed using 
(2013a, Mathworks, Natick, MA).

Fiducial displacements were then detected by block match-
ing.37 Briefly, template blocks were formed around the geo-
metric centroid of each fiducial in each image. For each
fiducial-centered block, a search was conducted within a con-
strained window of a practical maximum displacement of
32 pixels (3.2 mm) in the previous frame of image to get a
best matching block. The displacement of the two blocks was
taken to represent fiducial motion, and finally displacement
vector maps were created by interpolating discrete fiducial
displacements onto a full 2D grid.

2.C. Postablation analysis

After ablation, each liver sample was bisected along the
coronal plane, and each side scanned optically (Epson Per-
fection v200, Long Beach, CA). The diameter and length of
each ablation zone were measured manually with an esti-
mated maximum error of 1 mm. The volume of ablation, V ,
was estimated by assuming the ablated tissue as an ellipsoid

V =
1
6
πD2L, (1)

where D is the diameter (transverse to the antenna) and L is
the length (along the antenna) of the ablation zone.

2.D. Spatial contraction analysis

A composite dataset was compiled by averaging inter-
polated displacement maps over all samples at each time
point. Displacement vector maps were separated into the two
orthogonal cylindrical components, radial (transverse to the
antenna) and longitudinal (along the antenna), and a displace-
ment magnitude map. Analyses were then conducted on these
maps separately as described below (Fig. 2).

To allow more detailed analysis of the spatial aspects
of contraction, three distinct metrics were developed. Total
displacement (−−⇀TD) was defined as the gross mean displace-
ment between the beginning of the ablation and each time
point. Since this metric was weighted toward locations farther
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F. 2. Contraction metrics evaluated in this study included total, normalized,
and localized displacements in both radial and longitudinal directions, along
with a vector magnitude.

from the ablation center, we defined two more spatially pre-
cise metrics. Normalized displacement (−−⇀ND) was defined as
the ratio of the total displacement (TD) to the original posi-
tion (OP) grid before moving

−−⇀
ND(t,r,z)=

−−⇀
TD(t,r,z)
OP(r,z) ×100%, (2)

where t is the time point index, and r and z are the radial
and longitudinal indices, respectively. Localized displace-
ment (LD) was defined as the normalized divergence of the
total displacement in terms of percentage

LD(t,r,z)= ∇·
−−⇀
TD(t,r,z)

����∇·
−−⇀
TD(t,r,z)����max

×100%, (3)

where the divergence form was assumed from an axisym-
metric cylindrical coordinate system

∇·
−−⇀
TD(t,r,z)= 1

r
*
,
r ·

∂
−−⇀
TD(t,r)
∂r

+
-
+
∂
−−⇀
TD(t,z)
∂z

. (4)

Localized displacement was calculated to elucidate the tissue
contraction of individual points within the ablation zone.

2.E. Temporal contraction analysis

To evaluate the temporal development of tissue contrac-
tion, the interpolated total displacement and normalized
displacement (ND) of each sample were measured at every
30 s during the ablation. The average displacements over
time were compared at the different labeled regions radially
(5, 10, and 15 mm away from the antenna) and longitudinally
(5, 15, and 25 mm proximally to the radiating segments).

Two new metrics were developed after the curve fitting
and the smoothing operations of the displacements over time.

Total displacement rate (TDR) was defined as total displace-
ment (mm) per time interval

−−−⇀
TDR(t,r,z)= d

−−⇀
TD(t,r,z)

dt
(mm/min). (5)

Similarly, normalized displacement rate (NDR) was defined
as the normalized displacement (%) per time interval

−−−−⇀
NDR(t,r,z)= d

−−⇀
ND(t,r,z)

dt
(%/min). (6)

Both metrics were compared and analyzed at each time point
to evaluate temporal evolution of the tissue contraction rate.

3. RESULTS

3.A. Qualitative observations

Mean ablation zone size as measured on postablation
gross pathology sections was 64.5±3.6 mm in length and
38.8±2.0 mm in diameter (Fig. 3).

During the ablation, the entire tissue sample was observed
to shorten horizontally and extend slightly vertically in the
axial imaging plane. Aluminum fiducials had an attenuation
of 600–800 HU that was stable over a range of temperatures
so were distinguishable from the tissue (∼40–60 HU), abla-
tion zone (<40 HU), and the treatment antenna (>2500 HU)
on CT images. Ablation zones appeared hypodense (Fig. 4)
with a central zone of very low attenuation (−400∼−100 HU)
corresponding to vaporized water and a more peripheral zone
of low attenuation (−100∼20 HU) corresponding to small
amounts of vapor as well as thermal expansion of the tissue
water.38,39 Substantial water vapor was produced even at early
time points. The water vapor zone expanded and diffused
radially over time (Fig. 4).

F. 3. Representative ablation zone as measured from postablation section-
ing. The ablation zone measured 6.5 cm in length and 4 cm in diameter.
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F. 4. Axial CT images acquired 0, 2, 5, and 10 min during microwave ablation. Vapor generated around the antenna is notable, with growth and diffusion from
central (around the antenna) to peripheral regions (distant from the antenna).

3.B. Spatial analysis

Contraction was observed by fiducial marker displacements
between each time point (Fig. 5). The final radial compo-
nent, longitudinal component, and magnitude of the total
displacement are shown in Fig. 6. For the radial compo-
nent, total displacement increased with increasing radial dis-
tance from the antenna. The greatest radial displacement
occurred at 18 mm (approximately at the edge of the abla-
tion zone measured on postablation pathology) away from the
antenna with a peak value of 4.1±0.9 mm (mean+ standard
error of the mean). In the longitudinal direction, total dis-
placement was negligible in the region distal to the antenna
radiating segment (∼25 mm proximal to the antenna tip). How-
ever, total longitudinal displacement followed a trend similar
to radial displacement proximal to the radiating segment.
The greatest longitudinal contraction occurred 50 mm prox-
imal to the antenna tip (z =−25 mm) with a peak value of

7.1±1.0 mm. As a result, the total displacement magnitude
peaked to 7.6±1.2 mm near r = 18 mm and z =−25 mm.

Contrary to total displacement and consistent with the
objective of observing displacements relative to initial posi-
tion, normalized displacements decreased with increasing
separation from the ablation center (Fig. 7). The greatest
normalized displacement magnitude of 40% occurred near
the center of the ablation zone and then decreased to 20%
at 15 mm radially from the antenna. Since the normalized
displacements metric is relative to initial position, evidence
of numerical singularities near r = 0 and z = 0 are evident in
the normalized displacement maps.

Similar to normalized displacement, the greatest local-
ized displacement magnitude occurred near the center of the
ablation zone and decreased in the peripheral ablation zone
(Fig. 8). Localized displacement described the local contribu-
tion to total tissue contraction. It showed that regions near the

F. 5. Coronal MIP images highlighting fiducial displacement during microwave ablation. Fiducials are visible as white points. The arrows show displacement
vectors between time frames and are labeled with displacement magnitude in millimeters. Qualitatively, there was an overall trend of greater displacement rate
early on, with decreasing effect over time.
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F. 6. TD in the radial (left) and longitudinal (center) directions with the vector magnitude (right). The antenna was located along the z axis. The origin (r = 0,
z = 0) is approximately at the center of the ablation zone. The numbers in the figures show total displacement in millimeters. Positive numbers represent
movement toward the origin.

center of the ablation zone contracted by approximately 60%
while peripheral regions contracted only around 15%.

3.C. Temporal analysis

Total displacement was most rapid at beginning of the
ablation, with slowing development over time (Fig. 9). After
ablation, the total displacement slightly decreased from the
peak at 10 min, representing a small amount of tissue expan-
sion (∼0.1–0.2 mm). Approximately 63% of total displace-
ment occurred during the first 4–5 min of ablation (Table I).

Accordingly, the total displacement rate peaked early on and
decreased over time (Fig. 10). The maximum total displace-
ment rates at radial distances of 5, 10, and 15 mm were 0.36,
0.68, and 0.71 mm/min, respectively. While maximum total
displacement rates 5, 15, and 25 mm proximal to the radiat-
ing segment were 0.71, 1.22, and 1.21 mm/min, respectively
(Table I).

Similar to total displacement, normalized displacement
increased rapidly near the beginning of the ablation and
slowed over time with a slight expansion after heating ceased

F. 7. ND in the radial (left) and longitudinal (center) directions with the vector magnitude (right). The antenna was located along the z axis. The origin (r = 0,
z = 0) is approximately at the center of the ablation zone. The numbers in the figures show normalized displacement in percent. Positive numbers represent
movement toward the origin. Singularities occurred in the longitudinal component near z = 0 so the longitudinal normalized displacement only shows the range
from 5% to 45%.
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F. 8. LD. The antenna was located along the z axis. The origin (r = 0, z = 0)
is approximately at the center of the ablation zone. The numbers in the figures
show localized displacement in percent. Positive numbers represent movement
toward the origin. The map showed central regions contracted more than 60%,
with a decreasing effect distant to the antenna.

(Fig. 11). Again, approximately 63% of normalized displace-
ment occurred during the first 4–5 min (Table I). The rate
of normalized displacement followed a similar trend to to-
tal displacement rate, which peaked at the beginning and
decayed over time (Fig. 12). In contrast to total displace-
ment, the central region had a greater normalized displace-
ment and a greater normalized displacement rate than the
peripheral regions. The maximum normalized displacement
rates at radial distances of 5, 10, and 15 mm were 7.12,
6.82, and 4.77%/min, respectively. While maximum normal-
ized displacement rates 5, 15, and 25 mm proximal to the
radiating segment were 14.30, 8.14, and 4.20%/min, respec-
tively (Table I).

4. DISCUSSION

Tissue contraction can be a substantial factor in abla-
tion growth that may confound the analysis of ablation de-
vice performance or clinical results. In the present study,

F. 9. TD in the radial (left) and longitudinal directions (right) vs time. Data
shown as mean total displacement with error bars representing the standard
error of the mean.

CT imaging was used to evaluate tissue contraction dur-
ing microwave ablation. Spatial analysis showed that tis-
sue contraction reduced ablation diameter by 8–8.5 mm
(20%–22%) and reduced ablation length by 7–8 mm (10%–
12%). Therefore, the total ablation volume was reduced from
its preablation value by approximately 45%. Tissue contrac-
tion was greatest near the center of the ablation zone, while
locations at the edge of the ablation zone encountered less
contraction in general. Temporal analysis suggested contrac-
tion rate peaked in the first 60 s, and then decayed over time.

Collagen shrinkage and water dehydration were believed
as the most possible reason that caused tissue contrac-
tion.29,30,33,35 Since the liver samples adopted in the study
have very low collagen content (1.8%–2.1% in normal
liver40) and very high water content (over 70%), water va-
porization was assumed to be the dominant factor in tis-
sue contraction. Temperatures measured during high-power
microwave ablation can exceed 100 ◦C, causing local tissue
water to transition into a gas phase that was visible on CT
images. Vaporization was most prevalent in the central part

T I. Temporal evolution of tissue contraction during microwave ablation. Data provided as mean ± standard
error of the mean.

Total displacement
Normalized

displacements

Total
displacement

rate

Normalized
displacement

rate

Location (mm)
Peak
(mm)

T63%

(min)a
Peak
(%)

T63%

(min)
Peak

(mm/min)
Peak

(%/min)

Radially
r = 5 1.90 ± 0.19 5.0 38.1 ± 3.9 5.0 0.36 ± 0.29 7.12 ± 5.94
r = 10 3.34 ± 0.32 5.0 33.4 ± 3.1 5.0 0.68 ± 0.40 6.82 ± 4.09
r = 15 3.83 ± 0.48 4.5 25.6 ± 3.6 5.0 0.71 ± 0.49 4.77 ± 3.32

Longitudinally
z = −5 1.88 ± 0.35 4.5 37.6 ± 7.1 4.5 0.71 ± 0.29 14.30 ± 6.74
z = −15 4.05 ± 0.28 4.5 27.0 ± 1.9 4.5 1.22 ± 0.33 8.14 ± 2.60
z = −25 6.00 ± 0.54 4.0 23.9 ± 2.1 4.0 1.21 ± 0.12 4.20 ± 1.63

aT63% is the time to reach 63% of the peak value.
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F. 10. TDR in the radial (left) and longitudinal directions (right) vs time.
Total displacement rate was acquired from the first order temporal derivative
of the total displacements after a smoothing operation. The figure shows total
displacement rate peaked at the first minute and decayed over time.

of the ablation where temperatures are known to be the high-
est.41 The water vapor then diffused along the temperature
gradient into more peripheral regions. Therefore, it is likely
that the volume occupied by water vapor collapsed (poten-
tially due to collagen shrinkage), leaving the contracted and
dehydrated tissue behind.

The CT imaging technique used in this study allowed
more complete analysis of contraction around an ablation
zone. Total displacement and normalized displacement were
commensurate with similar measurements from previous
studies.29,30 Additionally, localized displacement represented
the contraction in each unique spatial region in the abla-
tion zone. Put another way, the localized displacement metric
was more independent from contraction in neighboring tis-
sues. Therefore, localized displacement was more closely
related to apparent water vaporization on CT images, temper-
ature distribution,34 and expected water loss.29,41 Not surpris-
ingly, the maximum localized displacement of around 60%

F. 11. ND in the radial (left) and longitudinal directions (right) vs time.
Data shown as mean normalized displacement with error bars representing
the standard error of the mean.

F. 12. NDR in the radial (left) and longitudinal directions (right) vs time.
Normalized displacement rate was acquired from the first order temporal
derivative of the normalized displacements after a smoothing operation. It
shows total displacement rate peaked in the first minute and decayed over
time.

was near the expected volumetric water content of the tis-
sue of around 75%. As heating time increased, most tis-
sue water near the ablation center has been expelled toward
the peripheral regions, mainly from high-temperature regions
to low-temperature regions.34,42 Support for this explanation
can be seen from the decreasing rate of total and normal-
ized displacements over time, and relatively low localized
displacements in peripheral regions that experience relatively
little dehydration.

Several previous studies have investigated tissue contrac-
tion in other models. Chen et al. put forward a phenomeno-
logical model based on the study of heat-induced shrinkage
on bovine chordae tendineae.32,43 Rossmann et al. set up
another model based on the studies of tissue shrinkage dur-
ing controlled temperature exposure from 60 ◦C to 95 ◦C, and
suggested 12.3%–21.7% shrinkage after 15 min temperature
exposure.35 Both models described time-dependent heating
and recovery, but only considered heating at temperatures
less than 100 ◦C. Given the high degree of water vaporiza-
tion noted on CT images, such a model may be incomplete
to describe the contraction observed in this study. On the
other hand, Brace et al. described tissue contraction in liver
and lung tissue resulting from microwave and radiofrequency
ablation, which can heat tissue to 100 ◦C or more, noting an
approximately 25% reduction in ablation zone diameter as
a result of contraction.29 Sommer et al. described a similar
tissue shrinkage and dehydration caused by microwave abla-
tion, noting an approximately 30% underestimation of effec-
tive coagulation in kidneys.30 While those studies lacked
analysis of longitudinal contraction and relied on comparing
independent samples (i.e., they did not provide direct evalua-
tion of contraction or temporal analysis in each sample), the
contraction metrics in the present study are commensurate
with those works.

The results of this study should aid interpretation of both
numerical and experimental studies of thermal ablation. For
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example, most previous studies have reported only postabla-
tion measurements of the ablation zone, which neglects the
influence of contraction and likely underestimates the preab-
lation volume of tissue included in the ablation zone.27,28,44,45

Some studies have considered evaporation procedure in the
numerical model, but lacked experimental validation.46,47 Ef-
forts to improve numerical models for thermal ablation may
also benefit from incorporating contraction into the predic-
tion of temperatures and cell death.41

This study may also provide additional guidance for clin-
ical ablation treatment planning. While most ablation device
manufacturers provide estimated ablation zone sizes based on
various time and power combinations, those data are typi-
cally collected in an ex vivo model similar to that utilized
in the present study.25,26 The results of this study suggest
that those power-time tables may actually underestimate the
size of tissue included in the ablation zone. As a result, the
clinical ablative margin has likely been greater than would
be predicted from direct comparison of pre- and postablation
lesion dimensions. The results of this study may be used to
correct the estimates from ex vivo tissue and help determine
the real ablation margin in clinical cases.

There were certain limitations to this study. The 2D anal-
ysis technique assumed symmetric contraction in the radial
component. The biomechanical properties of liver tissue are
not necessarily homogeneous, linear, or isotropic.48 However,
microwave ablations in particular have been shown to grow in
a relatively predictable and uniform manner, so the assump-
tion of symmetry was considered reasonable.49 The second
limitation was that only one kind of antenna was applied,
and only one setting of power was selected and thus only
one heating rate was considered. Heating and ablation growth
patterns differ somewhat between devices, so our results may
not generalize to all available devices. However, with a single
heating source, we can still make strong conclusions about
the distribution and temporal development of contraction. In
addition, our results were generally commensurate with pre-
vious studies utilizing other devices, indicating that contrac-
tion analysis may not be completely unique to each device.
The third limitation was that specific tissue types such as ves-
sels and liver capsules were not considered individually. Ves-
sels with more collagen might enhance the local shrinkage
(more contraction was anecdotally observed near the ves-
sels); however, our averaging of multiple samples lumped
all of these local effects into a single bulk measurement.
Moreover, the study only performed ex vivo experiments on
normal tissue. It is more likely that tissue with different pa-
thology and blood flow (i.e., tumor, cirrhosis, fibrosis) has
different contraction rates and thus different shrinkage char-
acteristics. Additional study is needed to determine the effect
of tissue type on contraction.

In summary, tissue contraction during microwave abla-
tion was studied using a CT imaging technique. The results
showed the greatest contraction occurred at the ablation zone
center. Contraction rate followed a roughly exponential decay
curve over time, with the greatest rates occurring in the first
60 s. Future studies will focus on modeling temperature and
dehydration mechanisms during tissue contraction.
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