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Abstract

Objective Imaging plays a key role in the assessment of patients before, during, and after percutaneous cryoablation of
hepatic tumors. Intra-procedural and early post-procedure imaging with CT and MRI is vital to the assessment of technical
success including adequacy of ablation zone coverage. Recognition of the normal expected post-procedure findings of hepatic
cryoablation such as ice ball formation, hydrodissection, and the normal appearance of the ablation zone is crucial to be
able to differentiate from complications including vascular, biliary, or non-target organ injury. Delayed imaging is essential
for determination of clinical effectiveness and detection of unexpected findings such as residual unablated tumor and local
tumor progression. The purpose of this article is to review the spectrum of expected and unexpected imaging findings that
may occur during or after percutaneous cryoablation of hepatic tumors.

Conclusion Differentiating expected from unexpected findings during and after hepatic cryoablation helps radiologists

identify residual or recurrent tumor and detect procedure-related complications.
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Introduction

Image-guided percutaneous cryoablation is an effective,
minimally-invasive treatment option for patients with
selected primary or secondary hepatic malignancies [1, 2].
Pioneered as an alternative to surgical resection that often
necessitated partial hepatectomy, cryoablation was first used
to treat hepatic tumors during open surgery guided with
intraoperative ultrasound (US) so that unresectable tumors
could be treated and more liver tissue preserved [3—5]. How-
ever, cryosurgery required large cryoprobes measuring up to
9 mm in diameter; freezing times averaged 30 min, proce-
dure times occasionally lasted up to 5 h, and complications
such as liver capsule cracking, bleeding, and even ‘cryo-
shock’” were observed [3—7]. The development of thinner,
more efficient cryoprobes led to the development of percu-
taneous approaches under US, computed tomography (CT),
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and magnetic resonance imaging (MRI) guidance [8—10].
Since then, percutaneous, image-guided hepatic cryoabla-
tion has been shown to be an effective treatment option for
patients with selected primary or secondary hepatic malig-
nancies [11, 12]. Unlike US in which only the echo-reflec-
tive near edge of the ice ball is seen, CT and MRI both allow
visualization of the entire ice ball [13]. In addition to the less
invasive nature of a percutaneous approach, it is thought
that the physiologic compressive tamponade effect of the
abdominal wall upon the liver (preventing deformation of
the hepatic ice ball) and the lack of exposure of the iceball
to air help prevent capsule cracking [9, 14, 15].

Early post-procedure imaging, generally the day of the
cryoablation procedure or the next day may be used to evalu-
ate both the technical success and to identify early com-
plications. Delayed imaging is used routinely to assess the
clinical effectiveness of the ablation and to identify delayed
complications. Ablations cause imaging findings which
are ‘expected’ i.e., a normal result of the procedure, and
‘unexpected’, i.e., indicating the presence of a complica-
tion or an unsuccessful procedure. Differentiating expected
from unexpected findings is important in order to diagnose
residual unablated tumor, local tumor progression, and
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Fig. 1 Eighty-two-year-old
female who underwent CT-
guided cryoablation of a breast
cancer metastasis. a Axial,
intra-procedural, unenhanced
CT image obtained dur-

ing cryoablation reveals two
cryoprobes (curved arrows) in
the right hepatic lobe within the
target mass and surrounded by
the sharply-marginated hypoat-
tenuating ice ball (straight
arrows). b Axial, unenhanced
CT image obtained immediately
after cryoablation reveals the
ovoid hypoattenuating ice ball
(arrows) which is just beginning
to thaw

complications. The purpose of this article is to review the
spectrum of expected and unexpected imaging findings that
may occur during or after percutaneous cryoablation of
hepatic tumors.

Imaging modalities

Imaging of the liver is obtained before, during and after
the ablation procedure. MRI is the preferred modality at
our institution for pre- and post-procedure imaging. Base-
line pre-procedure MRI is obtained no more than 1 month
prior to the ablation to allow treatment planning. Cry-
oablation is performed under CT or MRI guidance [16].
Post-procedure MRI is performed within 24 h to assess
ablation zone coverage of the tumor, to evaluate potential
complications, and to provide a baseline for follow-up.

Subsequently, MRI is performed at 3, 6, 9, and 12 months
followed by yearly imaging.

The MRI protocol utilizes axial and coronal single-shot
fast spin echo (ssFSE/HASTE) T2-weighted sequences
without fat saturation (TR/TE, 1000/180; slice thickness,
6 mm; interslice gap, 1.2 mm; matrix size, 256 X 256),
axial fast spin echo (FSE) T2-weighted sequences with
fat saturation (TR/TE, 4700/85; slice thickness, 6 mm;
interslice gap, 1.2 mm; matrix size, 320 X 320; receive
bandwidth, 32 kHz), and an unenhanced axial 3D gradient-
breath hold examination (VIBE) T1-weighted sequence
with fat saturation (TR/TE, 3.3/1.6; slice thickness, 4 mm;
matrix size, 266 X 164; receive bandwidth, 64 kHz; flip
angle, 15°). These sequences are followed by IV injec-
tion of gadolinium-based contrast agent (0.1 mmol/kg of
body weight) and acquisition of axial 3D gradient-recalled
echo (VIBE) T1-weighted fat-saturation sequences at three

Fig.2 Eighty-one-year-old male who underwent CT-guided cryoab-
lation of an esophageal cancer metastasis. a Axial, intra-procedural,
unenhanced CT image reveals cryoprobes with motion artifacts
(black arrow) in the target mass in the right hepatic lobe. Saline was
instilled through a 20G needle for hydrodissection (white arrow) to

displace the colon (curved arrow) from the ablation zone. b Imme-
diate post-procedure CT demonstrates artificial ascites (arrow) in the
right lower quadrant of the abdomen which was instilled for hydrodis-
section
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Fig.3 Fifty-four-year-old
female who underwent cryoab-
lation of a colon cancer metasta-
sis. a Axial, T1-weighted, 24-h
post-procedure MR image dem-
onstrates a T1 hypointense abla-
tion zone (straight arrows) sur-
rounding the ablated mass with
T1 hyperintense areas within
indicating coagulative necrosis.
b and ¢ Axial, T1-weighted,
24-h, post-procedure (b) and
T2-weighted (¢) MR images
demonstrate T1 hyperintense
and T2 hypointense changes
which are probably due to
desiccated tissue at the inferior
aspect of the ablation zone
(curved arrows) rather than a
hematoma, an expected finding

consecutive 30-s intervals followed by a delayed acquisi-
tion at 5 min.

Diffusion-weighted imaging (DWI) is not routinely
included in our imaging protocol. In our experience, we
have found DWI signal to be quite variable in the ablation
zone making adequate interpretation of this imaging tech-
nique challenging. In a study by Weiss et al. [17] which
evaluated the diagnostic accuracy of individual sequences
of a clinical routine liver MRI protocol for the detection
of local tumor progression after radiofrequency ablation
of hepatic malignancies, DWI demonstrated the highest
discrepancy between readers when compared to unen-
hanced T1-FLASH 2D and contrast-enhanced T1-VIBE
sequences. This was felt to be due to poor image qual-
ity due to low signal intensity. Because DWI is sensitive
to alterations in tissue microenvironment that result from
ablation, diffusion restriction in the ablation zone does not
necessarily indicate a malignant process. In fact, a com-
mon finding in DWI immediately after radiofrequency
ablation is a hyperintense rim in the periphery of the
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ablation zone which should not be mistaken for residual
tumor [18].

In patients with a contraindication to MRI or gadolin-
ium-based contrast agents, multiphase contrast-enhanced
CT is performed. The CT protocol begins with unen-
hanced 5-mm-thick images acquired through the upper
abdomen. Non-ionic iodinated contrast material (300 or
350 mg I/mL; 100-150 mL depending on patient weight)
is injected intravenously through a power injector at a rate
of 4-5 mL/s; 40 s after contrast material injection, 3-mm-
thick arterial-dominant phase images are acquired cranio-
caudal through the upper abdomen including the liver in
case of hypervascular tumors; 70 s after contrast injec-
tion, 5-mm-thick portal venous phase images are acquired
craniocaudal from the diaphragm to the pubic symphysis.

CT perfusion imaging (CT-PI) is a bolus-tracking tech-
nique performed on multi-detector CT scanners which has
been shown to be useful in the detection of cancers as well as
efficacy of transcatheter arterial chemoembolization (TACE)
and radiofrequency ablation of hepatic tumors [19]. Several



Abdominal Radiology (2019) 44:2602-2626 2605

Fig.4 Fifty-four-year-old
female who underwent
cryoablation of a melanoma
metastasis. a and b Axial,
pre-procedure, T2-weighted
(a) and diffusion-weighted

(b) MR images show a T2
hypointense and diffusion
restricting (arrows) melanoma
metastasis in the right hepatic
lobe. ¢ and d Axial, 24-h, post-
procedure, T2-weighted (c) and
T1-weighted (d) MR images
show a mildly T2 hypointense
and T1 hypointense ablation
zone (arrows) engulfing the
mass which is T2 hypointense
and T1 hyperintense with
satisfactory margins. e Axial,
post-contrast, T1-weighted,
subtraction image demonstrates
no enhancement of the mass,
except mild rim enhance-

ment (curved arrow), and
non-enhancing ablation zone
(arrows)

studies have demonstrated a correlation between histologic Mechanism of cryoablation

biomarkers of angiogenesis in several tumors including pan-

creatic and colorectal tumors and tumor perfusion param-  The various imaging findings in the post-cryoablation
eters such as regional blood flow, blood volume, and perme-  patient are attributable to its unique mechanism of cell

ability of tumor vessels [20-22]. However, we do not use  death, and are distinct from the appearance after heat-based
CT perfusion imaging in our practice due to current work
flow limitations.
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Fig.5 Sixty-one-year-old man
who underwent CT-guided
cryoablation of a urothelial
carcinoma metastasis. a Axial,
intra-procedural, unenhanced
CT image demonstrates two
cryoablation probes in the
target lesion with surrounding
ice ball (arrows). b, ¢, and d
Axial, 24-h, post-procedure,
T1-weighted, fat-saturated,
contrast-enhanced MR image
in the arterial phase (b), portal
venous phase (c), and delayed
phase (d) shows ablation zone
engulfing the mass with normal
expected progressive hyper-
enhancement of the tumor rim
and ablation margin (arrows).

e Axial, T1-weighted, fat-
saturated, contrast-enhanced
MR image obtained 3 months
after cryoablation demonstrates
resolution of hyperenhancement
within the ablation zone without
local recurrence (arrow)

techniques [9, 15, 23]. With cryoablation, high pressure
argon gas is allowed to expand within the tip of a cryoprobe
resulting in a temperature drop to approximately — 140 °C
at the probe tip (Joule-Thomson effect). The goal of cry-
oablation is to lower the temperature of the treated tissue
volume below a threshold of —20 °C to —40 °C to ensure
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cell death [24-27]. Ice initially forms outside the cell cre-
ating a hypertonic slush that causes cellular dehydration.
Ice then develops inside the cell prompting cell membrane
disruption; intra and extracellular ice then aggregates into
a confluent ice ball [28]. A weakened cytoskeleton from
mechanical shearing, cellular dehydration and osmotic
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Fig.6 Sixty-one-year-old male
who underwent cryoablation

of a hepatocellular carcinoma.
a Axial, intra-procedural,
unenhanced CT demonstrating
the cryoprobes as linear metallic
densities (arrows) with associ-
ated beam hardening artifact.

b Immediate post-procedure
CT after the cryoprobes were
removed demonstrates linear
hypodensities (arrows) due

to air in the ablation tracts. ¢
Axial, 24-h, post-procedure,
T1-weighted, fat-saturated,
contrast-enhanced MR image
demonstrates a linear non-
enhancing T1 hypointense abla-
tion tract (arrow), an expected
finding. d Axial, T1-weighted,
fat-saturated, contrast-enhanced
MR image obtained 3 months
after cryoablation demonstrates
resolution of the ablation tracts

shifts within endothelial cells lead to shape changes and
detachment from the extracellular matrix causing intra-
vascular thrombosis [29, 30]. Potentially sub-lethal tem-
peratures at the periphery of the cryoablation zone leave
a population of cells attempting to repair intracellular pro-
teins and cell membrane lipoproteins; the end result may
be activation of apoptotic mechanisms leading to cellular
death or residual viable cells [28, 31, 32]. The principal
mechanisms of cell death include direct (cellular dehydra-
tion and disruption from ice crystal formation and thrombo-
sis of the microcirculation) and indirect (cellular apoptosis
and inflammation) factors [4, 31, 33]. In addition, while
coagulative necrosis occurs in the central ablation zone, at
the periphery, inflammatory cells from the host response to
injury induce neovascularity and eventual fibrosis [32]. Var-
iations in cryoablation technique such as the rate of freezing
and thawing, the number of freeze/thaw cycle repetitions,
and the temperature and duration of freezing influence the
effectiveness of cell kill [32, 34-36].

Expected findings
Intra-procedural
Ice ball formation

Intermittent intra-procedural imaging of the ice ball is per-
formed with CT or MRI to monitor ice ball size such that the
entire tumor is treated with a 5—10 mm minimum margin, as
much liver parenchyma as possible is preserved, and nearby
critical structures are avoided [24, 37, 38]. Ice balls are gen-
erally spherical or ovoid in shape depending on the type,
number, and spatial arrangement of the cryoprobes. The size
of the ice ball increases with longer freezing times and lower
probe temperatures; the ice ball is controlled to optimize
tumor coverage and margin adequacy. The size of an ice
ball also increases synergistically with the use of additional
probes, such that the ablation zone formed by two probes
used simultaneously is larger than the sum of two separate
probes [39]. Tissue type influences ice ball size; for example,
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Fig. 7 Forty-six-year-old female
who underwent cryoablation of
an ovarian cancer metastasis.

a and b Axial, 24-h, post-pro-
cedure, T1-weighted, fat-satu-
rated, contrast-enhanced MR
images demonstrates thrombosis
of portal vein branches (arrows)
adjacent to the ablation zone
(curved arrow). ¢ and d Axial,
T1-weighted, fat-saturated,
contrast-enhanced MR images
obtained 6 months after cryoa-
blation demonstrates shrinkage
of the ablation zone (curved
arrow) and resolution of portal
venous thrombosis

fat has a lower freezing point. Increased tissue perfusion and
the presence of heat sinks such as large blood vessels inhibit
ice ball formation [37, 39]. The ice ball edge as seen on CT
or MRI represents the 0 °C isotherm; lethal temperatures
for liver tumors are thought to be located 5—-10 mm within
the initial ice ball and repeated freeze—thaw cycles move the
lethal isotherm closer to the ice ball edge [39].

On CT images, the ice ball is hypoattenuating and
sharply circumscribed relative to normal liver paren-
chyma [14] (Fig. 1). The ice ball may be less distinct
from a hypodense tumor. Also, the ice ball is often isoat-
tenuating and therefore less visible in fat. Modification of
the window and level settings of the CT images may be
required to improve the visual contrast between fat and
the cryoablation zone [38]. On MRI images, the ice ball is
seen as a signal void on virtually all pulse sequences. The
signal void ice ball is visible in all tissues including fat
and virtually any tumor; once engulfed by ice, all tissues
including tumor are usually indistinguishable within the ice
ball [16]. Although phantom and in vivo studies in canines
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have shown specialized techniques such as ultra short echo
time to be able to provide temperature dependent maps
during cryoablation [40], we do not use this technique in
our clinical practice.

Hydrodissection

To achieve an adequate ablation margin, the ice ball may
extend beyond the liver and therefore affect other organs.
During pre-procedure planning, critical structures such as
the diaphragm, heart, gallbladder, stomach, and bowel near
the target lesion should be identified and avoided if possible.
If patient positioning does not result in optimal displacement
of adjacent vulnerable structures, creation of artificial ascites
(in the peritoneal space) or a salinoma (in soft tissues such
as fat) may be attempted to displace the adjacent critical
structures away from the planned ice ball [41].

Artificial ascites or salinoma is achieved by introducing
a needle or catheter between the cryoablation target and
the critical structure under image guidance and instilling
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Fig.8 Fifty-eight-year-old
female who underwent cry-
oablation of a breast cancer
metastasis. a Axial, intra-pro-
cedural, unenhanced CT image
demonstrating cryoprobes and
hypodense ice ball (arrows) at
the site of the metastasis. b and
¢ Axial, 24-h, post-procedure,
T1-weighted, fat-saturated,
contrast-enhanced MR images
demonstrate area of wedge-
shaped perfusion abnormality
(arrows) adjacent to the ablation
zone and ablation track on the
arterial phase imaging (b), not
seen on the portal venous phase
images (arrows) (c). d Axial,
T1-weighted, fat-saturated,
contrast-enhanced MR image
obtained 6 months after cry-
oablation in the arterial phase
demonstrates resolution of the
perfusion abnormality

Fig. 9 Seventy-six-year-old
male with cirrhosis who
underwent cryoablation of a
hepatocellular carcinoma. a
Axial, T1-weighted, fat-
saturated, contrast-enhanced
MR image obtained 3 months
after cryoablation demonstrates
mild biliary ductal dilatation
(arrow) upstream to the ablation
zone (curved arrow). b Axial,
T1-weighted, fat-saturated,
contrast-enhanced MR image
obtained 6 months after cry-
oablation shows resolution of
biliary dilatation and shrinkage
of the ablation zone (curved
arrow)
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Fig. 10 Fifty-eight-year-old
female who underwent cryoab-
lation of a breast cancer metas-
tasis adjacent to the gallblad-
der. a Axial, intra-procedural,
unenhanced CT shows the ice
ball (arrows) in close proximity
to the gallbladder at its hepatic
attachment (curved arrow). b
Axial, 24-h, post-procedure
T2-weighted MR image demon-
strates asymptomatic gallblad-
der wall thickening (arrows). ¢
Axial, T2-weighted MR image
obtained 3 months after cryoa-
blation demonstrates resolution
of gallbladder wall thickening
(arrow)

100-1000 mL or more of isotonic fluid such as normal
saline to create adequate separation; adequacy of separation
is assessed with imaging before commencing ablation and
intermittently during the procedure. Because of redistribu-
tion of fluid within the peritoneal space, continuous instil-
lation may be required (Fig. 2). Note that if dilute contrast
is used, the ice ball may not be well seen within this fluid.
24-h imaging may show variable amounts of residual fluid
near the target organ or remote from the target organ due to
patient movement and depending on the rate of absorption
and volume of fluid used [42—44]. The fluid is eventually
resorbed in all patients.

Post-procedural
Hemorrhage (immediate)
Hemorrhage may result from probe passage through the

highly vascular liver especially with multiple punctures.
Bleeding is usually self-limited unless a visible blood vessel
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is actually punctured. Hemorrhage is isodense to hyperdense
on CT. Its appearance ranges from isointense to hyperin-
tense on unenhanced T1-weighted MR images depending
on the hemoglobin content and is usually hypointense on
T2-weighted MR images (Fig. 3). These findings can persist
to a variable degree and may evolve over several weeks after
the procedure [45].

Ablation zone (immediate to months)

The ablation zone is the term used to describe the radi-
ologic region of induced treatment effect or the area of
gross tissue destruction visualized on imaging [46]. After
ablation, imaging findings vary by location: (1) the abla-
tion zone, (2) the periphery of the ablation zone, or (3) the
normal tissues adjacent to the ablation zone. Also imaging
appearances after cryoablation are dynamic over time [30]
hence it is helpful for the radiologist to know the time
interval since cryoablation.
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Fig. 11 Sixty-year-old female A
who underwent cryoablation

of an ovarian cancer metas-
tasis near the gallbladder. a
Axial, 24-h, post-procedure,
T1-weighted, fat-saturated, MR
image demonstrates layering

of hyperintense blood (arrow)
in the gallbladder. b and ¢
Axial, T1-weighted MR image
obtained 3 months after cryoa-
blation b demonstrates layering
hyperintense hemorrhage in
the gallbladder (arrow) and
axial T2-weighted MR image ¢
shows retractile clot within the
gallbladder (arrow)

Heterogeneous signal changes on MRI may be observed
within the ablation zone which should extend 5-10 mm
beyond the tumor [15, 39] (Fig. 4). Coagulative necrosis
within the ablation zone may appear T1-hyperintense and
T2-hypointense due to T1 shortening effects of extracellu-
lar proteins and desiccation. More commonly, the ablation
zone at 24 h appears T1-hypointense and heterogeneously
T2-hyperintense. If markedly T2-hyperintense, fluid may
be accumulating; if fluid is present and/or expanding the
ablation zone, the possibility of a biloma should be consid-
ered. Foci of T1 hyperintense/T2 hypointense blood prod-
ucts or, more likely, coagulated proteins may contribute to
the heterogeneity of the ablation zone and may persist for
several months [36, 45].

The periphery of the ablation zone is subject to an
intense inflammatory response representing the physi-
ologic response to thermal injury [46, 47]. In the imme-
diate phase, edema, hyperemia, and reperfusion of dam-
aged blood vessels result in T1 hypointense and T2

hyperintense signal in the periphery on MRI. Granulation
tissue formation that begins at 24 h followed by fibrosis
and angiogenesis, results in persistent smooth peripheral
enhancement known as benign periablational enhancement
(or the transitional zone) on both CT and MRI. Benign
periablation enhancement manifests as a thin rim on early
phases which becomes thicker on later phases [15] and
typically resolves in 4—6 months [45] (Fig. 5). A fibrous
capsule at the periphery of the ablation zone may form
after 3 months but as late as 8—12 months. This fibrous
capsule may enhance but demonstrates pre-contrast T1 and
T2 hypointense signal. The capsule may allow the edge
of the ablation margin to be defined on later follow-up
imaging [15].

Ablation tract (immediate to several months)

Intra-procedural monitoring shows the cryoprobe as a metal-
lic linear density on CT with associated beam hardening
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Fig. 12 Sixty-three-year-old
male who underwent cryoabla-
tion of a colon cancer metasta-
sis. a Axial, intra-procedural,
unenhanced CT image demon-
strates cryoprobes and ablation
zone in the right hepatic lobe.
b Axial, 24-h, post-procedure,
T2-weighted MR image shows
edema and inflammatory
changes in the soft tissues
(arrows) related to mechanical
trauma by the cryoprobe and
freeze injury. ¢ Axial, contrast-
enhanced CT image obtained

3 months after cryoablation
demonstrates near-resolution of
soft tissue changes (arrows)

artifact or as a signal void on MRI images. After removal,
on post-procedural imaging, a linear tissue tract is often seen
in the location of the cryoprobes. The tract is non-enhancing
and results from traversing the hepatic parenchyma (Fig. 6).
Because the ice ball forms principally at the distal end of
newer insulated probes, there is generally little additional
effect along the cryoprobe shaft. However perfusion abnor-
malities may result in wedge-shaped hyperenhancement
along its course [48]. Visibility of the probe tract often
resolves on successive follow-up exams [16].

Vascular changes (immediate to several months)

Vascular changes on post-procedure imaging may result
from cryoablation-induced vascular injury or mechanical
trauma by the cryoprobe, and small vessels are more sus-
ceptible to freeze injury than larger ones. As early as the
first post-procedure day, non-enhancing T1 hyperintense
portal vein branches may be seen along the ablation tract or
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adjacent to the ablation zone as venous stasis leads to throm-
bosis. Reports have shown venous thrombosis occurring
approximately 20% of the time on immediate 24-h imaging,
affecting vessels with an average diameter of 4 mm, with
either complete or partial recanalization at 3 months follow-
up (Fig. 7) [49].

Wedge-shaped or geographic hyperenhancement of liver
parenchyma may be seen on arterial phase images, likely
representing compensatory hepatic artery hyperperfusion in
the distribution of reduced portal venous perfusion (Fig. 8).
These vascular changes are temporary and usually resolve
over the course of 4—6 months without clinical sequela [36,
48, 50].

Biliary changes (immediate to several months)
The biliary system, supplied by a capillary plexus from the

hepatic arterial system and without dual vascular supply,
is susceptible to the effects of tissue freezing [51]. As seen
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Fig. 13 Fifty-five-year-old man
who underwent cryoablation

of a colorectal cancer metas-
tasis at hepatic dome. a and b
Axial, 24-h, post-procedure,

T2 weighted MR images shows
ablation zone at the hepatic
dome (curved arrow) and small
right pleural effusion (straight
arrow). ¢ Axial, T2-weighted
MR image obtained 3 months
after cryoablation shows resolu-
tion of the right pleural effusion

in other ablative therapies [52], focal biliary ductal dila-
tion upstream to the ablation zone can result from biliary
stasis and outflow obstruction. The time of appearance
after ablation is variable but is usually transient and may
resolve as the ablation zone involutes (Fig. 9). The effects
on the biliary tree are largely dependent on the size of the
ducts that are affected; the more central the ducts, the more
likely there will be clinical sequelae such as obstruction
or bile leak.

Cryoablation of tumors near the gallbladder can
be performed safely and effectively even if the ice ball
extends into the hepatic attachment of the gallbladder
[53]. Changes such as focal gallbladder wall thickening,
pericholecystic fat stranding and fluid related to transient
mild cholecystitis have been described in a limited series,
with minimal morbidity [53]. These findings are usually
self-limiting and resolve spontaneously on follow-up
imaging (Fig. 10). On the other hand, freezing the peri-
toneal surface of the gallbladder can lead to bile leak and

peritonitis. Arterio-biliary injury can cause bleeding into
the bile ducts and gallbladder, leading to visible blood
products within biliary structures and even biliary obstruc-
tion (Fig. 11) [54].

Soft tissue changes (immediate)

Soft tissue changes outside the liver and along the track of
cryoprobes may include peri-hepatic fat stranding or hema-
toma due to cryoprobe injury. Hepatic ablation zone imaging
findings may extend into surrounding soft tissues if the ice
ball was not confined to the liver; these findings gradually
diminish over months (Fig. 12) [55].

Pleural effusion (immediate)
An ipsilateral pleural effusion may develop after cryoabla-

tion even if the pleural space is not violated, particularly if
the treated lesion is located in the liver dome or if the ice
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Fig. 14 Seventy-six-year-old
female with cirrhosis who
underwent cryoablation of

a hepatocellular carcinoma.

a Axial, pre-procedure,
T1-weighted, fat-saturated,
contrast-enhanced MR image in
the arterial phase demonstrates
a cirrhotic liver with a hyper-
enhancing mass in the left lobe
concerning for hepatocellular
carcinoma. b Axial, intra-pro-
cedural, unenhanced CT image
demonstrates cryoprobe in the
target lesion with surround-
ing ablation zone (arrows). ¢
Axial, 24-h, post-procedure,
T1-weighted, fat-saturated,
contrast-enhanced MR image
demonstrates delayed enhance-
ment within the ablation zone
(arrows) surrounding the target
lesion (curved arrow) which
also shows rim enhancement.
d, e, and f Axial, T1-weighted,
fat-saturated, contrast-enhanced
MR image demonstrates
progressive retraction of the
liver capsule (arrow) over

6 months (d), 9 months (e), and
12 months without local recur-
rence (f)

ball involves the diaphragm (Fig. 13). Although injury to
diaphragmatic vessels is postulated as a possible cause, a
reactive phenomenon has also been implicated as contralat-
eral pleural effusions sometimes develop. The effusions
are typically small to moderate, asymptomatic, and resolve

spontaneously [33, 56].
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Involution, capsular retraction, calcification (months)

On follow-up CT and MRI examinations at 2 to 3 months
or more, fibrous scarring and tissue resorption result in
involution of the ablation zone. Involution of the ablation
zone is more pronounced with cryoablation than heat-based
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Fig. 15 Forty-year-old female
who underwent cryoablation
of a breast cancer metastasis. a
Axial, intra-procedural, unen-
hanced axial CT image dem-
onstrates cryoprobe within the
target lesion and surrounding
ice ball (arrows). b Axial, 24-h,
post-procedure, T1-weighted,
fat-saturated, contrast-enhanced
MR image demonstrates
hypoenhancing ablation zone
(arrows). ¢ Axial CT image
obtained 12 months after
cryoablation shows dystrophic
calcification (arrow) within the
involuting ablation zone

ablations [57]. Following ablations at the periphery of the
liver, liver capsular retraction may result, causing a contour
defect (Fig. 14). In rare instances, dystrophic calcification
may form within the scarred ablation zone (Fig. 15) which
should be well-marginated with no associated enhancement.

Unexpected findings
Narrow margin

Theoretically, the lethal isotherm is 5-10 mm within of
the ice ball edge and thus the ice ball should ideally extend
10 mm beyond the edge of the tumor [39, 58]. An adequate
margin is believed to ensure that microscopic tumor beyond
the visible tumor margin is ablated. Multiple freeze—thaw
cycles tend to move the lethal isotherm close to the ice ball
edge. Although 10 mm is ideal, the minimum ablation mar-
gin needed is not entirely known; one study suggested that

cryoablation margins less than 3 mm predict local tumor
progression [15]. Nevertheless, one of the most important
observations to be made on immediate post-procedure imag-
ing is whether the hypoenhancing ablation zone extends suf-
ficiently beyond the tumor in all dimensions. The adequacy
of the ablation zone is assessed by measuring the minimum
ablation margin on whichever contrast-enhanced MRI
sequence best shows the tumor ‘ghost’ and ablation zone.
In most, but not all cases, the margin can be assessed either
on a contrast-enhanced image obtained at the end of the
procedure or at 24-h. Detection of a narrow margin requires
close attention at follow-up imaging (Fig. 16) [59].

Residual unablated tumor
Residual unablated tumor refers to residual tumor at the
ablative margin seen on the initial follow-up imaging [46].

The risk of residual unablated tumor is high when the
ablative margin is narrow or absent [15]. In patients with
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Fig. 16 Fifty-five-year-old male
who underwent cryoablation

of a colorectal metastasis with
narrow ablation zone increas-
ing risk of recurrence. a Axial,
pre-procedure T2-weighted
MR image showing mildly

T2 hyperintense metastasis
(arrows) in the right hepatic
lobe. b Axial, 24-h, post-proce-
dure, T2-weighted MR image
shows hypointense ablation
zone (arrows) engulfing the

T2 hyperintense mass (curved
arrow) with narrow minimum
margins, much less than 1 cm.
¢ Axial, T2-weighted MR
image obtained 3 months after
cryoablation shows multiple,
new peripheral T2 hyperintense
tumor nodules (arrows) around
the ablation zone (curved
arrow)

hepatocellular carcinoma, larger tumors are more frequently
associated with microscopic satellite tumor nodules adja-
cent to the dominant tumor, which may subtle or invisible
[60]. An advantage of cryoablation is that both the tumor
‘ghost’ and cryoablation zone are often visible on 24-h post-
procedure MRI. Visibility of both the tumor and the ablation
zone allows measurement of the minimum ablation margin.
Identification of an absent margin or residual tumor may
prompt earlier follow-up or retreatment [15].

Comparison of pre-ablation images with post-ablation
images is important for recognizing residual unablated
tumor. In contrast to the smooth concentric appearance
of benign periablational enhancement, unablated residual
tumor demonstrates irregular peripheral enhancement that
can be scattered, nodular, or eccentric on CT and MRI [47];
it can focally widen the surrounding zone of granulation
tissue or disrupt the typical smooth interface of the ablation
zone with surrounding normal hepatic parenchyma [61, 62].
Sub-lethal temperatures near the periphery of the ablation
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zone may contribute to this potential pattern of residual dis-
ease. As the T2 hyperintense, enhancing granulation tissue
regresses on subsequent follow-up, the enhancing nodular
tumor becomes more conspicuous [36]. In addition, sub-
traction images which digitally remove native hyperintense
signal on unenhanced T1-weighted images can improve vis-
ibility of enhancing residual unablated tumor [63].

Local tumor progression

An enhancing nodule appearing within or more commonly
at the margin of the ablation zone of a treated lesion, after
at least one contrast-enhanced follow-up exam has docu-
mented adequate ablation and an absence of enhancing tis-
sue in the target tumor and surrounding ablation margin
suggests local tumor progression [46]. In some cases, it is
not possible to distinguish local tumor progression from
local tumor recurrence; the latter defined as new tumor
growth at the ablative margin after local eradication of all
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Fig. 17 Fifty-five-year-old
female history of cirrhosis

who underwent cryoablation

of a hepatocellular carci-
noma. a Axial, pre-procedure,
T1-weighted, fat-saturated,
contrast-enhanced MR image in
the arterial phase demonstrates
an enhancing mass (arrow)

in left hepatic lobe consistent
with hepatocellular carcinoma.
b Axial, intra-procedural,
unenhanced CT with cryo-
probes and hypodense ablation
zone (arrows) surrounding

the mass and extending into
the body wall. ¢ Axial, 24-h,
post-procedure, T1-weighted,
fat-saturated, contrast-enhanced
MR image showing the abla-
tion zone with peripheral
enhancement (arrows). d Axial,
T1-weighted, fat-saturated,
contrast-enhanced MR image
obtained 3 months after cry-
oablation shows an enhancing
nodule (arrow) in the periphery
of the ablation zone concerning
for local tumor progression

Fig. 18 Fifty-five-year-old male
who underwent cryoablation
of a rectal cancer metastasis. a
Axial, intra-procedural, unen-
hanced CT image demonstrates
cryoprobes at the target lesion
and surrounding ablation zone
(arrows). b PET/CT obtained

6 months after cryoablation
shows FDG-avid lesion at the
periphery of ablation zone
(arrow) concerning for local
tumor progression

A

tumor cells by ablation [46]. Tumor at the ablative margin ~ tumor [64] (Fig. 17). Subtraction images can help improve
is thought to more often signify remaining untreated micro-  detection of enhancing tumor [63]. In some instances, FDG
scopic tumor rather than a new local recurrence [46]. Local =~ PET-CT may be useful in the detection of local tumor pro-
tumor progression typically appears similar to the original ~ gression (Fig. 18).

@ Springer



2618

Abdominal Radiology (2019) 44:2602-2626

Fig. 19 Forty-six-year-old
female who underwent
cryoablation of an ovarian
cancer metastasis. a Axial,
intra-procedural, unenhanced
CT image shows cryoprobes
and ablation zone (arrows)
surrounding the target lesion.

b, ¢, and d Axial, 24-h,
post-procedure, T1-weighted,
fat-saturated, contrast-enhanced
MR images in the arterial (b),
portal venous (c), and delayed
(d) phases demonstrate the abla-
tion zone engulfing the mass
with progressive peripheral
enhancement of the ablated
tumor (arrows); this is not

an unexpected finding and is
thought to be due to reperfu-
sion of damaged vessels and
leaky vasculature. This does
not indicate residual or recur-
rent disease and often resolves
over 4-6 months. The ablation
margin is best assessed on early
dynamic phase images

Persistent tumor enhancement

Progressive and persistent enhancement may be observed in
fully cryoablated tumors and the surrounding ablation mar-
gin during early follow-up, typically at 24 h [15] (Fig. 19).
The enhancement is usually less than normal liver in the
arterial phase, gradually increasing into the delayed (5-min-
ute) phase; it is postulated to be due to reperfusion of dam-
aged, leaky vessels, and may be peripheral with a thick rim,
peripheral with a thin rim, homogenous, inhomogenous,
or with centripetal filling [15]. This is not predictive of
incomplete ablation and tends to decrease or resolve over
4—6 months as long as an adequate hypoenhancing margin is
demonstrated in the arterial or venous phase [15, 65].

Tumor seeding

Although we encountered no cases of tumor seeding after
percutaneous liver cryoablation, it has been described after
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percutaneous liver radiofrequency ablation [66]. Early
reports of a small series of patients with HCC who had
undergone radiofrequency ablation reported a seeding rate
of as high as 12% [67], while later studies have reported
a much lower seeding rate of between 0.9 and 2.7% [66,
68]. Thus attention must be paid to tissues along the abla-
tion probe tract to assess for this unexpected finding, with
risk factors including subcapsular lesions defined as being
located less than 1 cm of the liver edge, multiple treatment
sessions, and multiple electrode placements [66]. This is
of particular importance in patients with hepatocellular
carcinoma awaiting transplantation as needle track seeding
resulting in peritoneal dissemination could make the patient
ineligible for transplantation [69]. On imaging, tumor seed-
ing can manifest as enhancing, irregular soft tissue along
the ablation track [70]. This appearance can be mimicked
by post-ablation inflammatory changes or granulation tissue;
follow-up imaging or biopsy can be used to distinguish the
possibilities [71].
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Fig. 20 Fifty-seven-year-

old man who underwent
cryoablation of a peripheral
hepatocellular carcinoma. a,

b, and ¢ Axial, 24-h, post-
procedure, T1-weighted (a,

b) and T2-weighted (¢) MR
images demonstrates ablation
zone (curved arrows) at the
right liver margin and large T1
isointense and T2 heterogene-
ous retroperitoneal hemor-
rhage (straight arrows). d and

e Axial, T1-weighted (d) and
T2-weighted (e) MR images
obtained 3 months after cryoab-
lation shows evolving retroperi-
toneal hemorrhage (arrows)

Complications

Vascular

A small amount of hemorrhage after cryoablation may
occur and is usually limited. Factors that can increase the

risk of hemorrhage include the use of larger probes (16 G
or thicker), multiple punctures when placing the probes,
relatively longer treatment times, ablations near large blood
vessels and presence of coagulation abnormalities. Man-
agement of active bleeding or large hematomas depends
on clinical circumstances and may prompt further imaging
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Fig.21 Sixty-three-year-

old female who underwent
cryoablation of a hepatocel-
lular carcinoma. a Axial, 24-h,
post-procedure, T 1-weighted,
fat-saturated, contrast-enhanced
MR image demonstrates abla-
tion zone (arrow) and throm-
bus in the adjacent left portal
vein (curved arrow). b Axial,
T1-weighted, fat-saturated,
contrast-enhanced MR image
obtained 9 months after cryoa-
blation demonstrates chronic
thrombus with attenuation of
the left peripheral portal vein
but without central propagation
(arrow)

Fig. 22 Fifty-nine-year-old
female who underwent cry-
oablation of a gastrointestinal
stromal tumor metastasis.

a Axial, T2-weighted MR
image obtained 3 months after
cryoablation shows ablation
zone in segment 5 (arrows). b
and ¢ Axial, T2-weighted MR
images shows upstream biliary
ductal dilatation (arrows) at 3
months post-procedure imaging
(b) which persists on 6 months
post-procedure MRI (c). d
Axial, T2-weighted MR image
shows a well-circumscribed
hyperintense biloma (arrow)
adjacent and inferior to the abla-
tion zone (a)

and/or interventional procedures (Fig. 20) [72]. Branch
portal vein thrombosis is a relatively common finding on
post-procedure imaging and is almost always asympto-
matic with spontaneous resolution. Occlusion of portal
veins may persist in rare cases (Fig. 21). Initial findings of
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non-enhancing thrombus within the affected vessel may
later lead to attenuation of the affected portal vein branch
causing perfusional anomalies, regional atrophy, and col-
lateralization/cavernous transformation if the affected ves-
sel is large [50].
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Fig. 23 Axial, 24-h, post-procedure, T1-weighted, fat-saturated, con-
trast-enhanced MR of an ovarian cancer metastasis shows the ablation
zone (straight arrows) and non-target small area of ablation into the
adjacent kidney (curved arrow)

Fig. 24 Sixty-six-year-old male
who underwent cryoablation of
a hepatocellular carcinoma. a
and b Axial, 24-h, post-proce-
dure, T2 weighted MR images
demonstrate ablation zone at the
hepatic dome (straight arrows),
non-target lung ablation (curved
arrows), and pleural effusion
(black arrow). ¢ and d Coronal
and sagittal, T1-weighted, fat-
saturated, contrast-enhanced
MR images show ablation zone
(straight arrows) with non-target
ablation of the lung (curved
arrow). The patient recovered
without clinical sequelae

Biliary

Dilation of the biliary system may be due to mass effect by
the ablation zone or stricture formation due to thermal injury
of the bile ducts. T2-hyperintense dilated ducts in a zonal
distribution without abnormal enhancement and tapering
near the ablation zone is the imaging hallmark. The time
course is variable: while shrinkage of the ablation zone
eventually may relieve an obstruction, ductal dilation may
persist (Fig. 22). Although data from a cryoablation series
are not available, the RFA literature shows bile duct changes
occur in 12% of procedures [52]. Of RFA cases resulting in
bile duct changes, mild bile duct dilatation upstream to the
ablation zone occurred approximately 82% of the time with
worsening on further follow-up in only 13% [52].

Severe direct injury to a large bile duct combined with
necrosis of the adjacent ablated tumor may manifest with
leakage of bile into the cavity and formation of a collection
of bile (biloma). In a retrospective review of 3284 patients
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Fig. 25 Sixty-two-year-old
female who underwent cry-
oablation of a gastrointestinal
stromal tumor metastasis. a
Axial, 24-h, post-procedure,
T1-weighted, fat-saturated,
contrast-enhanced MR image
demonstrates non-target

organ ablation of the adjacent
kidney (arrow) and duodenum
(curved arrow). b and ¢ Axial
CT images obtained 3 months
after cryoablation demonstrates
evolving non-target organ abla-
tion zone that involves a portion
of the kidney (curved arrow)
and bowel wall (straight arrow)

who underwent radiofrequency ablation of hepatocellular
carcinoma performed by Chang et al. [51], bilomas formed
in 3.3% of patients. In the majority of patients, biloma for-
mation is a minor complication of no clinical significance
and resolve spontaneously [51]. However, occasionally bilo-
mas can become symptomatic or infected requiring further
treatment including percutaneous drainage [51, 73]. Bilomas
appear as homogeneous T2 hyperintense, fluid signal areas
in or adjacent to the ablation zone (Fig. 22d).

Non-target organ injury

Pre-procedure planning enables strategies to avoid ablation
injury of critical adjacent structures. Errors in planning,
patient movement, and changes in heat-transfer effect may all
affect the extent of the ablation zone. Small encroachments
of the ablation zone into nearby spleen, kidney (Fig. 23), or
lung (Fig. 24) are not likely to be clinically significant and
in general do not complicate the cryoablation. However, it is
advised that measures be taken to avoid non-target ablations
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when possible. Ablation of bowel, major bile ducts or pan-
creas are important to avoid as injury to these structures can
lead to significant morbidity and even mortality (Fig. 25)
[74]. The gallbladder can be included in the ablation zone
but it is essential that the peritoneal surface be avoided [53].
Other potential complications that may be detected on post-
procedure imaging include pneumothorax and hemothorax
[75,76].

Infection

Although infrequent, intrahepatic abscess formation may
occur with a reported rate of 0.3—1.7% after radiofrequency
ablation [77]. Superinfection and subsequent abscess for-
mation may occur after cryoablation, generally manifest-
ing as an enlarging, hypodense or fluid-attenuation ablation
zone on CT, or a markedly T2-hyperintense/T1-hypointense
ablation zone on MRI. The presence of gas bubbles alone
may be seen secondary to the ablation procedure, however
if there are signs or symptoms of an infection, or if the gas
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Fig. 26 Sixty-four-year-old
male who underwent cryoabla-
tion of a colon cancer metasta-
sis. a Axial, intra-procedural,
unenhanced CT image shows
cryoprobes and ablation zone
(arrows) surrounding the target
lesion. b and ¢ Axial CT images
obtained 4 months after cryoa-
blation demonstrates collection
of fluid and gas in the region
of the ablation zone and in the
peri-hepatic space (straight
arrows) suggesting abscess.
Percutaneous catheter drainage
(curved arrow) yielded 110 cc
of purulent fluid. Microbiology
was positive for streptococcus
anginosus

is accompanied by a fluid collection or peripheral enhance-
ment, an abscess is likely (Fig. 26). Factors that can predis-
pose to infection of the ablation zone include a history of
biliary diversion including bilioenteric anastomosis, prior
sphincterotomy, or biliary stents with small series reporting
arate of abscess complication as high as 44% after radiofre-
quency ablation [78]. Due to the high risk of septic compli-
cations, thermal ablation in a patient with a history of biliary
diversion is a relative contraindication. If thermal ablation
is performed in a patient with a history of biliary diversion,
long-term post-procedural antibiotics can be considered as
that has been shown to decrease risk of abscess formation
[79].

Conclusion

A thorough understanding of the imaging findings associ-
ated with percutaneous hepatic tumor cryoablation helps dis-
tinguish those findings which are expected from those that

indicate the need for additional ablations to treat residual
tumor or interventions to treat a complication.
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