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cose uptake in differentiatingmalignancy from inflammatory
or infectious processes in the postablation period.
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The American Cancer Society predicted there would be
226,160 new cases of lung cancer in 2012. Given that deaths
from lung cancer account for nearly 28% of all cancer-related
mortality, much attention has been paid to developing and
improving treatment options to reverse outcomes of this
grave disease.1

Percutaneous image-guided thermal ablation, collectively
encompassing radiofrequency ablation (RFA), microwave ab-
lation (MWA), and percutaneous cryotherapy, has emerged as
a viable and potentially curative alternative to surgical resec-
tion for patients with primary and secondary malignancies of
the lung. Thermal ablation has expanded the array of treat-
ment options for patients with medical comorbidities pre-
cluding surgical resection and for inoperable patients with
limited pulmonary reserve.

Different ablative technologies including radiofrequency,
microwave, and cryoablation, and their relative roles, are
addressed elsewhere in this issue of Seminars. However, since
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Abstract Percutaneous image-guided thermal ablation is gaining attraction as an effective
alternative to surgical resection for patients with primary and secondary malignancies
of the lung. Currently, no standard follow-up imaging protocol has been established or
uniformly accepted. The early identification of residual or recurrent tumor would in
theory enable the practitioner to offer expeditious retreatment or alternative treat-
ment. This review elaborates on the imaging findings following thermal ablation, both
heat- and cold-based, of nonresectable pulmonary malignancies.
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first reported by Dupuy et al in 2000, RFA has gained
considerable traction in the treatment paradigm of non-
resectable lung malignancies, both primary and secondary.2

Microwave and cryoablation have emerged as promising
alternatives and quite possibly represent the natural evolu-
tion of thermal ablation, whose impact remains to be seen.

Unlike surgery where histopathologic evaluation of the
resected specimen can confirm a disease-free margin, be-
cause no specimen is obtained, uncertainty exists with ther-
mal ablation about the adequacy of an ablative margin. Lethal
ablation margins extending beyond the tumor are planned to
include microscopic extent of disease that cannot be imaged
but are pivotal to complete ablation.3 Complete ablation is
achieved using information acquired from computed tomog-
raphy (CT) both prior to and during the ablation, combined
with an understanding of the expected device-specific abla-
tion zone and local factors, such as heat sinks, which can
locally alter the extent of ablation and its effectiveness.
Treatment adequacy is further confirmed with follow-up
imaging, which uses characteristics such as size, enhance-
ment, and fluorodeoxyglucose (FDG) uptake to determine
treatment response and local control in addition to detection
of disease beyond the locoregional landscape.

Imaging Protocol following Thermal
Ablation

Currently, no standard imaging protocol has been established
or uniformly accepted. Several authors have recommended
initial evaluation with contrast-enhanced CT within the first
month of therapy and a variable pattern of alternating CT and
positron emission tomography (PET)/CT every 3 months
thereafter (►Fig. 1).4,5 With the increasing utilization and
acceptance of ablative techniques in treating unresectable
primary and secondary pulmonary malignancies, a growing
need has arisen to establish not only the optimal follow-up
imaging protocol but also imaging references for assessing
treatment response. The early identification of tumor recur-
rence, or tumor progression due to incomplete ablation,
should enable the practitioner to offer expeditious retreat-
ment or an alternative treatment.

The remainder of this review elaborates on the imaging
findings following thermal ablation, both heat- and cold-
based, of unresectable pulmonary malignancies. Given that
the common pathologic end point of ablation, regardless of
thermal energy used, is coagulation necrosis, many of the
imaging findings are strikingly similar across the modalities.

In general, the appearance of the ablation zone following
radiofrequency and MWAs are quite similar, as might be
expected given that both use heat energy, whereas the
appearance of the ablation zone during and following cryoa-
blation are similar but less well established within the medi-
cal literature. For simplicity, the imaging findings of the
ablation zone caused by heat-based and cold-based techni-
ques are discussed separately. Each energy-based section is
subdivided into temporal phases following ablation: imme-
diate/early (up to1week), intermediate (1 week to 2months),
and late (>2 months). Key differences are described.

Radiofrequency and Microwave Ablation

Immediate and Early Phase (<24 Hours to 1 Week)

Appearance of the Ablation Zone
During the later intraprocedural or immediate postproce-
dural period, a distinctive and reproducible pattern of con-
centric rings is expected. The central, or first, area of
consolidation is surrounded by two layers, or rings; the inner,
or second, is composed of concentric ground-glass opacity
(GGO), and the outer, or third, of denser GGO. The central
consolidation represents both the ablated tumor and the
perilesional parenchyma that is necrotic, and on imaging it
may be associated with intralesional bubbles6 (►Fig. 2A–D).
The presence of a margin of collective GGO is associated with
treatment success, and lack thereof is associated with tumor
progression due to incomplete ablation, as documented
following both radiofrequency and MWA.2,7–10 Yamamoto
et al demonstrated that this peripheral GGO represents three
distinct histopathologic layers, the outermost representing
congested lung tissue and hemorrhage that retains its viabili-
ty (►Fig. 2A–D). In fact, the peripheral GGO seen on CT
overestimates the area of true coagulation necrosis by
�4.1 mm.11 Given this overestimation, multiple authors
have recommended an ablation margin, or peripheral GGO,
of at least 5 mm to ensure adequate tumor kill following both
radiofrequency and MWA.8,9,11 Moreover, if a true 1-cm
ablative margin is to be established, the GGO during and
immediately following ablation should near 15 mm concen-
tric to all margins of the targeted tumor. This “overablation”
has been associated with higher rates of local control; de
Baère et al concluded that an ablative area four times larger
than the initial tumor is predictive of complete ablation.12

Size and Shape
The ablation zone size immediately following therapy should
be larger than the index tumor for all thermal-based modali-
ties because it includes both the tumor and the ablated
perilesional lung tissue. This zone continues to enlarge during
the first 24 hours13,14 (►Fig. 2E). The development of hemor-
rhage or inflammation can lead to an apparent increased size
of the ablation zone. As such, the Response Evaluation Criteria
in Solid Tumors system of evaluating treatment response is
generally not used following thermal ablation.15

The shape of the ablation zone is variable. Most often, it is
ovoid or spherical. However, deviation from this is common
and can be secondary to the number and placement of

Figure 1 Combined positron emission tomography/computed
tomography (PET/CT) and CT modalities used in the follow-up imaging
protocol after ablation. Initial PET/CT is required for staging.
Thereafter, chest CTwith CT nodule densitometry through the ablation
zone is performed at 1 to 2 months, PET/CT at 3 months, and
thereafter alternating every 3 months with chest CT for up to 2 years.
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electrodes/antennas, the underlying shape of the index tu-
mor, and, proximity to pleura, bronchi, or vessels. Proximity
to the latter refers to the so-called heat sink phenomenon,
which is associated with RFA more so than with MWA or
cryoablation.16–19

Enhancement
Within the first week following thermal ablation, there is
typically a marked reduction in contrast enhancement of the
ablation zone, postulated to result from disruption of the
microcirculation.20 Wolf et al considered complete nonen-
hancement of the ablation zone on the initial scan to be

indicative of a successful MWA.9 During this phase, a thin rim
of enhancement, referred to as benign periablational en-
hancement, may be seen peripheral to the ablation zone;
this rim is generally <5 mm thick and is concentric with
smooth margins. This enhancement is believed to represent
physiologic response to thermal injury—initially reactive
hyperemia, and subsequently fibrosis and giant cell reac-
tion.4,9,14 Contrast-enhanced CT shows a peripheral thin
rim of enhancement without central or nodular enhance-
ment. Similarly, benign periablational enhancement has been
observed following thermal ablation of both hepatic and
renal malignancies.7,21–23

Figure 2 (A, B) Computed tomography (CT) and positron emission tomography (PET) images of a 77-year-old man with adenocarcinoma of the
lung in the superior segment of the right lower lobe obtained 1 week before ablation demonstrates a hypermetabolic nodule. (C, D) Microwave
ablation (MWA) was performed with the patient in the prone position using a posterior approach and using 45 W for 7minutes. Images are rotated
to maintain continuity of lesion location. Immediately after the ablation there is central tissue desiccation and cavitation along the antennae tract.
A second layer and rim of faint ground-glass opacity (GGO) surrounds the tumor and represents tissue necrosis. An outermost rim of denser GGO
(white arrows) represents congested lung tissue and hemorrhage that retains viability. (E) Approximately 48 hours after MWA, there is an area of
cavitation in the postablation zone, and the antennae tract remains desiccated. The ablation zone is larger than the pretreatment tumor and
represents hemorrhage, edema, and necrotic tissue. With time the ablation zone should regress in size. (F, G) CT and PET at 6 weeks postablation.
There is a decrease in size of the postablation zone and surrounding hemorrhage, with persistent central cavitation. The PET activity has returned
to mediastinal blood pool activity with a central area of absent uptake corresponding to cavitation (arrow).
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Fluorodeoxyglucose-Positron Emission Tomography
Currently, 18Fluorine (F)-FDG is themainstay of PEToncologic
imaging, including within the lung. Its limited specificity,
however, precludes its use immediately following ablation
given its propensity for inflammatory tissue, which is univer-
sally expected in this setting. In fact, early posttreatment PET
within 4 days of RFA for stage IA non–small cell lung carcino-
ma was not found to be clinically useful in predicting overall
event rates as compared with PET performed 6 months after
ablation.24

Complications
Complications of percutaneous thermal ablation are most
often detected within the peri- and immediate postproce-
dural period. These can generally be divided into pleural-
based and parenchymal-based complications.

Pleural-based complications include pneumothorax (most
common), pleural effusion, hemothorax, and pleural thick-
ening.25 In a meta-analysis by Chan et al of 46 published
studies with a total of 2905 patients, the most common side
effect or complication was pneumothorax (28.3%), followed
by pleural effusions (14.8%).26 In general, the reported rate of
pneumothorax occurrence following radiofrequency and
MWA ranges between 30% and 50%.4,9,27–29 Given both the
inherent risk of introducing a large-bore needle across the
pleura and the high prevalence of underlying emphysema in
patients with lung cancer, some incidence of pneumothorax
should always be anticipated.

The rate of pneumothorax in patients undergoing ablation
that requires chest tube placement has been reported to
range from 0% to 54%, although the latter percentage included
patients who underwent thoracotomy and subsequent auto-
matic chest tube placement. Many studies have reported
chest tube placement in <25% of pneumothoraces.6,20,28,29

Ablation of peripheral tumors can be particularly challenging
and sometimes problematic due to the inherent infliction of

pleural injury and the extreme desiccation that occurs with
ablation, in particular with microwave energy that is thought
to be associated with an increased rate of bronchopleural
communication (►Fig. 3).30,31

Radiographically apparent parenchymal-based complica-
tions include pulmonary hemorrhage, although some degree
of minor hemorrhage should be expected during ablation
because tissues are destroyed. Other complications that have
been reported include pneumonia and abscess formation,25

but in practice these are relatively uncommon, reported at
1.5% and 0.4%, respectively.26 On rare occasions, ablation has
cascaded into acute respiratory distress syndrome, its onset
appearing outside the immediate periprocedural time frame.

Intermediate Phase (1 Week to 2 Months)

Appearance of the Ablation Zone
The GGO seen immediately following thermal ablation is
expected to involute by 1 to 3 months21,32 (►Fig. 2F).

Cavitation within the ablation zone, which has been
considered a positive response to thermal ablation, is most
likely to appear in the intermediate postablation phase.9,14

Pretreatment factors that favor cavitation include central
location, juxtaposition to a segmental bronchus, and ablation
size >2.8 cm.32 Cavitation has been postulated to be second-
ary to the drainage of necrotized tissue by adjacent bronchi,
with preservation of the outermost “rigid” layer of the abla-
tion zone.11 Bojarski et al reported a 31% prevalence of bubble
lucencies, defined as 1- to 3-mm gas bubbles within the
ablation zone during the follow-up period. Of note, in this
series all but one patient demonstrated complete resolution
of the gas bubbles at 1-year follow-up.32

Although adjacent pleural thickening can be seen within
the immediate postablation phase, it is more likely to mani-
fest within the intermediate phase and most often involves
the portion of pleura traversed by the ablation probe.32

Figure 3 (A) A 50-year-old woman with metastatic uterine leiomyosarcoma. Microwave ablation of a pleural-based right lung metastasis at the
inferior edge of a prior radiation treatment. (B, C) By the second postprocedure day, the patient developed fever and extensive subcutaneous
emphysema, with computed tomography showing necrotizing postablation zone and air track to subcutaneous tissue from a bronchopleural
fistula. A drainage tube was placed in the cavity. The patient was taken to the operating room for debridement and rib resection. Four weeks after
the procedure and surgical debridement, there was near complete resolution of the bronchopleural fistula and subcutaneous emphysema (not
shown). (Courtesy of Dr. Majid Maybody.)
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Hilar or mediastinal lymph node hyperplasia can occur
during this period with resultant lymph node enlargement
and FDG uptake. Reported in up to 63% of RFA cases, this nodal
enlargement is transient, often resolving by 1 year. Interest-
ingly, the appearance of enlarged lymph nodes is unpredict-
able and lacks correlation with initial tumor size and
location.22 Lymph node enlargement has likewise been re-
ported following MWA but again is not associated with local
recurrence or all-cause mortality,9 lending credence to the
notion that enlarged lymph nodes more likely represent
reactive change and not necessarily disease recurrence or
progression. Consequently, the presence of enlarged reactive
lymph nodes can potentially confound the evaluation for
locoregional recurrence, so it is important to bear this possi-
bility in mind when evaluating posttreatment scans.

Size and Shape
For the most part, the ablation zone should remain larger
than the pretreatment tumor during the intermediate phase
after ablation, but it often demonstrates reduced size com-
pared with the immediate postprocedure scan (►Fig. 2F).
This likely reflects regression of parenchymal edema, inflam-
mation, and hemorrhage.4

Although the World Health Organization reporting criteria
deemed an enlargement of 25% compared with prior imaging
as a significant predictor for residual or recurrent disease, this
and other methods of disease quantification are rendered
suboptimal given several confounding factors. These factors
include periablational inflammation or hemorrhage and the
development of cavitation, all of which artificially inflate single
or bidimensional measures. In practice, size alone cannot be
considered the definitive assessment of incomplete ablation or
tumor progression. In the subsequent phase of follow-up,
however, allowing for inflammatory effects to subside, a
continued increase in ablation zone size should raise suspicion
for inadequate control and tumor recurrence. Isolated stabili-
zation or expansion of ablation zone size during this phase
should not be considered an indicator of tumor recurrence.25

Enhancement
As within the immediate phase following ablation, ablation
zone enhancement within the intermediate phase should
remainmarkedly less than that seenwithin the tumor prior to
treatment. Although benign periablational enhancement can
persist for up to 6 months, the appearance of central or
nodular enhancement >10 mm and/or 15 HU during this
phase may herald progression of incompletely ablated
disease.4,9,14,20

FDG-PET
Peak uptake of 18F-FDG typically occurs by 2 weeks following
ablation. By 2 months, ablation zone uptake should return to
that of the mediastinal blood pool (►Fig. 2G). Okuma et al
showed that at 2 months, persistent FDG uptake or uptake
that is not reduced by at least 60% from baseline may predict
radiographic recurrence at 6 months.23 Singnurkar et al
defined six uptake patterns at PET/CT performed between 1
and 4 months after ablation: (1) diffuse, (2) focal, (3) hetero-

geneous, (4) rim, (5) rim plus focal uptake corresponding to
the site of the original lesion, and (6) rim plus focal uptake at a
different location (not corresponding to the site of the original
lesion). Favorable uptake patterns included rim, diffuse,
heterogeneous, and rim plus focal uptake when the focal
uptake did not correspond to the original tumor nodule. Rim
with superimposed focal uptake corresponding to the original
tumor nodule was shown to be associated with local recur-
rence. Superimposed focal uptake at a noncorresponding site
was hypothesized to indicate heterogeneous inflammation
around the ablated site.33

Complications
Pneumothoraces that were present during the immediate
phase often become localized, and on occasion they evolve
into contained bronchopleural fistulae. Their appearance is
more disconcerting than clinically relevant30,32,34 (►Fig. 3).
Problematic bronchopleural fistulae are more likely to mani-
fest within this intermediate postablation phase.30,32,34 Pleu-
ral effusions that were initially present would typically begin
to involute at this point, but initial appearance during this
period is also not uncommon.

Late Phase (>2 Months)

Appearance of the Ablation Zone
The ablation zone continues to involute during this period
and ultimately may even disappear with only parenchymal
scarring remaining in its place.

Radiographic findings characteristically seen during the
immediate and intermediate phases typically resolve or
significantly improve during this late period. These include
parenchymal features, specifically cavitation, and pleural
changes, such as pleural thickening, pleural effusion and
localized pneumothorax, or contained bronchopleural fistula.

During this phase, perhaps even more than during the
early and intermediate phases, the development of satellite
nodules or new nodules along the prior electrode/antenna
track portends new local or locoregional disease.

Size and Shape
In general, the size of the ablation zone at 3 months is the
same or larger than the baseline tumor followed by continued
volume reduction to 6 months. After 6 months, it is reason-
able to expect the size of the ablation zone to be smaller than
the baseline tumor secondary to involution of local hemor-
rhagic and inflammatory effects.2,14,32,35 Within this phase,
the postablation zone may regress to scar, nodular scar, or
even a thin-walled cavity. Continually increasing or newly
enlarging ablation zone beyond 3 months and definitively
beyond 6 months is highly suggestive for tumor recurrence
and progressive local disease14 (►Fig. 4). Delayed recurrence
or tumor progression due to more effective tumor kill even
beyond 1 year warrant and reinforce the importance of
continued clinical and imaging follow-up.

Enhancement
Mean contrast enhancement of the ablation zone at 3months
can be greater than that seen within the immediate or
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intermediate phases. This is postulated to be secondary to
recovery of the microcirculation, not recurrence of the tu-
mor.20 Regardless, overall contrast enhancement should nev-
er exceed that of the index tumor, and after 6 months
enhancement should continue to decrease and not exceed
the enhancement at 3 months. As during the intermediate
phase, the appearance and/or continuation of central or
nodular enhancement >10 mm and/or 15 HU suggests pro-
gression of incompletely ablated disease.20

FDG-PET
Increased metabolic activity after 2 months, new uptake at
the site of the previously ablated tumor, or activity within the
center of the ablation zone are all findings concerning for
tumor recurrence4 (►Fig. 4 F).

Cryoablation

Immediate and Early Phase (<24 Hours to 1 Week)

Appearance of the Ablation Zone
One benefit of cryoablation is the ability to visualize the ice
ball throughout the periprocedural period. Many groups have
described difficulty visualizing ice ball formation within the
lung due to the inability to see low-density ice against a

background of air14,36 further obscured by perilesional hem-
orrhage.37 In our experience, the extent of ice formation is
readily visualized following the initial thaw cycle when
hemorrhage develops along the margins of the ablation
zone. CT imaging during subsequent freeze cycles clearly
delineates a low-density ovoid ice ball within the background
of higher attenuated hemorrhage (►Fig. 5A–C).

Multiple studies have shown that the ice ball seen during
the procedure overestimates the extent of coagulation necro-
sis by as much as 4 to 5 mm, as confirmed on histopathologic
specimens. This occurs because the edge of the ice ball
corresponds to the 0°C isotherm, which is not cytotoxic.38,39

The �20°C isotherm is typically several millimeters within
the edge of the ice ball and more reliably demarcates the
extent of complete coagulation necrosis.38,39 As ice melts at
the completion of the ablation, a zone of ground glass and
consolidation forms around the ablation zone, which is
secondary to a combination of coagulation necrosis and
hemorrhage. During this time, the size of the ablation zone
is always larger than the targeted tumor (►Fig. 5D, E).

Over the course of the first week, much of the peripheral
ground glass and consolidation resolves, reflecting resolution
of most of the periablation edema and hemorrhage. The
ablation zone becomes more contained and is delineated
from the adjacent nonablated lung by a thin rim14

Figure 4 (A, B) An 84-year-old man with a biopsy-proven cavitary left upper lobe squamous cell carcinoma. Based on significant cardiovascular
risk factors precluding surgical resection, the patient was referred for radiofrequency ablation. A multi-array electrode was used to perform
overlapping ablations at 3 cm and 4 cm, each for 15 minutes. (B) The intra-ablation imaging demonstrated a rim of ground glass (white arrows)
completely surrounding the mass. (C) At 5 weeks following treatment, the ablation zone (white arrows) consists of eccentric cavitation, covering
the extent of the target lesion. (D) By 6months, a nodule (white arrow) remains along the margin of the otherwise fully scarred ablation zone. (E, F)
At 13 months, this nodule has grown (white arrow) and displays intense fluorodeoxyglucose uptake on positron emission tomography, compatible
with residual tumor.
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(►Fig. 5F, G). Cavitation may occur during this time, just as
with the heat-based ablations.

Size and Shape
The size of the cryoablation zone is determined by the
cryoprobe type, number and positioning, and the number
of freeze-thaw cycles. Each commercially available cryoprobe
comes with a prospectus that describes the extent of ice ball
formation, as well as the size of cytotoxic isotherms, typically
based on in vitromodels. The length andwidth of the ablation
zone are proportional to the length and width of the cooled
portion of the cryoprobe, and as such a longer active length of
the cryoprobe will result in an elliptical ablation, whereas a
shorter length will result in a more spherical ablation
(►Fig. 5F, G). Overlapping ablations performed with multiple
cryoprobes are at least additive in increasing the size of
the ablation, and in some cases they can lead to a very large

ablation zone by limiting the effects of local thermal sinks
(►Fig. 6).

The shape of the ablation is most significantly affected by
thermal sinks, with blood vessels measuring >3 mm serving
as the most effective thermal sinks; large and medium-size
airways can impart a similar effect. As with heat-based
ablations, the margins of a cryoablation zone will be con-
toured by the presence of a neighboring thermal sink. When
the targeted tumor abuts a thermal sink, a sufficient ablation
may be difficult to achieve, rendering recurrence more likely
to occur (►Fig. 7).

By altering thermal conductivity, local hemorrhage not
only provides amediumbywhich to advantageously visualize
the ice ball during ablation but enhances expansion of the
cryoablation zone and ultimately creates a larger ablation
zone. This synergy is further exploited with triple-freeze
protocols40 (►Fig. 5B, C).

Figure 5 (A) A 50-year-old woman with solitary metastatic colon carcinoma to left lower lobe. Multiple attempts were made to place the probe
through the nodule; however, the nodule changed position, a common finding while placing larger cryoprobes in smaller subcentimeter nodules.
Ultimately the cryoprobe was placed at the superior surface of the nodule. (B) Initial 3 minutes of freeze cycle followed by passive thaw was
performed to create hemorrhage surrounding the nodule and to allow for the definite freeze cycle. Peripheral rim of hyperdensity represents the
edge of the melting ice ball (arrows), and the inner hypodensity surrounding the probe represents the ice ball itself. (C) Following a second freeze
cycle of 10 minutes, the edge of the ice ball is seen (arrow) extending beyond the initial hemorrhage. (D) Immediately postablation, there is
development of hemorrhage at the ablation site representing necrosis and hemorrhage. (E) The patient was placed in a supine position to limit the
transbronchial spread of hemorrhage. (F, G) At 1 week following cryoablation, computed tomography demonstrates an elliptical ablation zone
with resolution of hemorrhage. The size of the ablation zone is larger than the ablated nodule and depends on the number and size of the original
ablation probes.
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Enhancement
Enhancement along the ablation zone margin can be seen in
up to a third of ablation zones immediately following ablation
and subsequently fades with time.14 In a small percentage of
individuals, internal enhancement within the ablation zone
can be seen, but this enhancement disappears by 1 month.14

FDG-PET
As with radiofrequency and MWAs, PET has no role in early
postprocedure evaluation following cryoablation. In our ex-
perience, the potential metabolic activity associated with

residual or incompletely ablated tumor is impossible to
distinguish from the diffuse activity of inflammation
throughout the ablation zone.

Complications
The potential complications associated with cryoablation do
not substantially differ from those of heat-based ablation and
include pneumothorax, pleural effusion and hemorrhage, and
pulmonary hemorrhage. As compared with heat-based abla-
tion, pulmonary hemorrhage and hemoptysis occur at a
higher frequency than with cryoablation (►Fig. 5D, E) due

Figure 7 (A) Metastatic renal cell carcinoma to the left upper lobe, with a larger vessel (4 mm) in close proximity of the metastasis. (B) Following
two cycles of ablation, the ice ball and cryo-zone did not grow to an expected size, despite prolonged ablation. It is hypothesized that the vessel
adjacent to the nodule and ablation zone may have contributed to a cold sink effect. (C) At 1-month follow-up computed tomography scan, the
size of the nodule is smaller but remains nodular. (D) At 5 months the nodule had grown, suggestive of recurrence.

Figure 6 (A, B) A 90-year-old woman with history of primary lung carcinoma status postradiation, with recurrence of the tumor. High central
metabolic activity is noted on positron emission tomography (PET). (C) Three probes were placed in the mass. Simultaneous cryoablation was
performed with the ice balls (arrow), merging to create a large ablation zone. (D) At 2 months postablation, PET scan demonstrated a central
metabolic area with thin rim of metabolic activity not exceeding that of the mediastinum. Despite a presumed favorable response, PET should be
repeated in 6 months to confirm absence of residual tumor.
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to two principal factors. First, breakdown and fracture of now
fragile small blood vessels occur as the ice ballmelts, releasing
blood andmelting ice into adjacent alveolar sacs and bronchi.
Second, cryotherapy lacks the cautery effect inherent in heat-
based ablation, and in situations of borderline coagulation
status and coagulopathy, radiofrequency and microwave
energies are generally preferred.

Pleural effusion or hemorrhage can occur during the early
or late phases following cryoablation, typically when the
ablation is performed in a peripheral location adjacent to
the pleura. When the pleural effusion presents during the
immediate periprocedural period, it often has a hemorrhagic
component andwill have increased attenuation on CT. Pleural
effusions that present days after the procedure are more
likely to be reactive, and although theymay contain blood are
unlikely to be frankly hemorrhagic. In some cases, however,
these pleural effusions may be symptomatic and require
drainage (►Fig. 8).

Intermediate Phase (1 Week to 2 Months)

Appearance of the Ablation Zone
The GGO surrounding the ablation zone resolves by the end of
the first month.14 Cavitation is common and likely to persist
during most of, if not the entire, intermediate phase.35 In
general, the appearance of the cryoablation zone during the
intermediate phase does not substantially differ from that
observed following heat-based ablation, and as expectedwith
heat-based energies, the cryoablation zone during this phase
should not demonstrate enlargement (►Fig. 9).

Size and Shape
During the intermediate period, the cryoablation zone be-
comes more discrete and rounded with increasingly well-
delineated margins. Involution of the ablation zone begins
during the first 2months following cryotherapy. In one study,
Ito et al showed that all 79 ablation zones decreased in size at

Figure 8 (A) Axial prone computed tomography (CT) image demonstrates a peripheral right lower lobe metastasis in this patient with colon
cancer. (B, C) Axial prone and coronal CT images demonstrate two cryoprobes placed in the mass with multiple layering ice balls, indicating the
multiple cycles of ablation. (D) 1 week following initial ablation, the patient presented for repeat ablation but was found to have a large pleural
effusion. The effusion was drained, and repeat ablation was performed.
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Figure 9 (A) Metastatic renal cell carcinoma to the right lower lobe. (B) A single cryoprobe was used to ablate the lesion. Alternating
circumferential layers of different intensities within the ice ball are seen engulfing the tumor. (C) Immediately postablation, the patient was placed
in a supine position to limit hemorrhage into surrounding structures. A postablation zone with associated hemorrhage engulfs the initial tumor.
(D–F) Follow-up at 1 month with (D) computed tomography (CT), (E) positron emission tomography (PET), and (F) fused CT/PET scans
demonstrate an oval postablation zone with thin rim of peripheral enhancement and mild internal metabolic activity. (G, H) CT scan obtained
6 months after the ablation demonstrates oblong postablation zone with thin rim of peripheral enhancement. (I–K) Follow-up at 11 months with
(I) CT, (J) PET, and (K) fused CT/PET scans demonstrate significant decrease in size of the ablation zone to a slit-like scar with no metabolic activity.
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1 and 3months following cryoablation.14 Any increase in size
occurring during the first 2 months should be viewed with
suspicion for residual disease, particularly if this enlargement
is accompaniedwith nodular growthwithin the ablation zone
or at its margins (►Fig. 9D–F).

Enhancement
During the intermediate phase, marginal enhancement of the
cryoablation zone can be seen and gradually fades with only
minimal enhancement expected by the end of 2 months
(►Fig. 9D). As with heat-based ablation zones, contrast
enhancement should never exceed that of the original tumor,
and for themost part any increase in enhancement, especially
if central or nodular, is concerning for tumor progression.

FDG-PET
The appearance of the cryoablation zonewith PET imaging has
not been well described nor its timing established within the
medical literature. In our experience, metabolic imaging of the
ablation zonewithin the first 2 months following cryoablation
demonstrates a sharper drop in signal when compared with
heat-based ablative techniques. A peripheral rim of activity or
amorphous FDG uptake within the ablation zone can be
present, presumably due to inflammation, and it is more often
confusing than useful as a marker for complete ablation or as
an early predictor for incomplete ablation (►Fig. 6D and 9).

Late Phase (>2 Months)

Appearance of the Ablation Zone
During the late phase, the cryoablation zone continues to
maintain its well-marginated consolidative appearance, and
over time the cryoablation zone involutes until only a linear
band of parenchymal scar remains (►Fig. 9I–K). By 3 months,
most of the cavitation has resolved, suggesting resorption of
necrotic debris.35 In some instances, however, cavitation may
persist up to 9 months.35

Size and Shape
Ablation zones progressively decrease after 1 month35

(►Fig. 9). Continued enlargement of the cryoablation zone
after 6 months is highly suggestive for tumor recurrence.14 In
our experience, for any given ablation size and relative
ablation size to tumor size, involution of the cryoablation
zone occurs earlier and more rapidly, when compared with
those following radiofrequency and MWAs. This allows for
potentially earlier detection of tumor progression, a conceiv-
able competitive advantage with cryotherapy over heat-
based therapies. Based on current data, it is unclear where
timelines for ablation zone size reduction should be set. As
with radiofrequency ablation, the trajectory of the ablation
zone size must be followed, and increasing size or nodularity
after previously documented involution is concerning for
tumor progression.

Enhancement
During the late phase, internal and particularly marginal
enhancement can be seen for up to 6 months (►Fig. 9).

Although the degree of enhancement was not detailed, Ito
et al showed that all patients with internal enhancement of
their ablation zones beyond 6 months had incompletely
ablated and progressive disease.14

FDG-PET
Compared with CT alone, PET/CT is preferably used for
detection of late recurrence of disease because it allows
assessment of not only the locoregional site, including the
cryoablation zone, but the entire body for new distant sites of
disease. Although the appearance of the cryoablation zone
has not beenwell described, its metabolic appearance is likely
akin to that of the RFA zone (►Fig. 9I–K). Tracer activity above
the threshold of the original tumor, increasing on serial
imaging or developing within the central core of the ablation
zone, is suspicious for recurrent disease.

Conclusion

Reliable imaging surveillance after thermal ablation is essen-
tial and remains a mainstay for its continued success. A firm
understanding of the expected and unexpected imaging fea-
tures of the ablation zone, regardless of thermal energy source
used, is critical for accurate assessment of treatment response
and early identification of incomplete ablation, and locore-
gional and/ordistant progression of disease. Nonenhanced and
contrast-enhanced CT, PET, and PET/CT should be used in
conjunction as routine follow-up or as problem-solving mo-
dalities, and although not specifically addressed within the
confines of this article, biopsy should be entertainedwhenever
imaging findings are equivocal. Even with 100% local control,
an already predetermined number of treated individuals will
have microscopic disease beyond their ablated tumor that is
below the detection of currently available imaging techniques.
This, further exacerbated by high-risk patient populations in
which pathologic staging is unavailable, should drive diligent
and rigorous patient follow-up.
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