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ORIGINAL ARTICLE

CT-guided percutaneous cryoablation of central lung tumors

Errol Colak, Servet Tatl, Paul B. Shyn, Kemal Tuncali, Stuart G. Silverman

PURPOSE

Cryoablation has been successfully used to treat lung tumors.
However, the safety and effectiveness of treating tumors ad-
jacent to critical structures has not been fully established.
We describe our experience with computed tomography
(CT)-guided percutaneous cryoablation of central lung tu-
mors and the role of ice ball monitoring.

MATERIALS AND METHODS

Eight patients with 11 malignant central lung tumors (nine
metastatic, two primary; mean, 2.6 cm; range, 1.0-4.5 cm)
located adjacent to mediastinal or hilar structures were treat-
ed using CT-guided cryoablation in 10 procedures. Technical
success and effectiveness rates were calculated, complica-
tions were tabulated and intraprocedural imaging features of
ice balls were described.

RESULTS

All procedures were technically successful; imaging after 24
hours demonstrated no residual tumor. Five tumors recurred,
three of which were re-ablated successfully. A hypodense ice
ball with well-defined margin was visible during the first (n=6,
55%) or second (n=11, 100%) freeze, encompassing the en-
tire tumor in all patients, and abutting (n=7) or minimally
involving (n=4) adjacent mediastinal and hilar structures.
Pneumothorax developed following six procedures (60%);
percutaneous treatment was applied in three of them. All pa-
tients developed pleural effusions, with one patient requiring
percutaneous drainage. Transient hemoptysis occurred after
six procedures (60%), but all cases improved within a week.
No injury occurred to mediastinal or hilar structures.

CONCLUSION

CT-guided percutaneous cryoablation can be used to treat
central lung tumors successfully. Although complications
were common, they were self-limited, treatable, and not re-
lated to tumor location. Ice ball monitoring helped maximize
the amount of tumor treated, while avoiding critical medias-
tinal and hilar structures.
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alignant lung tumors represent a major cause of morbidity and

mortality in developed nations (1). While surgical resection

remains the treatment of choice for the local control of both
non-small cell lung cancer and metastases to the lung, percutaneous
image-guided ablative therapies, particularly heat-based ablation tech-
niques such as radiofrequency (RF) ablation, have emerged as safe and
effective alternatives in patients who are not surgical candidates (2-7).
However, treatment of lung tumors using RF ablation presents technical
challenges, including high electrical resistance of alveolar air, poor ther-
mal conductivity of aerated lung, and the heat-sink effect of blood and
air flow in well-perfused and aerated lung tissue (8, 9). In addition, RF
ablation has a limited role in the treatment of tumors that are close to
mediastinal and hilar structures (2-9). Since intraprocedural visualiza-
tion of ablation zone margins is not possible during heat-based ablation
procedures, treatment of central tumors could harm mediastinal and
hilar structures, including the tracheobronchial tree. As a result, tumors
close to central structures are generally not amenable to treatment using
percutaneous heat-based ablation techniques (2-10). Also, RF ablation
may interfere with conduction system of the heart and function of the
pacemakers (11).

A growing body of literature describes the successful use of cryoab-
lation in the treatment of malignancies in the liver, kidneys, and soft
tissues (12-14). The ability to deploy multiple, individually-controlled
cryoablation applicators facilitates the creation of ablation zones of de-
sired shapes and sizes that can be tailored to the morphology of the
tumor being ablated (15, 16). Cryoablation is also monitorable; ice balls
can be visualized by computed tomography (CT) as a distinct ovoid area
of low attenuation during the procedure. As a result, the treatment can
be optimized while minimizing the risk of harming nearby critical struc-
tures (12-16). Also, cryoablation may be less painful than RF ablation
(17). Finally, it has been suggested that cryoablation may be better suit-
ed for the treatment of thoracic tumors adjacent to the mediastinum be-
cause it spares the architecture of collagen-containing structures relative
to RF ablation and enables preservation of the integrity of the tracheo-
broncheal tree (18). Heat-based ablation methods may not be safe in the
treatment of central lung tumors because of a possibility of bronchial
disruption or perforation, which may result in bronchopleural fistula
formation (19). Although cryoablation has been used to treat lung ma-
lignancies (19-31), there are limited data on the safety and effectiveness
of percutaneous cryoablation of central lung tumors. In this study, we
describe our experience with CT-guided percutaneous cryoablation of
central lung tumors and the role of ice ball monitoring.



Table 1.

CT-guided percutaneous cryoablation of 11 central lung tumors adjacent to mediastinum and hilum

No. of

applicators/
Age/ Tumor Tumor Tumor ice ball size  Tumor-AS Ice ball-AS  Technical Complete
gender type size (cm) location AS (cm) distance  relation success Recurrence ablation
60/F Met (ACC) 3.1 LLL v 4/4.7 <lcm Abuts + No Yes
60/F Met (ACC) 2.0 LLL Aorta 2/3.1 <lcm Abuts + No Yes
60/F Met (ACC) 2.1 RLL RLL BVS 2/3.2 Abuts Involves + Yes Yes
58/F Met (ACC) 2.8 LUL LUL BVS 3/4.0 <lcm Involves + No Yes
28/F Met (ACC) 1.8 RML RA 2/2.6 Abuts Involves + No Yes
46/M Met (ACC) 2.4 LLL A% 3/4.1 <lcm Abuts + Yes Yes
46/M Met (ACC) 1.0 Lingula LBVS 1/2.0 <lcm Abuts + No Yes
77/F NSCLC 2.9 RUL BCV & SVC 3/4.2 Abuts Abuts + No Yes
70/F NSCLC 4.5 RUL RV BVS 4/5.7 Abuts Involves + Yes No
47/M Met (colon) 3.1 RUL SVC & RULBVS 3/4.3 Abuts Abuts + Yes No
56/F Met (vagina) 4.2 LLL LLL BVS 4/5.5 <lcm Abuts + Yes Yes

AS, adjacent structure; Met, metastases; ACC, adenoid cystic carcinoma; LLL, left lower lobe; LV, left ventricle; RLL, right lower lobe; BVS, bronchovascular struc-
tures; LUL, left upper lobe; RML, right middle lobe; RA, right atrium; NSCLC, non-small cell lung carcinoma; RUL, right upper lobe; BCV, brachiocephalic vein;

SVC, superior vena cava; RV, right ventricle.

Materials and methods
Patients

This study was conducted in compli-
ance with the Health Insurance Porta-
bility and Accountability Act and was
approved by our Institutional Review
Board. Informed consent requirements
to review images and medical records
were waived. Between May 2006 and
January 2009, 21 malignant lung tu-
mors were treated using CT-guided
percutaneous cryoablation. Of these,
11 tumors were located centrally, ad-
jacent to the mediastinum (defined as
being within 1 cm of the heart, hilum
or other mediastinal bronchovascular
structures) in eight patients (six fe-
males, two males; age range, 28.4-76.5
years; median age, 58.7 years). A total
of 10 procedures were performed to
treat these 11 tumors (Table 1). One
patient had three metastatic tumors
(two in one lung); each lung was treat-
ed in separate procedures. In anoth-
er patient, two tumors located in the
same lung (but different lobes) were
treated in two separate procedures. Six
patients had metastatic tumors (n=9)
from adenoid cystic carcinoma of the
salivary gland (n=7 tumors), squamous
cell carcinoma of the vagina (n=1), and
adenocarcinoma of the colon (n=1);
while, two patients had primary non-
small cell lung tumors. Patients were
considered nonsurgical candidates
due to the presence of multiple lung
tumors (n=4), unresectability (n=2),

poor pulmonary reserve (n=1), or syn-
chronous hepatic metastases (n=1).
The latter patient’s liver metastasis
was also cryoablated during the same
procedure. None of the other patients
had evidence of extrapulmonary me-
tastases. A histopathological diagnosis
was achieved in all patients either via
surgery prior to the ablation (n=7) or
biopsy during the ablation (n=1).

Tumor location

The tumors (mean, 2.6 cm; range,
1.0-4.5 cm) were located in the left low-
er lobe (n=4), right upper lobe (n=3),
right lower lobe (n=1), right middle
lobe (n=1), left upper lobe (n=1), or lin-
gula (n=1). All 11 tumors either abutted
(n=5) or were within 1 cm (n=6) of
central structures, which included the
hilum (n=5), left ventricle (n=2), right
atrium (n=1), aorta (n=1), superior vena
cava and right brachiocephalic vein
(n=1), and both superior vena cava and
hilar bronchovascular structures (n=1).

Cryoablation procedure

All patients fasted at least six hours
prior to the procedure and underwent
laboratory testing for complete blood
count and coagulation factors. Per-
cutaneous cryoablation procedures
(n=10) were performed under general
anesthesia, using an argon gas-based
system (Cryohit; Galil Medical, Yokn-
eam, Israel) and guided by a CT scanner
equipped with fluoroscopy (Somatom

Sensation Open, Siemens Medical Solu-
tions, Forchheim, Germany). Infection
prophylaxis was achieved by the intra-
venous administration of 1 g cefazolin
sodium (Ancef, SmithKline Beecham
Pharmaceuticals, Philadelphia, Penn-
sylvania, USA) at the beginning of the
procedure and every eight hours for a
total of 24 hours after the procedure. A
warming system (Bair Hugger, Augus-
tine Medical, Eden Prairie, Minnesota,
USA) was used to maintain body tem-
perature between 35°C and 37°C.
Following local anesthesia with 2%
lidocaine and placement of a 22-gauge
reference needle, one to four 17-gauge
cryoablation applicators (mean, 2.8)
were placed using tandem trocar tech-
nique. For the tumor with a diameter of
1 cm, one cryoablation applicator was
placed centrally within the tumor; for
all other tumors, applicators were placed
approximately one centimeter from the
tumor margin with tips positioned no
more than 1.5 cm apart in the shape of
a triangle or a diamond, depending on
the size of the tumor and the number
of the applicators used. Cryoablation
was performed with two, 15-20-minute
freezes separated by a 10-minute passive
thaw. Intermittent, short, ice ball mon-
itoring CT scans (120 kV, 120 mAs, and
5 mm slice thickness) were obtained
every 3-5 minutes during freezing and
following the passive thaw. Axial, coro-
nal, and sagittal images were reformat-
ted intermittently to further evaluate
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whether the tumor was fully encom-
passed by the ice ball and whether the
ice ball involved adjacent anatomic
structures. During the treatment of three
tumors, cryoablation applicators were
repositioned to freeze more of the tumor
(n=2) or avoid freezing critical structures
(n=1). In three tumors freezing was re-
duced to as little as 20% of maximum
capacity in the cryoablation applicators
that were close to critical structures, to
avoid their further involvement. In one
tumor, freezing time was extended (n=1)
so that the ice ball could encompass the
entire tumor. Warm saline soaks were
applied to the skin at the cryoablation
applicator entry site to prevent skin inju-
ry. An unenhanced CT scan of the entire
chest was performed following cryoab-
lation applicator removal, to screen for
complications.

Postprocedural care

All patients were admitted for over-
night observation. Length of hospital
stay ranged from one to four days (mean,
1.9 days). Complete blood count, serum
creatinine, and serum myoglobin levels
were evaluated at two and 24 hours fol-
lowing the procedure.

Thoracic magnetic resonance imaging
(MRI) (n=9) (Signa Excite; GE Health-
care, Milwaukee, Wisconsin, USA) was
obtained 24 hours after the procedure
and repeated every three months during
the follow-up (mean, 31.5 months;
range, 3-62 months). MRI protocol
included: transverse T2-weighted im-
ages with fast spin-echo (FSE) (TR/TE,
2400/90 ms), breath-hold fast-recovery
FSE (1200-2996/91-94), and single-shot
FSE (17240-53380/184-190); transverse
T1-weighted images with a spin-echo
sequence (500-800/14) or spoiled gra-
dient-recalled echo (GRE) T1-weight-
ed sequence (300-400/2.2-4.7); and
transverse fat-suppressed T1-weighted
dynamic images with a spoiled GRE se-
quence (260-435/4.2) or a fat suppressed
three-dimensional fast-acquisition mul-
tiple-excitation spoiled GRE sequence
(5.2-7.3/1.5-2.2), before and after the
intravenous injection of 0.1 mmol/kg
gadopentetate dimeglumine (Magnev-
ist; Berlex Laboratories, Wayne, New
Jersey, USA). MRI was contraindicated
in one patient, who was followed using
whole-body positron emission tomogra-
phy (PET)-CT (Discovery ST, GE Health-
care) following intravenous injection
of approximately 20 mCi '®F-Fluoro-de-
oxy-glucose (FDG).

Image analysis

Two radiologists (14 and five years of
experience) reviewed intraprocedural
CT scans in consensus. Tabulated imag-
ing features included the proximity of
each ice ball to critical mediastinal and
hilar structures, size and conspicuity of
ice balls, and involvement of critical
structures by ice balls. Both long and
short dimensions of the ice balls were
measured on axial images at the end
of the second freeze and compared to
tumor dimensions. The extent of per-
itumoral lung opacification (air-space
consolidation in the lung parenchyma
around the tumor) observed at each
phase of the cryoablation procedure
(applicator placement, first freeze, pas-
sive thaw, second freeze, active thaw)
and on MRI or PET-CT 24 hours after
the procedure, was categorized as min-
imal, segmental, multi-segmental, lo-
bar, or involving all or most of a lung.

A treated tumor that showed no en-
hancement on MRI or no activity on
PET-CT was considered completely
ablated. New, remaining, or enlarging
areas of focal enhancement or FDG-ac-
tivity within or along the periphery of
the ablation zone were considered evi-
dence of local residual or recurrent tu-
mor (32). A thin rim of enhancement
or FDG-activity surrounding the abla-
tion zone, commonly seen following
ablation, was not considered evidence
of residual or recurrent tumor (32). Ab-
lation was considered technically suc-
cessful if there was no sign of tumor
on imaging performed 24 hours after
the procedure. Primary effectiveness
rate was defined as the percentage of
tumors completely ablated after one
procedure, with no sign of recurrence
during the follow-up. Secondary effec-
tiveness was defined as the percentage
of tumors successfully ablated after one
or two procedures (recurrent tumors
that were ablated in a second proce-
dure were included in the percentage).

Assessment of complications
Complications were recorded on a
per-procedure basis and classified in
accordance with the Common Ter-
minology Criteria for Adverse Effects
(CTCAE) of the National Cancer Insti-
tute (33). The presence, timing, sever-
ity, and treatment of pneumothoraces
and pleural effusions that developed
during the procedure were document-
ed. Postprocedural laboratory changes
including complete blood count, se-
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rum myoglobin, and creatinine levels
were reviewed and any changes from
the baseline were recorded.

Results
Technical success

All cryoablation procedures were
technically successful. A hypodense ice
ball with well-defined margins encom-
passed the entire tumor in all cases, and
was visualized during the first freeze of
six tumors (55%) and during the sec-
ond freeze of all 11 tumors. Axial di-
mensions of the ice ball (mean, 3.9 cm;
range, 2.0-5.7 cm) were larger (mean
difference, 1.3 cm; range, 1.0-1.8 cm)
than the corresponding dimensions
of the tumors (mean, 2.6 cm; range,
1.0-4.5 cm). Ice balls increased progres-
sively in size from first freeze to second
freeze and either abutted (n=7) or mini-
mally involved (n=4) adjacent mediasti-
nal and hilar structures (Figs. 1, 2).

Peritumoral opacification was mini-
mal following biopsy and cryoablation
placement, but increased progressively
during the freeze-thaw-freeze cycle and
involved more than one segment in all
procedures. The most marked change in
peritumoral opacification occurred fol-
lowing the second freeze (Figs. 1, 2). Per-
itumoral opacification improved in all
procedures after 24 hours, but remained
multisegmental in four procedures.

Treatment effectiveness

Primary effectiveness rate was 55%
(6/11) (mean follow-up, 31.5 months;
range, 3-62 months). Five tumors adja-
cent to the hilar bronchovascular struc-
tures (n=4) or the heart (n=1) recurred
in five patients, after a mean duration
of 4.2 months (range, 3-7 months)
following the cryoablation procedure
(Table 1). Of these, three were re-ablat-
ed successfully (mean follow-up after
the re-ablation procedure, 19 months;
range, 6-36 months); thus, secondary
effectiveness rate was determined as
82% (9/11). One patient declined addi-
tional treatment; another patient was
not treated because of disease progres-
sion at other sites.

Complications
Pneumothorax developed in six
procedures (60%) (Table 2). Four

pnemothoraces developed during the
procedures: two cases were minimal
and were successfully managed by ob-
servation alone; one case was relieved
by needle aspiration, and the other
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Figure 1. a—d. A 28-year-old woman with metastatic adenoid cystic neoplasm of the parotid gland
to the lung treated using CT-guided percutaneous cryoablation. Axial fat-suppressed contrast-
enhanced T1-weighted GRE MR image (a) demonstrates a 1.8 cm enhancing tumor (arrowhead)
in the right middle lobe abutting the right atrium (RA). Axial CT scan (b) obtained during the first
freeze shows that the ice ball (arrowhead) encompassed the right middle lobe tumor and abutted
the wall of the RA. Eight minutes into the first freeze, the freezing capacity of the cryoablation
applicator closest to the RA was reduced to 20% of the maximum capacity. Axial CT scan (c)
obtained during the second freeze shows that the ice ball (arrowhead) encompassed the tumor
completely and minimally involved the RA. Note extensive parenchymal opacification (curved
arrows) that facilitates visualization of the ice ball. Subtracted fat-suppressed contrast-enhanced T1-
weighted MR image (d) shows unenhanced cryoablation zones (arrowheads) and unaffected RA.

Table 2. Frequency and grade of complications following 10 CT-guided percutaneous
cryoablation procedures in eight patients with 11 central lung tumors

No. of CTCAE
Complications procedures grade Comments
Pneumothorax (total) 6 - -
Pneumothorax (asymptomatic) 2 1 No treatment
Pneumothorax (asymptomatic) 1 2 Manual aspiration
Pneumothorax (requiring catheter 3 2 Two delayed pneumothoraces
treatment) in one patient
Respiratory distress (symptomatic) 1 4 Required reintubation
Pleural effusion (asymptomatic) 9 1 No treatment
Pleural effusion (symptomatic) 1 3 400 cc hemorrhagic fluid

drainage

Hemoptysis 6 1 Self-limited, no treatment
Pain 3 1 Analgesic treatment
Pulmonary emboli 1 3 Anticoagulant treatment

CTCAE, Common Terminology Criteria for Adverse Effects.

case was managed by an 8 F loop cath-
eter (Flexima, Boston Scientific, Natick,
Massachusetts, USA) that was placed
under CT-guidance and removed the
next day. One patient required hospi-
tal readmission for delayed-onset pneu-
mothorax that developed following
discharge after two separate ablation
procedures (recognized at six and sev-
en days, respectively, following the ab-
lations). Both pnemothoraces were suc-
cessfully drained under CT-guidance.
In one patient, postprocedural he-
moptysis and respiratory distress re-
quired reintubation. Bronchoscopy
showed minimal bleeding at the carina.
The patient was observed in the inten-
sive care unit, improved with mechan-
ical ventilation, and was discharged at
day 4. Asymptomatic, segmental right
lower lobe pulmonary emboli were
identified on the 24-hour postablation
follow-up MRI of a patient with a right
upper lobe tumor. The emboli resolved
after three months of anticoagulation.
An ipsilateral, pleural effusion devel-
oped at 24 hours after all procedures;
patients were asymptomatic and re-
quired no intervention except for one,
whose baseline shortness of breath pro-
gressed and required CT-guided cathe-
ter drainage of 400 cc of hemorrhagic
fluid. Transient hemoptysis occurred
after six procedures (60%), but all cases
resolved within a week without inter-
vention (five, in three days; one, in six
days). No cutaneous thermal injuries
occurred at the puncture sites.
Postprocedural platelet and serum
creatinine values were normal and
unchanged compared to preprocedur-
al levels, in all patients. White blood
cell count slightly increased (mean in-
crease, 3.7 K/uL; range, 0.5-11.2 K/uL)
at two hours following all procedures,
but exceeded normal levels following
only four of the procedures. All white
blood cell values returned to normal
24 hours later, except for a patient who
had a large tumor (4.5 cm) ablated.
This patient’s mild leukocytosis (11-12
K/uL) was not accompanied by fever or
other signs of infection and resolved
within two days. Serum hematocrit
levels decreased at two hours following
all procedures (mean decrease, 3.6%;
range, 1%-5%) and further decreased
at 24 hours (mean decrease, 5.6%;
range, 2%-7%). Serum myoglobin lev-
els (mean, 443 pg/L; range, 104-803
pg/L) increased above normal (100
pg/L) after all procedures, except one;
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Figure 2. a-i. A 60-year-old woman with metastatic salivary gland adenoid cystic carcinoma to the lung treated by CT-guided percutaneous
cryoablation. Axial CT scan (a) obtained during cryoablation of the right lower lobe pulmonary metastatic nodule (arrow). Note the adjacent
lower lobe bronchus (arrowhead) and pulmonary artery (curved arrow). Axial CT scan (b) obtained during second freeze shows that the ice ball
encompasses the nodule, involves the adjacent bronchus and pulmonary artery, and abuts the vertebra and the left atrium (LA). Note extensive
peritumoral lung opacification (asterisk). Axial fat-suppressed contrast-enhanced T1-weighted GRE MR images of the chest obtained at three
(c), six (d), 12 (e), and 18 months (f) show gradual growth of an enhancing soft tissue nodule (arrow) at the ablation site adjacent to the
lower lobe pulmonary artery (arrowhead) consistent with a recurrence, which was treated percutaneously with another session of CT-guided
cryoablation. Coronal reformation of CT scan (g) obtained following cryoablation applicator placement show peripheral location of three
applicators within the tumor (arrows) in the shape of a triangle. Axial CT scan (h) obtained during freezing shows a low-attenuation ice ball
(arrows) which covers the tumor and abuts the LA, pulmonary vein (arrowhead) and pulmonary artery (thin arrow) but involves the adjacent
lower lobe bronchus (curved arrow). Axial fat-suppressed contrast-enhanced T1-weighted GRE MR image (i) of the chest obtained 24 hours after
the cryoablation demonstrates unenhanced ablation zone (arrow) and a patent pulmonary artery (curved arrow) and vein (arrowhead).

abnormal levels returned to normal
(n=3) or near normal (n=6).

Discussion

Our experience demonstrates that
central tumors adjacent to critical
structures such as the mediastinum,
bronchial tree, heart, and great ves-
sels can be treated successfully using
CT-guided percutaneous cryoablation.
Complications were common, but un-
related to the central location of the tu-
mors and manageable. CT monitoring
of the ice ball allowed us to maximize
the chance of treating a tumor com-
pletely and avoid damaging adjacent
critical structures. Intraprocedural ice
ball monitoring enabled repositioning
the applicators, prompted placement

of additional ones, and allowed adjust-
ment of freezing duration.

Prior reports have focused on the fea-
sibility, safety, and local control rate of
CT-guided cryoablation of lung tumors
in general; however, these reports pro-
vided no detailed information regard-
ing tumor location and did not discuss
the issues relevant to the treatment of
central tumors (19-31). Wang et al. (19)
placed straight cryoablation applicators
into tumors tandem to a guidance nee-
dle outside the CT gantry, as their CT
gantry could not accommodate the en-
tire length of straight cryoablation ap-
plicators. Freezing was initiated without
scanning to confirm cryoablation ap-
plicator position and without CT mon-
itoring of the ice ball. CT scans were
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obtained only after the cryoablation ap-
plicators were removed and the size of
the ice balls was compared to that of the
tumors. Central tumors were included;
they were large (mean diameter, 6.4 cm)
and treated only for local tumor control
and palliation. As a result, tumors were
only partially frozen. Despite the limit-
ed approach, brachial and recurrent la-
ryngeal nerve damage developed in two
patients. Our right-angle cryoablation
applicators allowed CT scanning to oc-
cur with the applicators in situ so that
the ice balls could be monitored. This
allowed us to treat most tumors fully,
without damage to central structures.
Our overall complication rate follow-
ing lung tumor cryoablation was high,
but comparable to others (21-23). Our
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pneumothorax rate of 60% was similar
to what has been reported following
both cryoablation (range, 12%-61.7%)
and RF ablation (range, 4.5%-61.1%)
(19-21, 23, 34-36), and was likely re-
lated to the size and number of the ap-
plicators. However, the rate at which
patients required catheter placement
was slightly higher in our series (33%)
relative to others (12%-18%) (19, 21,
23). Others have typically treated small
pneumothoraces with needle aspira-
tion rather than catheter insertion; this
approach could have been used in our
patients as well. The cause of delayed
pneumothoraces following two separate
procedures in one patient is unknown,
but it was probably related to the patient
rather than the procedure. Similar to
other series (70%, 70.5%) (21, 23), pleu-
ral effusions were common but incon-
sequential, unless pulmonary function
was already compromised. Hemoptysis
was also common but transient. Length
of hospital stay in our series (mean,
1.9 days) was similar to that seen after
RF ablation of lung tumors (mean, 1.3
days; range, 1-6 days) (4, 37) and after
lung cryoablations reported by others
(mean, 2.6 days, range, 2-9 days) (8, 20).

We did not encounter bronchial in-
jury despite involvement of bronchi in
the ablation zone in six tumors. It has
been proposed that the collagenous ar-
chitecture of the tracheobronchial tree
and hilar vasculatures are relatively
resistant to the effects of cryoablation
(38). Indeed, an endoluminal approach
to the cryoablation of tracheobronchi-
al malignancy has been shown to be
safe (38-43). In a recent study, Zhikai
et al. (44) described their findings re-
garding the treatment of unresectable
central lung tumors with combined
endobronchial and percutaneous
cryoablation and airway stenting.

The “heat sink” effect of warm circu-
lating blood undoubtedly helps protect
the large central vascular structures
during cryoablation (4). However, we
believe that CT monitoring of the ice
ball was also important in preventing
vascular injury, as well as injury to oth-
er structures. For example, disruption
of the tracheobronchial tree with fis-
tula formation (10) and injury of the
diaphragm (2) have been described fol-
lowing CT-guided percutaneous RF ab-
lation, but they were not encountered
in our series.

Biochemical and hematologic chang-
es following cryoablation of lung tumors

have not been described. Decreases in
hematocrit level are expected and are
likely due to combination of intraproce-
dural blood loss and hemodilution from
administered fluids. Mild leukocystosis
has been described following cryoab-
lation of other sites such as the liver,
likely reflecting a general inflammatory
response to tissue necrosis rather than
infection (45). We did not encounter
thrombocytopenia, which is usually
seen following liver cryoablation (45).
Serum myoglobin levels increased after
most procedures, however, not enough
to prompt alkalinization of the urine
(12-14). Cryoablation of muscles of the
central airway or chest wall could have
contributed to myoglobinemia.

Ice ball visibility was dependent on
peritumoral lung parenchymal opaci-
fication. Although the underlying
cause of peritumoral lung opacifica-
tion is uncertain, animal studies have
suggested that cryoablation results in
capillary rupture and hemorrhage into
alveolar spaces (46). Other investiga-
tors have suggested that hemorrhagic
pulmonary edema occurs secondary
to endothelial death (20). The marked
and rapid improvement seen on MRI
and CT after 24 hours suggests that
the peritumoral lung opacification is
predominantly due to hemorrhagic
edema. In addition to allowing visu-
alization of the ice ball, peritumoral
lung opacification also increases ther-
mal conductivity of lung tissue and
allows for more rapid freezing and pos-
sibly larger ablation zones (28). Based
on these observations, some authors
have suggested an initial short freeze
to create peritumoral opacification
followed by two additional freezes to
treat the tumor (20, 21, 23). One study
showed that double- and triple-freeze
protocols provided comparable abla-
tion zones in a porcine model but the
triple-freeze protocol resulted in earli-
er visualization of the ice ball. There-
fore, a triple-freeze protocol may allow
more effective intraprocedural ice ball
monitoring in the future (28).

Peritumoral lung  opacification
during cryoablation is also important
from a technical standpoint. When
ablating multiple ipsilateral tumors
during the same procedure (as in two
of our procedures), cryoablation appli-
cators should be placed in all tumors
prior to freezing. If each tumor was
cryoablated separately and sequen-

tially, the peritumoral parenchymal
opacification that develops around the
first tumor might obscure other tumors
and render placement of subsequent
cryoablation applicators difficult.

We experienced five (45%) local re-
currences. Four of these tumors were
adjacent to the hilar bronchovascular
structures and recurrence was likely
due to the heat-sink effect (29). Plac-
ing more applicators close to the ves-
sel causing the heat-sink effect and/
or adding a third freezing cycle might
have prevented this recurrence (20).
We were able to successfully re-ablate
three of five recurrences, yielding a
secondary effectiveness rate of 82%,
which is comparable to that of others
(20, 29). Kawamura et al. (20) report-
ed local recurrences in seven of 20 tu-
mors (20%) in seven patients (35%) at
9-28 months (median, 21 months) fol-
low-up. In a more recent series of 210
tumors, local tumor progression oc-
curred in 50 patients (23.8%), with 1-,
2-, and 3-year technical effectiveness
rates of 91.4%, 83%, and 83%, respec-
tively (29). The authors demonstrated
that larger tumor diameter (>2 cm) and
presence of a =3 mm vessel within 3
mm of the tumor were significant risk
factors for local recurrence (29).

We have used MRI in the surveillance
of our patients following cryoablation
of their lung tumors. Although MRI is
frequently used to follow up patients
undergoing cryoablation of kidney and
liver tumors, it has not found wide-
spread use in the follow-up of ablated
lung tumors. We use MRI routinely in
this clinical indication because of its
superior soft tissue resolution, multi-
planar capability, and lack of radiation.
In addition to enhanced images, signal
characteristics of tumors on traditional
T1- and T2-weighted images provide
better definition of ablation effect com-
pared to other cross- sectional imaging
modalities. Although, MRI is not an ide-
al tool to evaluate aerated lung paren-
chyma, its inherent superior soft tissue
resolution allows excellent evaluation
of ablated tumor, postablation residual
changes, and recurrence.

The limitations of our study include
its retrospective design, small sample
size, and relatively short follow-up
period for some patients. Other stud-
ies assessing RF ablation and cryoabla-
tion of lung tumors were also affected
by the same limitations (3-8, 19, 20).
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Although our sample size was small,
our study was purposefully limited to
patients with central tumors to deter-
mine the safety and effectiveness of
cryoablation in this subset. However,
our results are preliminary and further
studies in larger groups of patients are
necessary to warrant treatment safety
and effectiveness.

In conclusion, our study results in-
dicate that CT-guided percutaneous
cryoablation of lung tumors adjacent to
critical structures in the mediastinum
and hilum can be successful. Although
complications were common, they were
self-limited, treatable, and unrelated to
tumor location. Visualizing the ice ball
helped treat the entire tumor and avoid-
ed damaging nearby critical structures.
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