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aDepartment of Medical Imaging, La Timone Hôpital, Marseille, France; bLIIE, Aix Marseille University, Marseille, France; cCERIMED, Aix
Marseille University, Marseille, France; dCentre d’exploration m�etabolique par r�esonnance magn�etique CEMEREM, Aix-Marseille Universit�e,
Marseille, France

ABSTRACT
Purpose: Radiofrequency ablation (RFA) is a safe and effective minimally invasive treatment for pul-
monary tumors. Patterns on chest computed tomography (CT) after RFA are classified into five types;
however, the follow-up has not been fully described. The objectives of this study were to describe (1)
the CT pattern 3 years after RFA and (2) its evolution over 7 years.
Materials and methods: Lesions treated with RFA between 2009 and 2017 and with �3 years of fol-
low-up CT data were included. Lesions with local recurrences were excluded from the study. The
morphology of the ablation zone was classified as nodular, fibrotic, atelectatic, cavitary, and disap-
peared. Other initial anatomical parameters were recorded. Kruskal–Wallis or Chi-square tests were
used to compare the groups.
Results: One hundred lung RFA scars were included, and a retrospective longitudinal study was per-
formed. Three years after RFA, nodular, fibrotic, atelectatic, and cavitary scars, and disappearance were
observed in 49%, 36%, 5%, 3%, and 6% of the scars, respectively. Evolution over 7 years showed that
the fibrosis, atelectasis, and disappearance remained stable over time, whereas 28% of nodular scars
evolved into fibrotic scars. Additionally, 45% of cavitary scars evolved into nodular scars. Pleural con-
tact was associated with disappearance, and the use of a 20-mm needle was associated with
atelectasis.
Conclusion: Follow-up after RFA showed that fibrosis, disappearance, and atelectasis remained stable
over time. Nodular scars could evolve into fibrotic scars, and cavitary scars could evolve into nodu-
lar scars.
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Introduction

Radiofrequency ablation (RFA) of primary and secondary
lung tumors has two advantages: it is a minimally invasive
curative procedure and has a very low rate of complications
[1]. A radiofrequency wave causes ionic stirring and an
increase in temperature in the tumor, resulting in immediate
cell death by coagulation and necrosis, and delayed cell
death by apoptosis [2]. The doses received by operators are
within the recommended standards and do not represent a
limit to the practice of RFA [3], according to recently pub-
lished guidelines [4]. The first pulmonary RFA procedure was
described in 2000 [5], and multiple studies have shown low
rates of complications [6–8]. Local tumor control is compar-
able to wedge resection or stereotactic body radiation ther-
apy for metastasis [9,10]. Recent guidelines for colorectal
cancer metastases clearly indicate that ablation is recom-
mended as a free-standing therapy or in combination with
resection, whereas stereotactic body radiation therapy is

indicated only for selected patients not amenable to resec-
tion or within a clinical trial [11]. In primary lung cancer
stage 1A, a phase II study found overall survivals of 84% and
81% at 1 and 3 years, respectively [12]. Moreover, RFA is feas-
ible even in single-lung patients [13].

Despite these advantages, RFA is still underutilized, and
the poorly standardized morphological follow-up could be
one of the pitfalls of this technique. Early detection of local
recurrence is key because it can be retreated using RFA.
Normal morphological local evolution 1 year after treatment
has been described and classified in 2011 into five types
based on radiographic appearance: fibrosis, nodular scars,
atelectasis, cavitary scars, and disappearance [14]. This study
aimed to describe the long-term morphological evolution of
scars on computed tomography (CT) after RFA, with at least
3 years of follow-up, and to evaluate the impact of different
initial anatomical parameters on the morphology at the 3-
year follow-up.
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Materials and methods

Population

We retrospectively collected data from patients who under-
went RFA between December 2009 and June 2017 and met
the following inclusion criteria: underwent RFA of one or
more lung tumors, with available medical follow-up data,
including regular chest CT scans for at least 3 years after RFA
at our institution. The exclusion criteria were as follows:
unavailable chest CT data, surgery after RFA, resulting in scar
removal or disease progression that did not allow an appro-
priate analysis of the scar. The protocol was approved by the
institutional review board ‘Comit�e d’Ethique pour la
recherche en Imagerie M�edicale’ n�CRM-2010-112.

RFA

All indications for RFA were decided by a multidisciplinary
team involving radiologists, thoracic surgeons, oncologists,
pneumologists, radiation therapists, and pathologists.
Patients were eligible for treatment if they had fewer than
five lesions, the lesions were not in contact with a vessel
with a diameter >4mm, and the lesions were not in contact
with the proximal main bronchus. All procedures were per-
formed under general anesthesia and CT guidance by an
experienced interventional radiologist with 10 years of experi-
ence in RFA (JYG), with monitoring of the patients’ vital
signs. Two grams of amoxicillin-clavulanate was administered
during the intervention and for 5 days postoperatively. RFA
was performed using a 15-gauge radiofrequency needle with
a coaxial system (LeVeen CoAccess needle, Boston Scientific,
Natick, MA, USA). The size of the active radiofrequency por-
tion of the needle was chosen according to the size of the
lesion to be treated (10mm> the size of the lesion to con-
trol lateral margins, considering a safe margin of 5mm;
range of the desired ablation zone, 20–40mm) [15,16]. An
RFA generator (RF2000, Boston Scientific) was used to pro-
gressively increase the power according to the following
model: 5W initially, increased by 5W every 2min until 30W.
Thereafter, it was increased by 5W every minute until 50W,
and finally by 10W every minute until a roll-off was
obtained. A second ablation was performed after a 2-min
pause, starting at half the power of the previous roll-off. The
same method for power increase was used until a new roll-
off occurred.

CT evaluation and follow-up

All patients underwent chest CT within a month before RFA
and were followed up using chest CT. Each patient under-
went chest CT a month after RFA, every 3months during the
first year, and every 6months thereafter. Follow-up CT scans
were systematically performed in a single center using a
SOMATOM Definition ASþ scanner (Siemens Healthineers,
Erlangen, Germany) using the following parameters: 120 kV
and 1 mAs/kg with CARE dose modulation and reconstruc-
tion in joint slices of 1:1mm. We manually modified the dose
according to the patient’s weight: 140 kV or 100 kV if they

weighed >120 kg or <60 kg, respectively. All thoracic scans
from the adrenal glands to the neck were acquired during
breath-hold inspiration, and chest CT scans were acquired
with contrast injection if there was no contraindication. The
enhancement was used to detect nodular enhancement or
mediastinal lymph nodes.

Image analysis

CT scans of all patients were retrieved from archiving soft-
ware and medical records and retrospectively analyzed. All
chest CT scans were assessed independently by two trained
chest radiologists, JYG and PH, with >25 and >10 years of
experience, respectively. In case of disagreement, they
reached a consensus. The following details were obtained
from the initial chest CT scan: lesion size, contact with the
pleura, and distance to the pleura if the lesion was fully sur-
rounded by parenchyma. In addition, we obtained the power
delivered locally in watts, and the origin of the primary
tumor, if the lesion was a metastatic tumor, from the medical
records. Forty-eight hours after RFA, the area of the ground
glass opacity (GGO) surrounding the lesion was measured,
and GGO at least 5mm larger than the lesion was deemed
to indicate a sufficient margin. The maximum diameter of
the lesion in the axial plane on chest CT performed on the
day of RFA was assessed, even if the lesion was irregular and
included spikes in the case of primary lung cancer.

In the case of follow-up chest CT, the morphological evo-
lution of the treated zone was classified into five types [14]
(Figure 1) and evaluated every year according to the avail-
ability of chest CT data.

� Fibrosis: a band/atelectasis, with a tendency to stretch
away from the ablation site.

� Nodule: of the same size, smaller, or often larger than the
treated tumor during the first 6 months after RFA.

� Atelectasis: sagging of the parenchyma around the zone
of ablation leading to subsegmental atelectasis.

� Cavitary: a cavity with a thin or thick wall.
� Disappearance.

Due to the retrospective design of the study and the loss
of patients to follow-up, we obtained the year-by-year evolu-
tion of each lesion treated according to the chest CT data in
the Picture Archiving and Communication System.

Statistical analysis

Normally distributed continuous data are expressed as the
mean± standard deviation, and non-normally distributed
data are expressed as the median (range). Categorical data
are expressed as frequencies or percentages. All data were
analyzed using Prism 8 software (GraphPad Software, Inc.).
The Kruskal–Wallis or Chi-square tests were used to compare
differences between groups regarding the different pre-
operative parameters. Statistical significance was set
at p< 0.05.

INTERNATIONAL JOURNAL OF HYPERTHERMIA 787



Results

Patients

One hundred lesions treated during the previously described
period met the inclusion criteria. There were 41 lesions in
men and 59 lesions in women, corresponding to 69 patients
with a mean age of 62 ± 14 years (range, 23–88 years).
Among the 100 initially included lesions, chest CT data at 1,
2, 3, 4, 5, 6, and 7 years after RFA were available for 93, 96,
93, 71, 49, 33, and 20 lesions, respectively (Figure 2).

Characteristics of the lesions

The mean lesion size was 14 ± 7mm, with a median size of
12mm. Most lesions were smaller than 20mm (83%). The
active radiofrequency diameter of the needle used for treat-
ment was mostly 30mm (49%) and ranged from 20 to
40mm. All patients received two heat cycles; the mean
power for the first roll-off was 61 ± 40W, and the mean
power for the second roll-off was 56 ± 41W. The average
power for the first and second heat cycles was 59± 38W.
Lesion with pleural contact was noted in 18% of the cases,
and for the remaining 82%, the mean distance to the pleura
was 12 ± 12mm. The area of GGO measured on CT 48 h after
RFA was 884± 392mm. Primary lung cancer was treated in
16% of the cases, and 84% were metastatic diseases. The
most frequent metastases were metastatic sarcomas (37%)
and colorectal cancers (29%) (Table 1).

Distribution of scars 3 years after RFA

Chest CT data at the 3-year follow-up were available for 96
treated lesions. At 3 years, the distribution of different scars

was as follows: nodular, 49%; fibrotic, 36%; atelectatic, 6%;
cavitary, 5%; disappeared, 3%.

Evolution of scars over time

The maximum follow-up duration for CT was 7 years in 20
lesions. The morphology was most frequently nodular or
fibrotic; however, the frequency of the patterns changed
over time; in the first 3 years, nodular scars were dominant,
and thereafter, fibrosis was dominant (Table 2). The propor-
tion of cavitary scars, atelectasis, and disappearance was
approximately stable in the first 5 years.

Curves following the evolution of different patterns over
time showed that fibrosis, atelectasis, and disappearance did
not change with time (Figure 3). Nodular scars tended to
transform into fibrotic scars with time, with 50% of nodular
scars becoming fibrotic within 5 years after RFA (Figure 4)
and <10% becoming cavitary. Thirty percent of the cavitary
scars in this study evolved into nodular scars (Figure 3).

Evolution of scars according to lesion or
RFA parameters

There was no significant difference between the scar groups
regarding lesion size, power delivery, GGO area measured on
chest CT 48 h after RFA, sufficient margins, or lesion type.
Thus, none of these factors predicted scar evolution. The
lesions located close to the pleura more frequently disap-
peared than evolving into nodular scars (p¼ 0.04) (Figures 5
and 6).

Lesions evolved into atelectasis only if they measured
<20mm (p< 0.001). Consequently, atelectasis was more fre-
quently associated with the use of a 20-mm active

Figure 1. Representation of each type of scar 3 years after RFA. The top row shows the nodules before the treatment, the mid row shows the different kind of scars
during follow-up after RFA and the bottom row a schematic drawing of the scar. Each column corresponds to one patient before and after RFA.
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radiofrequency needle than with the use of a 30-mm active
radiofrequency needle (p< 0.001) (Figure 6).

Discussion

In most cases, morphological changes occurring during the
long-term follow-up after lung RFA evolved into nodular
scars in the first 3 years and into fibrosis after 3 years. Some

nodular scars evolved with time to fibrosis. Atelectasis, fibro-
sis, and disappearance did not change with time. Power
delivery was not a predictive factor for a specific pattern of
the scar. Regarding predictive factors, a short distance to the
pleura was predominantly associated with disappearance,
and a needle diameter <30mm was associated with
atelectasis.

To date, indications, contraindications, advantages, and
risks of lung RFA are well known; however, post-procedural
monitoring has not yet been standardized. Recently,
European guidelines for follow-up have been published not
only for RFA but also for all types of ablation in interven-
tional oncology [17]. Before these recommendations, Abtin
et al. proposed a monitoring algorithm in 2012 [18] for
patients undergoing positron emission tomography (PET)/CT,
that included chest CT before treatment, CT at 1, 3, 6, 9, and
12months after treatment, and then every 6months in com-
bination with PET at 3 and 9months. PET/CT is proven to
report false positives in mediastinal lymph nodes and needle
insertion sites in the first 3 postoperative months. However,
PET/CT may be a useful tool in incomplete treatment. The

Figure 2. Flow chart of the study.

Table 1. Characteristics of patients and lesions..

Numbers

Male 41 (41%)
Age (years) 62 ± 14 [23–88]
Lesion size (mm) 14 ± 7 [2–44]
Lesion size < 2 cm 83 (83%)
Pleural contact 18 (18%)
Distance from lesion to the chest wall (mm) 12 ± 12 [0–64]
RFA active portion needle size (mm) 29 ± 6 [20–40]
20 28 (28%)
30 49 (49%)
35 17 (17%)
40 6 (6%)

Power for first roll-off (W) 61 ± 40 [10–190]
Power for second roll-off (W) 56 ± 41 [5–200]
Average power for the 2 roll-offs (W) 59 ± 38 [8–195]
GGO surface area 48 h after RFA (mm2) 884 ± 392 [271–1993]
Primary non-small cell lung cancer 16 (16%)
Metastatic disease 84 (84%)
Colorectal 29 (29%)
Sarcoma 37 (37%)
Thymus 5 (5%)
Esophagus 1 (1%)
Breast 2 (2%)
Thyroid 1 (1%)
Kidney 7 (7%)
Cylindroma 2 (2%)

This table represents the characteristics of patients and lesions.
GGO: ground-glass opacity; mm: millimeters; RFA: radiofrequency ablation.

Table 2. Proportion of different kind of scar over time.

Follow-
up

Scars
Number
of lesionsNodular Fibrosis Cavitary Disappearance Atelectasis

1 year 56 (58%) 22 (23%) 9 (9%) 3 (3%) 6 (6%) 96
2 years 50 (54%) 26 (28%) 7 (8%) 4 (4%) 6 (6%) 93
3 years 46 (48%) 36 (38%) 5 (5%) 3 (3%) 6 (6%) 96
4 years 24 (34%) 33 (46%) 5 (7%) 4 (6%) 5 (7%) 71
5 years 16 (33%) 26 (53%) 4 (8%) 0 (0%) 3 (6%) 49
6 years 10 (30%) 20 (61%) 2 (6%) 0 (0%) 1 (3%) 33
7 years 6 (30%) 12 (60%) 2 (10%) 0 (0%) 0 (0%) 20

This table represents the evolution and proportions of different scar types
over time.
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authors reported that PET/CT after RFA is more useful for a
global follow-up of the initial disease than for local recur-
rence [19,20]. The classification of different types of scars is
key for a better follow-up of patients, allowing the early
detection of an unusual local evolution or evolution with a
risk of infection, such as cavitary scars [21].

Cavitary scars are associated with the risk of complica-
tions. Scars in the iatrogenic cavity predispose patients to
hemoptysis or Aspergillus grafts, whose primary treatment is
surgery [8]. When a cavity forms early after RFA, it is usually

filled within a year. There was a trend toward cavitary scars
when the treated lesions were close to the pleura. This find-
ing can be explained by the fact that the closer the ablation
zone is to the pleura, the smaller are the vessels. Since RFA
causes occlusion of vessels <4mm in diameter, necrosis can
occur frequently [22].

Different factors, including early local changes after RFA,
were studied to understand why some scars evolve in one
way or another. Neither the locally delivered power nor the
GGO area was a predictive factor for morphological

Figure 3. On the left side, the evolution of each kind of scar over time is represented. The top graph represents the evolution of the initial nodular pattern, The
mid graph the evolution of initial cavitary pattern. On the lower graph has been merged the evolution of initial atelectasis, disappearance and fibrosis patterns.
The figures correspond to the remaining lesions according to the follow-up duration. On the right side, curves show the proportion of the initial cavitary and
nodular patterns over time.
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Figure 4. Example of the normal evolution of a scar with the nodular pattern that evolved into the fibrosis pattern over time. A. shows the lesion prior to treat-
ment, and from B. to F. represents the lesion evolution each year for 5 years.

Figure 5. These diagrams show different parameters explored as etiologic factors for scar evolution. The only difference was observed between groups 1 and 4
and concerned the distance to the pleura. 1: nodular; 2: fibrosis; 3: cavitary; 4: disappearance; 5: atelectasis.
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evolution. A correlation exists between the destruction zone
and delivered power. A study in pigs showed that the GGO
observed on CT is the real ablation zone, and strong correla-
tions (in millimeters) exist between the post-ablation diame-
ters measured on in vivo chest CT and histological ex vivo
measurements after explantation [23]. This GGO area corre-
sponds to the ablation margin and should be 5mm larger
than the lesion on preoperative CT, which is easier to obtain
with RFA than microwave ablation because of the round
shape of RFA, in contrast to the oval shape of microwave

ablation [24]. However, GGO assessment performed between
10 days and 2months after RFA overestimates the long-term
area of necrosis, as the ablated zone shrinks [23]. When
shrinkage is complete, it results in scarring. Histological ana-
lysis of pigs’ lungs after RFA showed a central zone of devas-
cularization with necrosis and coagulation and a hematic
peripheral crown in the short term (<1week) and medium-
term (approximately 2months). The crown was enhanced
after gadolinium injection due to inflammatory affluence. In
the medium term, the edema subsided, and fibrosis was

Figure 6. These diagrams show different parameters explored as etiologic factors for scar evolution. These qualitative parameters are presented as distributions in
each group with percentages on order axis. 1: nodular; 2: fibrosis; 3: cavitary; 4: disappearance; 5: atelectasis. �p< 0.05 compared with other groups.
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observed in the central zone [25]. As these phenomena are
always identical, some authors hypothesize that the type of
scar depends highly on the local environment and that only
lesions close to the pleura disappear.

Nodular scars represent an increase in the volume of the
treated nodules in the initial months but are not indicators
of local recurrence; some nodules regress, whereas others
remain stable [14,26]. RFA is a physical attack on the lung,
skirting the tumor, which leads to immunological phenom-
ena. Schneider et al. studied the local and general immuno-
logical and inflammatory effects of RFA on human lungs;
four patients were treated with RFA 10days after surgery,
with repeated blood samples collected before surgery, before
RFA, and every 10 days for 3months. Histologically, the
authors found the accumulation of T cells and local inflam-
matory phenomena that could explain how some scars ini-
tially increased in size after treatment and then regressed.
They hypothesized that these phenomena could serve as
immunizations against long-term tumor recurrence [27].

We did not highlight one pattern that could predict local
tumor progression. But in patients with 3 years of follow-up
and more, corresponding to the selected population, we
observed that the scar could be modified without local
recurrence, especially in the first 3 years after RFA. In parallel,
local recurrence and treatment failure are rarely more than
3 years after treatment that did not allow us to perform stat-
istical analysis due to the few events. But interesting results
in our point of view is the fibrosis, atelectasis, or disappear-
ance patterns do not change with time, which mean if a
fibrosis pattern evolves into a nodular, the probability of
local recurrence is very high.

The main limitation of our study was that there was no
systematic biopsy proving cancer in any of the treated
lesions; however, all indications for RFA were established by
a multidisciplinary team involving radiologists, thoracic sur-
geons, oncologists, pneumologists, radiation therapists, and
pathologists. Another limitation was the heterogeneity of the
different groups of scars; some types of scars were infre-
quent, and it was not easy to conduct long-term follow-up
in these patients because most had a primary or metastatic
disease with a poor outcome, which limited the follow-up.

This study described the long-term morphological evolu-
tion after lung RFA. It showed predominant evolution into
nodular scars during the first 3 years, followed by predomin-
ant evolution into fibrosis. Fibrosis, disappearance, and atel-
ectasis do not change with time, whereas nodular scars can
evolve into fibrosis. Cavitary scars can fill and evolve into
nodular scars. The distance close to the pleura was linked to
the disappearance. Practitioners should describe scar evolu-
tion after RFA using this classification in follow-up reports to
better monitor the evolution after lung RFA, for early detec-
tion of local recurrence, to homogenize practices, and to
improve the reproducibility of studies.
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