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Abstract
Purpose:  The  purpose  of  this  study  was  to  investigate  the  development  and  evolution  of  the
microwave  ablation  (MWA)  lesion  in  the  normal  lung  by  using  a  swine  model  at  various  time
points and  to  compare  post-procedural  computed  tomography  (CT)  and  gross  pathologic  findings
during the  first  month  post-ablation.
Materials  and  methods:  Twenty-seven  percutaneous  MWA  procedures  were  performed  on  swine
lungs at  100  W  for  either  2  min  (low  dose,  18  ablations)  or  10  min  (high  dose,  9  ablations).  Animals
were sacrificed  at  either  2  days  (n  =  5)  or  28  days  (n  =  5)  after  ablation.  All  animals  underwent
CT imaging  immediate  post-treatment  and  prior  to  sacrifice,  with  additional  imaging  at  7  and
14 days  for  the  28-day  cohort.  After  euthanasia,  lungs  and  trachea  were  removed  en  bloc  and
underwent gross  pathology  analysis.
Results:  In  both  dose  treatment  groups,  CT  measurements  of  the  ablation  zone  were  maximum
at Day  7  (low  dose:  7.50  ±  3.08  cm3;  high  dose:  24.87  ±  11.34  cm3)  and  significantly  larger  com-
pared to  the  immediate  post-ablation  measurements  (low  dose:  2.54  ±  1.81  cm3;  P  =  0.00011;
high dose:  9.14  ±  3.42  cm3;  P  =  0.00374).  No  significant  differences  in  dimensions  were  observed
between  CT  and  gross  pathologic  images  for  both  high  and  low  dose  ablations  in  both  cohorts.
Conclusion:  The  treatment  zone  following  MWA  in  the  lung  can  vary  in  the  sub-acute  setting,
achieving  largest  size  at  7  days  post-treatment.  Furthermore,  measurements  from  CT  closely
matched with  gross  pathologic  ablation  size.
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Thermal  ablation  techniques  such  as  radiofrequency
RFA)  and  microwave  ablation  (MWA)  are  minimally  invasive
pproaches  that  may  be  used  as  alternatives  for  patients
ho  are  not  eligible  for  surgical  resection  [1].  By  comparison
ith  RFA,  MWA  theoretically  is  more  efficient  in  delivering

aster  and  higher  heating  temperatures,  rendering  them  less
usceptible  to  the  ‘‘heat  sink’’  effect  and  creating  larger
blation  volumes  [2—5].  The  potential  of  MWA  to  ablate  lung
umors  have  been  demonstrated  in  several  preclinical  [6—9]
nd  human  studies  [10—14].  Indeed,  it  is  yet  to  be  clinically
emonstrated  whether  MWA  is  more  effective  than  RFA  for
reatment  of  tumors  in  randomized  controlled  trials  [15].

Imaging  techniques  such  as  computed  tomography  (CT)
re  often  utilized  to  determine  the  ablation  volume  and
ssess  if  the  residual  tumor  requires  retreatment  [16,17].
his  evaluation  is  most  often  performed  immediately  to
ithin  24  hours  of  the  initial  ablation,  every  1—4  months

hereafter,  and  if  necessary  at  longer  intervals  [18].  How-
ver,  very  limited  data  is  available  assessing  the  sequential
hanges  in  ablation  zones  within  the  sub-acute  settings  (i.e.,
ithin  1  month).  In  fact,  it  has  been  shown  that  following
FA  of  lung  tumors,  the  ablated  lesion  size  can  vary  in  size
nd  shape  within  one-week  post-treatment  [19—21].  Fur-
hermore,  there  are  very  few  studies  that  directly  correlate
he  lesions  appeared  in  CT  to  those  that  are  observed  in
ross  findings  [17,22].

The  purpose  of  this  study  was  to  investigate  the  devel-
pment  and  evolution  of  MWA  lesion  in  the  normal  lung  by
sing  a  swine  model  at  various  time  points  and  to  compare
ost-procedural  CT  and  gross  pathologic  findings  during  the
rst  month  post-ablation.

aterials and methods

WA  procedures  were  performed  in  an  in  vivo  porcine  lung
odel  using  EmprintTM Ablation  System  (Medtronic).  The
WA  system  was  powered  by  a  2450  MHz  generator,  and
elivers  a  maximum  power  of  100  W  [23].  It  was  designed
o  produce  predictable,  spherical  ablation  zones,  that  are
ot  impacted  by  the  inherent  characteristics  of  surround-
ng  target  tissues  [24].  This  investigation  is  an  extension  of

 previously  published  study  [9]  and  was  approved  by  the
nstitutional  Animal  Care  and  Use  Committee  (IACUC)  and
nimals  were  housed  in  an  Association  for  Assessment  and
ccreditation  of  Laboratory  Animal  Care  (AALAC)  accredited
acility.

n vivo porcine lung ablation model

en  Yorkshire  swine  (3—4  months  old;  weight  range
0—70  kg)  underwent  percutaneous  CT-guided  MWA  in  the
nilateral  lung  as  described  previously  [9]. The  animals
ere  anesthetized  and  maintained  using  continuous  inhala-

ion  of  isoflurane  throughout  the  procedure.  CT  imaging
Lightspeed

®
RTLS,  GE  Healthcare)  was  used  for  insertion  of

 or  3 ablation  antenna  per  animal.  Each  antenna  was  used

o  create  a  single  ablation,  and  energy  delivery  for  ablation
as  performed  sequentially.  A  total  of  27  percutaneous  MWA
rocedures  were  performed  at  100  W  for  either  2  min  (low
ose,  18  ablations)  or  10  min  (high  dose,  9  ablations).  Ani-
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als  were  assigned  to  either  a  2-  or  28-day  follow-up  cohort
n  = 5  in  each  group).

T imaging and follow-up procedures

nenhanced  CT  scans  were  performed  prior  to  the  abla-
ion  procedure.  Unenhanced  and  dual  phase  (30  s  and  90
)  contrast-enhanced  CT  scans  were  performed  immedi-
tely  (within  10  min  of  ablation  [Day  0])  and  at  follow-ups
o  assess  ablation  zone  evolution.  Animals  assigned  to  the
-day  cohort  group  underwent  CT  imaging  at  Day  2  (approx-
mately  48  hours  post-ablation)  and  were  euthanized  at  Day
.  Animals  in  the  28-day  cohort  group  underwent  CT  imag-
ng  at  Days  7,  14,  and  28  and  were  euthanized  at  Day
8.  Parameters  for  CT  scan  were:  120  kV  tube  voltage,
ube  current  as  determined  by  automatic  exposure  con-
rol,  0.8  sec  CT  gantry  rotation  time,  0.9375  pitch  factor,
.25  mm  image  slice  thickness,  and  500  mm  data  collection
iameter.  The  ablation  zone  on  CT  was  defined  as  a  non-
nhancing  region  on  the  mediastinal  window  settings  (width:
00  HU,  length:  500  HU)  at  Days  2,  7,  14  and  28.  For  Day
,  the  ablation  zone  was  defined  as  the  region  demonstrat-
ng  ground-glass  opacity  enclosed  within  a  hyperattenuating
im  using  lung  window  settings  (width:  1600  HU,  length:
00  HU)  since  the  ablation  zones  were  not  clearly  visible  on
T  images  under  mediastinal  settings.  On  CT  imaging,  the
egion  of  ground-glass  appearance  was  considered  necrotic
hile  the  peripheral  hyper-enhancing  region  was  considered

nflammatory  rim.  Two-dimensional  measurements  of  abla-
ion  zones  were  performed  on  CT  images  in  the  transverse
lane,  in  a slice  corresponding  to  the  microwave  antenna
nsertion  plane  parallel  to  the  insertion  tracts.

Long-  and  short-axis  diameters  were  recorded  and  the
blation  volume  at  each  time  point  was  calculated  assuming
he  ablation  zone  to  be  roughly  ellipsoidal  in  shape:

olume  = �

6
(SAD)2(LAD)

where  SAD  and  LAD  represents  short-  and  long-axis  diam-
ters,  respectively.  Data  for  Day  0  in  both  cohorts  were
ooled  for  analysis.  These  measurements  were  used  to  esti-
ate  the  evolution  of  the  post-treatment  ablation  zone.

ross pathologic analysis

nimals  were  euthanized  for  gross  analysis.  Briefly,  an  intu-
ation  tube  was  placed  into  the  trachea  and  the  whole  lungs
ere  fixed  by  instillation  of  10%  neutral  buffered  formalin

olution  into  the  airway  with  pressure  of  0.04  MPa  for  30  min.
nimal  lungs  and  trachea  were  harvested  en  bloc  and  lung
issues  containing  the  ablation  were  dissected  free  from
urrounding  tissues.  The  fixed  tissues  were  processed  by
ectioning  samples  that  were  approximately  3—5  mm  thick
nd  cross-sections  were  photographed  with  an  identifica-
ion  label  and  measurement  reference.  Each  gross  image
as  analyzed  using  the  computer  image  analysis  software.
he  gross  samples  from  Days  2  or  28  time  point  were  com-

ared  to  CT  imaging  data  from  corresponding  time  point.
arge  slides  were  prepared  to  capture  the  entire  ablation
one  corresponding  to  the  largest  cross-section  on  imaging.

 &  E  stained  samples  were  evaluated  by  a  board-certified
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Figure 1. Measurements of the ablation zone. Sequential changes of the mean volume measurements of the ablation zone across following
(A) low and (B) high dose MWA. Compared with CT taken immediately (within 10 minutes) after ablation, the size of the ablation zone peaks
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at Day 7. Comparison of mean CT and gross specimen volume abla
statistical significant difference was observed between CT and gros

veterinary  pathologist  for  measurements.  However,  some
histological  slides  could  not  be  measured  because  the  size
of  the  lesions  impeded  the  whole  section  measurements.

Statistical analysis

Ablation  zone  size  measurements  were  described  using
descriptive  statistics.  All  measurements  were  expressed  as
means  ±  standard  deviations  (SD).  Comparisons  of  ablation
zone  size  at  different  time  points  were  compared  using
unpaired  Student  t  test,  and  the  association  between  CT  and
gross  findings  were  compared  using  a  paired  Student  t test.
All  statistical  analysis  was  conducted  using  EZR  software
(Saitama  Medical  Center,  Jichi  Medical  University),  which
is  a  graphical  user  interface  for  R  (The  R  Foundation  for
Statistical  Computing,  Vienna,  Austria).  P-values  < 0.05  were
inferred  as  evidence  of  statistical  significance.

Results

Pneumothoraces  occurred  in  3  of  10  swine  as  reported  in  our
previously  published  study  [9].  Pneumothorax  in  1  animal
was  stabilized  using  a  flutter  valve  while  the  other  2  required
continuous  air  drainage  to  maintain  lung  expansion.  Hence,
these  2 animals  were  sacrificed  within  4  hrs  after  ablation,
resulting  in  8  swine  that  had  evaluable  data  (n  =  4  in  both
cohorts).  In  the  2-day  cohort,  there  was  evaluable  data  for

a  total  of  4  high  dose  procedures  (100  W,  10  min)  and  6  with
low  dose  (100  W,  2  min)  ablation.  In  the  28-day  cohort,  data
was  available  for  4  and  8  ablation  procedures  with  high  and
low  dose,  respectively.

(
d
c
g

one measurements for both (C) 2-day and (D) 28-day cohorts. No
asurements. *denotes statistical significance (P < 0.05 vs. Day 0).

ynamical evolution of the ablation zone

o  significant  changes  in  two-axis  measurements  (long-  and
hort-axis  diameters)  and  volume  of  the  ablation  zone  were
bserved  between  Days  0  and  2  when  the  lung  tissue  was
blated  at  either  low  or  high  dose  (Fig.  1).  On  Day  7,  the
easurements  significantly  peaked,  and  then  subsequently
ecreased  at  later  time  points.  Ablation  volumes  at  Days

 and  7  was  9.14  ±  3.42  (SD)  cm3 (range:  4.11—15.40  cm3)
s.  24.87  ±  11.34  (SD)  cm3 (range:  14.09—40.87  cm3)  after
igh  dose  treatment  (P  =  0.00374)  and  2.54  ±  1.81  (SD)  cm3

range:  0.43—5.89  cm3) vs.  7.50  ±  3.08  (SD)  cm3 (range:
.23—12.63  cm3) (P  =  0.00011)  after  low  dose  treatment,
espectively  (Table  1).

T imaging of ablation zone vs. gross
athologic specimen measurements

igs.  2  and  3  show  representative  CT  and  gross  images  for
oth  2-  and  28-day  cohorts,  respectively,  at  low  and  high
ose  (Table  2).  For  the  2-days  cohort,  the  ablation  vol-
mes  at  low  dose  were  3.04  ±  1.72  (SD)  cm3 with  CT  (range:
.04—5.59  cm3) vs.  1.95  ±  1.32  (SD)  cm3 (range:  0.58—3.94
m3) with  gross  (P  =  0.234);  high  dose  were  11.30  ±  4.42  (SD)
m3 (range:  6.07—16.86  cm3) with  CT  vs.  7.64  ±  2.83  (SD)
m3 (range:  3.84—10.63  cm3)  with  gross  (P  =  0.127).  In  the
8-days  cohort,  the  volumes  for  low  dose  were  0.78  ±  0.58
SD)  cm3 (range:  0.20—1.49  cm3)  with  CT  vs.  0.67  ±  0.0.59

3 3
SD)  cm (range:  0.09—1.61  cm )  with  gross  (P  =  0.669);  high
ose  were  7.52  ±  8.15  (SD)  cm3 with  CT  (range:  1.71—19.32
m3) vs.  7.52  ±  9.02  (SD)  cm3 (range:  1.15—20.55  cm3)  with
ross  (P  =  0.999).
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Figure 2. Representative CT and gross images of ablation zones following microwave ablation in the 2-day cohort. Serial changes of CT
lung images at low (A—B) and high power (D—E). CT images of the ablation zone was taken at Day 0 (A, D) and within 2 days after ablation
(B, E). After lung tissue fixation, gross images (C, F) were taken and ablation zone size were measured and compared with CT images at
Day 2.

Figure 3. Representative CT and gross images of ablation zones following MWA in the 28-day cohort. Sequential monitoring of CT images
of swine lungs at low (A—D) and high (F—I) dosage. CT images were taken at Day 0 (A, F), Day 7 (B, G), Day 14 (C, H), and Day 28 (D, I).
Gross images of the lungs were taken at Day 28 (E, J) and compared with CT images at Day 28.
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Table  1  Measurements  of  short-axis,  long-axis,  and  volume  of  the  ablation  zone  over  time  on  computed  tomography.

Day  Short-axis  diameter  (cm)  Long-axis  diameter  (cm)  Volume  (cm3)

Low  dose
0 1.35  ±  0.43  [0.71—1.97]  2.24  ±  0.45  [1.38—2.90]  2.54  ±  1.81  [0.43—5.89]
2  1.52  ±  0.32  [1.07—1.96]  2.30  ±  0.48  [1.73—2.78]  3.04  ±  1.72  [1.04—5.59]
7  2.10  ±  0.36  [1.49—2.60]  3.14  ±  0.74  [2.31—4.60]  7.50  ±  3.08  [3.23—12.63]

14  1.53  ±  0.26  [1.19—1.98]  2.14  ±  0.18  [1.93—2.43]  2.71  ±  0.93  [1.48—4.06]
28  0.96  ±  0.32[0.57—1.38] 1.34  ±  0.29  [0.94—1.76] 0.78  ±  0.58  [0.20—1.49]

High  dose
0 2.26  ±  0.34  [1.73—2.92] 3.30  ±  0.46  [2.62—3.82] 9.14  ±  3.42  [4.11—15.40]
2  2.44  ±  0.39  [1.95—2.82]  3.50  ±  0.55  [3.01—4.05]  11.30  ±  4.42  [6.07—16.86]
7  3.12  ±  0.43  [2.73—3.72]  4.67  ±  0.85  [3.61—5.64]  24.87  ±  11.34  [14.09—40.87]

14  2.68  ±  0.64  [2.03—3.55]  3.38  ±  0.94  [2.56—4.71]  14.45  ±  11.33  [6.28—31.08]
28  2.04  ±  0.79  [1.29—3.12]  2.58  ±  0.94  [1.72—3.79]  7.52  ±  8.16  [1.71—19.32]

Data are presented as mean ± standard deviation. Numbers in brackets are ranges.

Table  2  Raw  computed  tomography  and  gross  pathology  volume  measurements  for  both  2-day  and  28-day  cohorts.

Ablation  ID  CT  volume  (cm3)  Gross  volume  (cm3) Histopathological  volume  (cm3)

2-day  cohort
Low  dose

2  1.037  1.809  4.608
4  1.563  0.579  4.241

12  4.005  3.944  7.756
13  2.268  2.974  NA
18  3.797  0.646  2.36
19  5.592  1.726  4.347

High  dose
1  6.073  3.836  5.542
3  11.404  7.677  12.315

11  10.869  10.631  11.454
17  16.864 8.404  7.851

28-day  cohort
Low  dose

6  0.366 0.265 NA
7  0.261 1.115 0.761
9  1.486  1.614  1.642

10  1.466  0.357  0.413
21  0.906  1.339  NA
22  1.303  0.295  NA
24  0.228  0.304  NA
25  0.202  0.088  NA

High  dose
5  19.317  20.548  10.799
8  6.597  6.575  5.368

20  2.452  1.149  NA
23  1.708  1.805  NA

NA: not available due to size of the lesions impeding the whole section measurements.
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Discussion
Given  the  theoretical  advantages  that  MWA  has  over
other  thermal  modalities,  MWA  has  been  widely  used  and
reported  to  an  efficient  treatment  for  malignant  primary
and  metastatic  lung  tumors  with  a  low  adverse  event  profile

a
t
m

2—14].  Despite  its  widespread  clinical  use,  a  number  of
nowledge  gaps  exist.  This  present  study  is  the  first  to
nvestigate  the  impact  of  MWA  on  healthy  swine  lung  tissue

nd  the  temporal  dynamics  of  its  subsequent  recovery
hrough  monitoring  of  the  treatment  zone  during  the  first
onth  post-ablation.
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By  comparison  with  surgical  resection,  the  ablated  tumor
s  not  excised  but  rather  left  in  situ  following  MWA  therapy.
ost-procedural  CT  is  used  to  gauge  the  success  of  treat-
ent  and  guide  further  management  after  thermal  ablation

16,17,25,26].  Currently,  there  is  a  lack  of  information  on
he  MWA  zone  during  the  first  month  post-ablation.  Patients
t  most  institutions  either  undergo  post-ablation  CT  imme-
iately  or  at  1  month  after  the  procedure  to  determine  if
etreatment  is  necessary  and/or  to  serve  as  a  new  baseline,
ollowed  by  every  one  to  three  months  thereafter  and  if  nec-
ssary,  at  longer  intervals  [25,26].  Our  present  investigation
ims  to  provide  further  insights  into  the  evolution  of  the
blation  zone  during  follow-up,  specifically  the  first  month.

Studies  have  previously  reported  conflicting  results  in
erms  of  tissue  characteristics  following  ablation  proce-
ures:  some  have  reported  tissue  shrinkage  during  the
blation  (e.g.  15—50%)  [27,28]  or  the  ablation  zone  may
ncrease  during  the  first  24  hours  followed  by  subsequent
eduction  at  later  time  points  [25,26,28].  It  is  still  an  ongo-
ng  topic  of  research  but  tissue  shrinkage  is  thought  to  occur
ue  to  dehydration,  protein  denaturation,  and  contraction
f  collagen  [27,28]  while  rehydration  of  tissue,  bleeding
nd  subsequent  inflammation  are  other  contributing  factors
hat  may  contribute  to  ablation  zone  changes  during  the
cute  phase  [29—31].  Even  though  the  present  investigation
s  in  general  agreement  with  the  finding  that  the  lung  tis-
ue  does  indeed  dynamically  change  over  time,  a  significant
eak  in  the  post-ablation  zone  size  at  Day  7  has  not  been
eported  previously.  Based  on  this  observation,  radiologists
hould  not  be  alarmed  that  the  size  of  the  ablation  appears
o  be  large  within  one-week  post-ablation  and  that  the  size
ill  indeed  change  at  subsequent  time  points.  Hemorrhage,
nsuing  inflammation  and  cell  apoptosis  around  the  ablation
one  from  the  heat  energy  applied  may  explain  this  observed
henomenon  [29—31].  Nonetheless,  additional  experimen-
al  studies  to  precisely  pinpoint  the  mechanistic  process
nvolved  are  warranted.

While  no  significant  differences  were  observed  in  the
reatment  zone  sizes  following  MWA  when  comparing  CT  and
ross  measurements,  there  was  an  approximately  50%  differ-
nce  between  the  two  measurements,  this  could  be  due  to
ur  small  animal  sample  size  and  the  sectioned  slice  may  not
orrespond  to  the  largest  cross-sectional  imaging.  Nonethe-
ess,  this  finding  suggests  that  CT,  especially  when  obtained
t  28  days  after  ablation,  may  accurately  demarcate  and
ap  the  boundary  of  the  ablation  zone.
The  limitations  of  our  study  include  the  small  sample  size

nd  that  ablations  were  performed  in  healthy  swine  lungs
ather  than  tumors,  and  thus,  it  is  uncertain  if  these  results
ay  be  directly  translated  to  humans  with  lung  tumors.
ross  pathology  assessment  was  also  relatively  insufficient
s  intermediary  time  points  (7,  14,  and  21  days)  were  not
ollected.  Additionally,  we  did  not  perform  a  multivariable
nalysis  to  account  for  animals  contributing  for  more  than
ne  ablation.

In  conclusion,  in  addition  to  that  the  volume  of  MWA  abla-
ion  may  vary  over  the  course  of  the  one-  month  follow-up
eriod,  our  study  provides  the  first  evidence  that  the  size  of

he  MWA  lesion  in  the  lung  significantly  peaks  at  7  days  post-
blation  irrespective  of  the  duration  of  energy  delivered  in  a
orcine  model.  Our  results  also  demonstrated  no  significant
ifferences  between  CT  and  gross  pathology  measurements
H.  Kodama  et  al.

f  the  ablation  zone.  Future  studies  are  warranted  to  investi-
ate  the  mechanisms  involved  during  the  dynamic  evolution
f  the  ablation  zone  in  order  to  provide  further  insights  into
he  therapeutic  efficacy  of  MWA  and  aid  in  the  development
f  a reliable,  standardized  post-procedural  assessment  of
he  in  vivo  ablation  size.
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