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PURPOSE
We aimed to explore the effect of microwave ablation (MWA) protocols upon morphology and
instant changes in intravoxel incoherent motion (IVIM) diffusion-weighted imaging (DWI)
parameters on MWA zones in porcine livers.

METHODS
According to the empirical protocol for MWA in tumors less than 3 cm in our hospital, the power
and application duration were assigned as five groups: A, 60 W × 5 min (n = 6); B, 80 W × 3 min
(n = 7); C, 80 W × 5 min (n = 10); D, 100 W × 3 min (n = 10); E, 100 W × 5 min (n = 9). Spearman
correlation between MWA protocols, morphological metrics, and instant post-ablation IVIM
parameters was performed.

RESULTS
There was fair positive correlation between energy delivery and short axis (RSpearman = 0.426, P
= .005) of the white zone. There was moderate-to-good positive correlation between wattage
and short axis (RSpearman = 0.584, P < .001) of the white zone. For post-ablation IVIM parameters in
the white zone, only wattage had moderate-to-good positive correlation with D value (R

Spearman

= 0.574, P < .001) or ADC value (R
Spearman

= 0.550, P < .001). No correlation between energy
delivery, wattage, duration, and f value was observed (RSpearman = 0.185, P = .24; RSpearman

= − 0.001, P = .99; R
Spearman

= 0.203, P = .20, respectively).

CONCLUSION
The increase in the short axis of the white zone is more likely to be affected by wattage than
energy delivery. The instant post-ablation IVIM is feasible in monitoring the MWA zones since
the f value in the white zones is not sensitive to changes in MWA protocols, which is promising
in evaluating the instant effect of MWA.

I maging-guided microwave ablation (MWA) is an effective and widely used therapeutic
option for locoregional solid hepatic tumors.1,2 MWA eradicates tumor cells with heat
by continuously oscillating the dipole water molecules within the electromagnetic field

generated around the antenna.3 It excels in minimal invasiveness when compared with
conventional resectional therapy, avoids the influence of electrical impedance which rises
dramatically with temperature during radiofrequency ablation, and is less susceptible to
the presence of adjacent vessels.4-6

However, excessive heat along the antenna may result in a greater long axis of the MWA
zone, causing unnecessary injury in adjacent structures and even skin burns with unbear-
able pain.7 Meanwhile, local tumor recurrence may occur due to unsuccessful eradication
of the tumor, especially when the short axis of the white zone (coagulation zone) is smaller
than the tumor. Given the fact that most hepatocellular carcinoma lesions and metastatic
tumors are round, the clinical demand for an ideal white zone should be as spherical as
possible (which is affected by the long and short axes of the white zone at the same time),
and large enough with a safe margin of at least 5-10 mm,8 while the injury of normal
surrounding tissue should be minimal. Therefore, it is of great significance to determine
the morphology of the white zone before operation, such as the long and short axes, the
area, the sphericity, and even the surrounding hyperemic zone.
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Previous studies have investigated the
effect of power-application duration set-
tings upon the morphological metrics of
MWA zones. However, in many of these
studies, either one of the parameters (for
instance, the wattage or the application
duration) was fixed,9-12 or they were per-
formed with ex vivo liver models.13,14 It re-
mains to be specified whether the total
energy delivery, the power, or the applica-
tion duration plays a more important role
in the morphology of MWA zones in vivo.

On the other hand, the therapeutic effect
of MWA can rarely be evaluated by histo-
pathological study of the resected speci-
men because of its minimal invasiveness.
Intravoxel incoherent motion (IVIM)-
diffusion-weighted imaging (DWI) is
a noninvasive technique which is able to
separate the microscopic random motion
of water molecules within the tissue (mea-
sured by apparent diffusion coefficient,
ADC) into pure Brownian motion (mea-
sured by true diffusion coefficient, D) and
microcirculation within the pseudo-
randomly distributed capillary network
(measured by perfusion fraction, f and
pseudo-diffusion coefficient, D*).15 Pre-
vious studies have demonstrated the feasi-
bility of IVIM or DWI in characterization of
the tissue components (coagulative necro-
sis, inflammatory reaction region, and vi-
able residual tumor) after ablation.16-19

Nevertheless, in most of these studies,
DWI was not performed instantly after ab-
lation, and the interval ranged from at least
60 min to 6 months.16-18,20 Hoffmann et al.19

compared the instant post-ablation mean
ADC between hepatic parenchyma,

untreated tumor, and hyperintense rim of
hepatic malignancies, but did not evaluate
the changes of diffusion parameters in the
central necrotic areas. Given the correlation
between residual temperature in the MWA
zones and diffusion parameters,21-23 the po-
tential bias of instant post-ablation IVIM
parameters in different MWA protocols re-
mains to be investigated.

Therefore, the purpose of this study was
(1) to determine the effect of power-
application duration settings upon MWA
lesion morphology in vivo; (2) to investi-
gate the potential bias of instant post-
ablation IVIM parameters in different
MWA protocols. An MRI-compatible MWA
device was used in porcine livers, with sev-
eral groups of data containing either the
same energy delivery, power (wattage), or
application duration.

Methods
Animals

The local research ethics committee ap-
proved our animal research (No.
GDREC2019379A, 2019), and all the authors
complied with NIH guidelines for use of
laboratory animals. Nine male Wuzhishan
miniature pigs (weight range, 33-43 kg)
were included in this study.

After anesthesia with pentobarbital so-
dium (30 mg/kg, Merck KGaA) and fentanyl
citrate (0.05mg/kg, Fufen, Yichang Human-
well Pharmaceutical) administered through
the ear vein, the epigastric area was cov-
ered with a home-made orientation grid.
The pigs were transferred to a 1.5
T Magnetom Espree MRI scanner (Siemens
Healthcare) and placed head-first in
a lateral decubitus position. A six-element
phased-array coil with a sensor for respira-
tory gating was used.

MWA protocols
All the procedures were performed

with an MRI-compatible device (Surblate,
Vison Medical), which consisted of four
parts: (1) a 2.45 GHz microwave genera-
tor with modulated output powers ran-
ging from 5 W to 100 W; (2) a flexible
cable; (3) an internal cool-shaft slot an-
tenna (MTC-3CA-II24) which was 14
gauge and 180 mm in length; (4)
a peristaltic pump which prevented
overheating of the antenna by driving
the sterile water running at a constant
rate (100 rpm) inside the shaft of the
antenna.

Before positioning the antenna, the re-
spiratory-gated axial and sagittal T1-true
fast imaging in steady-state precession
(truFISP) was routinely acquired to deter-
mine the entry point and the antenna tra-
jectory. The T2-half-Fourier acquisition
single-shot turbo spin-echo (HASTE) se-
quence was also performed. The acquisi-
tion parameters were chosen as follows:
T1 truFISP: time to echo (TE) 3.17 ms, repe-
tition time (TR) 2000 ms, slice 5.5 mm, field
of view (FOV) 320 × 256, matrix 256 × 205,
flip angle 15°, bandwidth 130Hz/pixel. T2
HASTE: TE 84 ms, TR 1000 ms, slice 4 mm,
FOV 320 × 256, matrix 256 × 205, flip angle
170°, and bandwidth 425 Hz/pixel. The
oil-filled orientation grid, which was
a framework composed of crisscrossed
small plastic tubes, appeared as hyperin-
tense columns or cross-sectional dots on
T1-truFISP and T2-HASTE images. The tar-
get area for ablation was determined by
consensus of the two operators, which
was supposed to be at least 1.5 cm away
from a major vessel (defined as the first
or second degree branch of the portal or
hepatic veins, which was ≥3 mm in axial
diameter,24) and the tip of the antenna
should be at least 2 cm from the hepatic
surface in order to avoid direct contact
between the white zone and the hepatic
surface. Thereafter, the entry point on the
skin was confirmed by counting the col-
umns of the grid. The antenna was pushed
progressively into the pre-determined
depth and the path was designed as per-
pendicular to the surface of the liver as
possible, in order to facilitate the determi-
nation of the antenna insertion direction
during gross pathological evaluation. T1-
truFISP images were acquired as appropri-
ate to assess the accuracy of the antenna
positioning by verifying the deviation of
the entry point, the depth of insertion, the
actual angle between the antenna and the
liver surface, and possible misplacement
into the major vessels. This procedure was
repeated until the antenna was accurately
positioned. Generally, there were 4-6 abla-
tion targets/pig, according to the size of
the liver. For each porcine liver, the abla-
tions were performed from the superficial
area to deeper area and from the right
hepatic lobe to the left hepatic lobe. It
usually took 3-5 passes to place the an-
tenna into the target position.

After measuring the area of liver par-
enchyma available for ablation, based on
our empirical ablation protocols in clinical

Main points

• The increase in the long axis, short axis,
and the area of the white zone was more
likely to be affected by wattage than
energy delivery.

• Among all the morphological metrics, the
short axis of the white zone was the most
sensitive to changes in wattage.

• Of the microcirculation-related
parameters, f value in the white zones was
not sensitive to changes in MWA protocols
and had better intra- and inter-observer
agreement than D* value, which is
promising in evaluating the instant
changes in ablation zones.

• The instant post-ablation D value changed
differently in each group and seemed to be
affected by changes in wattage.
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practice for lesions less than 3 cm and re-
commendation of the manufacturer, the
power and the application duration mea-
sured at the generator were assigned as
five groups: A, 60 W × 5 min (total energy
delivery 18000 J); B, 80 W × 3 min (total
energy delivery 14400 J); C, 80 W × 5 min
(total energy delivery 24000 J); D, 100W × 3
min (total energy delivery 18000 J), and E,
100 W × 5 min (total energy delivery 30000
J), in an attempt not to extend the MWA
zone from the liver parenchyma to the ad-
jacent large vessels. The ablation was per-
formed with different MWA protocols
randomly distributed in the same pig. The
total energy delivery was calculated by
multiplying power (measured in watts) by
duration (measured in seconds). There was
an estimated 20% of attenuation of power
applied to each target area because of
cable losses and antenna reflection.

Acquisition and post-processing of IVIM
After placement of the antenna, the re-

spiratory-triggered IVIM-DW images were
obtained before and instantly after MWA,
using a single-shot echo-planar imaging
pulse sequence. The parallel imaging and
spectral presaturation with inversion recov-
ery technique were employed. The diffu-
sion gradients were applied in three
orthogonal directions. Seven b values
were used, including 50 s/mm2, 100 s/
mm2, 150 s/mm2, 200 s/mm2, 400 s/mm2,
and 800 s/mm2. Other acquisition para-
meters included: TE 79 ms, TR 1000 ms,
slice 6 mm, FOV 320 × 241, matrix
138 × 138, flip angle 90°, and bandwidth
1726 Hz/pixel. Three continuous slices,
with the central slice containing the an-
tenna, were acquired to make the images
comparable to gross evaluation. Post-
ablation T1-truFISP and T2-HASTE imaging
were also performed.

The raw data were transferred to the
vendor-supplied MR Body Diffusion Tool-
box Veision1.3.0 (Siemens Healthcare) and
the parameters, including D, f, and D* va-
lues were automatically mapped pixel-by-
pixel according to the biexponential fitting
equation as follows25:

SI/SI0=(1 − f)·exp (−b · D) + f · exp (−b · D*);

while the ADC value was calculated using
a monoexponential fitting equation as
follows:26

SI/SI0 = exp (−b · ADC),

where SI was the signal intensity of IVIM
sequence observed at any b value > 0 s/
mm2, and SI0 was the signal intensity of
IVIM sequence observed at b value = 0
s/mm2.

Two radiologists (Reader A with 5 years
of experience and Reader B with 10 years)
independently measured the IVIM-DWI
parameters.

According to a previous report, the
post-ablative central coagulative necrotic
white zone is hypointense on T2-weighted
imaging, and the surrounding red zone
appears as a hyperintense rim.27

Two operator-defined regions of interest
(ROI1-2) were respectively placed upon the
white zones (areas of coagulative necrosis)
on bilateral sides of the antenna on post-
operative IVIM images (b value = 0 s/mm2),
with reference to the T2-HASTE images,
avoiding the artifact and large hepatic ves-
sels. Then the ROIs were copied to the same
slice of the preoperative IVIM images. The
corresponding f, D, D*, and ADC para-
meters were automatically measured and
the averages calculated from bilateral ROIs
were regarded as their final measurements
of the white zones.

To determine whether the IVIM para-
meters can differentiate the white and red
zones, another two operator-defined re-
gions of interest (ROI3-4) were respectively
placed upon the red zones (areas of sur-
rounding inflammation) on bilateral sides
of the antenna on postoperative IVIM
images (b value = 0 s/mm2) and the
averages calculated from bilateral ROIs
were regarded as their final measurements
of the red zones (Figure 1).

To compare the test-retest variability of
IVIM parameters, an ROI5 was placed in the
adjacent normal parenchyma on post-
operative IVIM images (b value = 0 s/mm2)
and copied to the same slice of the preo-
perative IVIM images.

Reader A measured the parameters
twice and Reader B measured once for
intra- and inter-observer agreement.

Gross evaluation of the MWA zones
The animals were sacrificed immediately

after routine post-ablation MRI scan. The
MWA zones were labeled with their corre-
sponding MWA protocols and MR images
according to their locations in different he-
patic segments and body surface makers
left by the antennas. The ablation lesions
were cut into two halves along the antenna
track. A typical MWA zone consisted of

a central white zone (coagulative necrosis)
and a peripheral red ring (hyperemic zone,
where inflammation and nonlethal hy-
perthermic injury occurred)28 (Supplemen-
tal Figure 1).

The morphological metrics were mea-
sured on gross specimen images by two
independent readers (Readers A and B, as
above) using Image J 1.48V (National Insti-
tutes of Health, Maryland, USA), a Java-
based application for image processing
and analysis (https://imagej.nih.gov/ij/
index.html) which facilitated measuring
the lengths and areas of lesions. A ruler
was placed beside the gross specimen for
scale calibration when taking the images of
gross specimens. The long and short axes
of the white zone (WL and WS) were de-
fined as the largest diameter parallel/per-
pendicular to the track of the antenna,
respectively. The area of the white zone
(WZ) was calculated by manually outlining
it on Image J 1.48V. The sphericity ratio (SR)
was defined as WS/WL.13 A SR closer to 1.0
is indicative of a more spherical MWA zone.

Statistical analysis
The Bland-Altman test was performed to

determine the test-retest variability of the
IVIM parameters in normal hepatic
parenchyma.

The intra- and inter-observer agreement
of morphological metrics and IVIM para-
meters of the MWA zone were tested with
the intraclass correlation coefficient (ICC).
The intra- and inter-observer agreement
could be classified as poor (ICC < 0.40),
fair to good (0.40 ≤ ICC ≤ 0.75), and excel-
lent agreement (ICC > 0.75).29

Morphological metrics among the five
groups were compared with Kruskal-Wallis
H-test. And Dunn-Bonferroni test was used
for post-hoc multiple comparison.

The differences between pre- and post-
ablation IVIM parameters in both the white
and red zones as well as the differences in
post-ablation IVIM parameters between
the white and red zones were compared
with paired-sample t-test.

Correlations among MWA protocols,
morphological metrics, and instant post-
ablation IVIM parameters in the white
zones were tested with Spearman correla-
tion analysis. The degree of correlation was
defined as poor if RSpearman < 0.25, fair if
0.25 ≤ RSpearman < 0.5, moderate to good if
0.5 ≤ RSpearman < 0.75, and very good to
excellent if RSpearman ≥ 0.75, respectively.30
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The statistical analysis was made with
SPSS v. 25.0 (IBM Corp.) and Medcalc Soft-
ware (MedCalc). Statistical significance was
considered if P < .05.

Results
The average time for each ablation proce-

durewas 52 ± 21min, while the average time
for antenna placement was 32 ± 19 min.

The mean width of antenna-induced ar-
tifact was 5.05 ± 1.45mmon pre-MWA IVIM
images (b = 0 s/mm2) and 4.93 ± 1.58 mm
on post-MWA IVIM images (b = 0 s/mm2).

The Bland-Altman test (Figure 2) showed
that most of the plots of absolute difference
were within the 95% limits of agreement,
which suggested that the test-retest variabil-
ity of the IVIM parameters in normal hepatic
parenchyma was acceptable in our study.

The ICCs in measurement of morpholo-
gical metrics and IVIM parameters of the
ablation zones were presented in Table 1.
The intra- and inter-observer agreements
were excellent in both the morphological
metrics and preoperative IVIM parameters.

The morphological metrics of the MWA
zones were all expressed as median and
interquartile range due to the relatively
low number of ablation lesions.

The Kruskal-Wallis test showed significant
difference in WL (P = .014), short axis (WS)
(P = .001), and WZ (P = .003) of the white
zone among the five groups, but the differ-
ence in SRwas not significant among the five
groups (P = .38) (Supplemental Figure 2).

The medians, interquartile ranges, and re-
sults of the Dunn-Bonferroni post-hoc multi-
ple comparison of themorphological metrics
among the five groups were summarized in
Table 2. Generally, the WL, WS, and WZ had
a tendency to rise from group A to group
E. However, Dunn-Bonferroni post-hoc only
showed significant differences in WS be-
tween group A vs. C, D, and E; inWL between
groupA vs. E; and inWZ between group A vs.
D and E in multiple comparison.

The paired-samples comparison of IVIM
parameters was shown in Table 3.

The microcirculation-related parameters,
f and D* values in the white zones, signifi-
cantly decreased in all of the five groups
after ablation, and they were significantly
lower than the f and D* values in the red
zones.

After ablation, D value of the white zone
significantly decreased in group A, but sig-
nificantly increased in Groups, C, D, and

a

c

b

d

e f

g h

i j

Figure 1. a-j. The ROIs placed on the pre- and post-ablation IVIM-DWI image of a microwave ablation
zone produced at 60W × 5min. (a) Post-ablation IVIM image (b = 0 s/ mm2) showed three sets of ROIs
were placed around the track of the antenna (thick black line), including the central coagulative region
(ROI1-2) with hypointensity, the peripheral inflammatory reaction region (ROI3-4) with marked
hyperintensity, and the surrounding normal liver parenchyma (ROI5). The ROIs were automatically
copied to the same slice of corresponding Dmap (b), f map (c), D*map (d), and ADCmap (e). The ROIs
were also copied to the same slice of pre-ablation IVIM image (b = 800 s/mm2) (f) and corresponding
parametric maps, including Dmap (g), F map (h), D* map (i), and ADCmap (j). ROI = region of interest.
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E. Similar tendency could be observed in
ADC value, but significant difference was
only noted in group A.

The result of correlation analysis was
shown in Table 4.

There was fair positive correlation be-
tween energy delivery and WL (RSpearman

= 0.350, P = .023) and WS (RSpearman

= 0.387, P = .011).
There was moderate to good positive

correlation between wattage and WL
(RSpearman = 0.504, P = .001), WS (RSpearman

= 0.581, P < .001), and WZ (RSpearman

= 0.573, P < .001).

There was moderate-to-good positive
correlation between wattage and D value
(RSpearman = 0.565, P < .001), ADC value
(RSpearman = 0.539, P < .001), but fair correla-
tion among energy delivery, D value
(RSpearman = 0.315, P = .042), and ADC value
(RSpearman = 0.333, P = .031)

Discussion
Currently, there are no recommended

MWA protocols for a larger and more
spherical MWA zone, and it remains to
be specified how the total energy deliv-
ery, the power, and the application dura-
tion play a role in the morphology and
instant changes in IVIM parameters in
the MWA zones in vivo. The results of
our study showed that (1) WL and WS
had a tendency to rise with the increase
in energy delivery and wattage. How-
ever, the higher correlation between
morphological metrics and wattage im-
plied that these morphological metrics
were more likely to be affected by wat-
tage. (2) Among all the morphological
metrics, WS was the most sensitive to
changes in wattage. (3) Of the microcir-
culation-related parameters, f value in
the white zones was not sensitive to
changes in MWA protocols and had bet-
ter intra- and inter-observer agreement
than D* value, which is promising in
evaluating the instant changes in white
zones. (4) The instant post-ablation
D value changed differently in each
group and seemed to be affected by

Table 1. Intra- and inter-observer agreement of morphological metrics and IVIM parameters of the MWA white zone

Intraobserver agreement Interobserver agreement

Parameters ICC 95% CI f P ICC 95% CI f P

Morphological metrics

Long axisa 0.98 (0.97, 0.99) 54.93 <.001 0.96 (0.92, 0.98) 45.57 <.001

Short axisb 0.98 (0.96, 0.99) 49.79 <.001 0.91 (0.82, 0.96) 20.82 <.001

Areac 0.99 (0.98, 0.99) 95.10 <.001 0.97 (0.93, 0.98) 61.94 <.001

Sphericity ratio d 0.90 (0.82, 0.95) 10.15 <.001 0.88 (0.77, 0.93) 8.09 <.001

IVIM parameters

D 0.96 (0.95, 0.97) 27.76 <.001 0.95 (0.93, 0.96) 19.41 <.001

f 0.96 (0.94, 0.97) 22.21 <.001 0.96 (0.95, 0.97) 23.18 <.001

D* 0.87 (0.84, 0.90) 7.77 <.001 0.76 (0.70, 0.82) 4.23 <.001

ADC 0.97 (0.96, 0.98) 30.84 <.001 0.95 (0.93, 0.96) 19.07 <.001

ADC, apparent diffusion coefficient; CI, confidence interval; ICC, intraclass correlation coefficient; IVIM, intravoxel incoherent motion. For ICC, data were means, with 95% CI
provided in parentheses. P < .05 indicates statistical significance.

a b

c d

Figure 2. a-d. Test-retest variability of intravoxel incoherent motion parameters measured before and
after ablation. Bland–Altman plots showed the test-retest variability of D value (a), f value (b), D* value (c),
and ADC value (d) in normal hepatic parenchyma before and after microwave ablation, respectively. The
white lines indicated mean absolute difference, while yellow dashed lines indicated 95% limits of
agreement.
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changes in wattage. Considering the
clinical demand of generating a larger
and more spherical white zone within
a short period of time,31 the present
study suggests that the combination of
high wattage-short application duration
would be a better choice, rather than
setting a higher energy delivery with
lower wattage-longer application. In ad-
dition, our results show that post-
ablation IVIM was feasible to evaluate
the instant changes in MWA zones.

A major finding of this study was that,
although wattage and energy delivery
were both correlated with the WL and WS,

wattage seemed to play a more important
role in the morphology of the MWA zone. It
was speculated that the wattage deter-
mined the radius of the heat field of
MWA.32 However, the present study also
showed that wattage mainly affected the
WS, in spite of its correlation with WL and
WZ. This may be attributed to the internally
water-cooled system that minimized over-
heating along the shaft and made the most
of the energy along the short axis perpen-
dicular to the antenna.10,11

Although it is intuitive that longer applica-
tion durationmay result in lager MWA zones,
there was no significant difference between

the 3-minute and the 5-minute duration
when the wattage was constant in our
study. It seemed contrary to findings of an-
other ex vivo study,13 which used the expres-
sion a · ln(t) + b to describe the relationship
between application duration and coagula-
tion volume or WS. According to previous
studies,10,11,33 rapid coagulation and loss of
water may reduce further energy deposition
by changing the tissue conductivity. The size
of the MWA zone thus reached a plateau
over time, especially after a balance between
heat-sink effect and energy transmission.
Therefore, a potential explanation of our
findings is that the application duration

Table 2. Multiple comparison of morphological metrics of the MWA white zones between different groups

Morphological metrics n Measurement

P value of pairwise comparisons

Group A [60
W × 5 min]

Group B [80
W × 3 min]

Group C [80 W × 5
min]

Group D [100
W × 3 min]

Group E [100
W × 5 min]

Long axisa (mm)

Group A [60 W × 5 min] 6 16.53, 3.69 1.00 .42 .078 .028*

Group B [80 W × 3 min] 7 17.98, 2.32 1.00 .64 .271

Group C [80 W × 5 min] 10 19.37, 6.63 1.00 1.000

Group D [100 W × 3 min] 10 20.71, 4.56 1.000

Group E [100 W × 5 min] 9 20.93, 4.02 P value between the
five groups = .014*

Short axisb (mm)

Group A [60 W × 5 min] 6 13.53, 1.50 .87 .019* .005* .0001

Group B [80 W × 3 min] 7 16.33, 3.37 1.00 .85 .355

Group C [80 W × 5 min] 10 17.60, 4.22 1.00 1.000

Group D [100 W × 3 min] 10 18.81, 3.93 1.000

Group E [100 W × 5 min] 9 18.52, 2.99 P value between the
five groups = .001*

Areac (mm)

Group A [60 W × 5 min] 6 185.25, 46.35 1.00 .11 .014* .005*

Group B [80 W × 3 min] 7 237.45, 79.63 1.00 .54 .276

Group C [80 W × 5 min] 10 257.69, 219.84 1.00 1.000

Group D [100 W × 3 min] 10 325.59, 63.67 1.000

Group E [100 W × 5 min] 9 295.51, 130.84 P value between the
five groups = .003*

Sphericity ratiod

Group A [60 W × 5 min] 6 0.76, 0.20

Group B [80 W × 3 min] 7 0.91, 0.07

Group C [80 W × 5 min] 10 0.92, 0.12 P value between the
five groups = .38

Group D [100 W × 3 min] 10 0.89, 0.12

Group E [100 W × 5 min] 9 0.91, 0.08

Data were presented as median, interquartile range. Morphological metrics were compared with Kruskal-Wallis H-test and Dunn-Bonferroni post-hoc test due to the relatively
low number of ablation lesions. P value < .05 (marked as *) indicates statistical significance. Group A = 60 W × 5 min (total energy delivery 18000 J); B = 80 W × 3 min (total
energy delivery 14400 J); C = 80W × 5min (total energy delivery 24000 J); D = 100W × 3min (total energy delivery 18000 J), and E = 100W × 5min (total energy delivery 30000
J) according to the power and application duration. a~d = parameters of the white zones; n, number of white zones.
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chosen in the present study both fell on the
plateau of the duration-size curve, which
may have a potential influence upon the
conclusions and findings of our study. How-
ever, given the fact that longer application
durations are used in most protocols,5,10-
13,31,33,34 our result still has its referential sig-
nificance in clinical practice.

In IVIM-DWI analysis, the ADC parameter
characterizes a combination of different
compartments of water molecular diffusion
within the tissue. The D value describes the
pure Brownian motion of water molecules,
which is confined by biological structures
such as cell membranous surfaces, fibrotic
structures, and macromolecules35 while the
f and D* values are more related with the

microcirculation within the tissue. Therefore,
it was initially expected that the ADC, D, f,
and D* values might decrease in the white
zone due to water diffusion restriction and
perfusion loss in the coagulative necrotic
material, while in the red zone, ADC and
D might decrease because of cellular
edema, and f and D* might increase because
of inflammatory hyperemia.20

However, in our study, the instant post-
ablation changes in D and ADC values
showed various tendencies according to dif-
ferent wattages applied—increased D and
ADC could be noted in several groups. As
the quantitative parameters of Brownian
movement of water molecules, the correla-
tion among D, ADC values, and temperature

has been observed by previous studies and
used for thermometry.21-23 It was speculated
that a higher wattage might lead to a higher
residual temperature around the antenna in-
stantly after MWA, which was associated
with increased Brownian movement of
water molecules and thus the tendency of
higher D value. This implies that D and ADC
within the MWA zones may fluctuate with
the residual temperature of ablation and
therefore cannot be used to describe the
instant changes in necrotic area and inflam-
matory area accurately.

On the other hand, the instant post-
ablationmicrocirculation-related parameters,
f and D* values, seemed to be more stable
among different MWA protocols. The f and

Table 3. Comparison of intravoxel incoherent motion diffusion-weighted imaging parameters of the MWA zones between different groups

IVIM parameters n

White zone Red zone

P for comparing post-
MWA white & red

zonesPre-MWA Post-MWA

P for
paired
t-test Pre-MWA Post-MWA

P for
paired
t-test

D (×10−3 mm2/s)

Group A [60 W × 5 min] 6 1.17 ± 0.33 0.90 ± 0.19 .010* 0.99 ± 0.11 1.02 ± 0.19 .77 .087

Group B [80 W × 3 min] 7 1.06 ± 0.28 1.07 ± 0.32 .94 1.06 ± 0.20 1.11 ± 0.23 .73 .69

Group C [80 W × 5 min] 10 0.92 ± 0.41 1.37 ± 0.32 .002* 1.11 ± 0.39 1.37 ± 0.45 .15 .95

Group D [100 W × 3 min] 10 0.72 ± 0.48 1.77 ± 0.63 .005* 0.86 ± 0.38 1.65 ± 0.53 .005* .61

Group E [100 W × 5 min] 9 1.12 ± 0.38 1.55 ± 0.31 .010* 1.00 ± 0.39 1.33 ± 0.35 .041* .030*

f (%)

Group A [60 W × 5 min] 6 23.78 ± 9.41 7.67 ± 10.86 .011* 28.38 ± 15.69 15.56 ± 8.88 .008* .010*

Group B [80 W × 3 min] 7 20.36 ± 7.91 1.96 ± 2.87 .003* 22.27 ± 6.88 21.22 ± 11.78 .79 .008*

Group C [80 W × 5 min] 10 35.99 ± 16.52 5.02 ± 7.28 <.001* 37.02 ± 11.45 31.92 ± 14.52 .34 <.001*

Group D [100 W × 3 min] 10 50.17 ± 21.60 3.89 ± 4.79 <.001* 47.73 ± 18.77 39.06 ± 17.22 .091 <.001*

Group E [100 W × 5 min] 9 40.70 ± 26.15 13.17 ± 21.22 <.001* 46.36 ± 21.92 35.28 ± 23.84 .012* <.001*

D* (×10−3 mm2/s)

Group A [60 W × 5 min] 6 159.79 ± 72.51 55.03 ± 50.28 .007* 189.41 ± 85.38 149.52 ± 41.66 .20 .025*

Group B [80 W × 3 min] 7 198.08 ± 93.32 47.47 ± 33.60 .007* 215.05 ± 73.13 181.36 ± 81.06 .030* .008*

Group C [80 W × 5 min] 10 129.91 ± 54.82 44.34 ± 40.15 <.001* 206.05 ± 56.31 171.49 ± 35.79 .11 <.001*

Group D [100 W × 3 min] 10 222.69 ± 124.70 34.13 ± 46.77 <.001* 224.65 ± 79.43 274.08 ± 101.17 .24 <.001*

Group E [100 W × 5 min] 9 229.79 ± 140.15 58.00 ± 64.94 .004* 242.79 ± 95.69 179.13 ± 53.42 .097 .001*

ADC (×10−3 mm2/s)

Group A [60 W × 5 min] 6 1.34 ± 0.27 0.97 ± 0.26 0.003* 1.28 ± 0.19 1.16 ± 0.27 .28 .089

Group B [80 W × 3 min] 7 1.21 ± 0.25 1.11 ± 0.35 0.40 1.25 ± 0.22 1.30 ± 0.30 .70 .11

Group C [80 W × 5 min] 10 1.31 ± 0.44 1.42 ± 0.33 0.39 1.49 ± 0.43 1.65 ± 0.42 .25 .11

Group D [100 W × 3 min] 10 13.0 ± 0.49 1.80 ± 0.62 0.092 1.32 ± 0.61 2.03 ± 0.38 .014* .25

Group E [100 W × 5 min] 9 1.50 ± 0.45 1.70 ± 0.51 0.11 1.48 ± 0.46 1.76 ± 0.51 .17 .57

Data are presented as means ± standard deviations and compared with paired-samples t-test. P value < .05 (marked as *) indicates statistical significance. Group A = 60 W × 5
min (total energy delivery 18000 J); B = 80 W × 3 min (total energy delivery 14400 J); C = 80 W × 5 min (total energy delivery 24000 J); D = 100 W × 3 min (total energy delivery
18000 J); and E = 100W× 5min (total energy delivery 30000J) according to the power and application duration. ADC, apparent diffusion coefficient; IVIM, intravoxel incoherent
motion; MWA, microwave ablation; n, number of ablation zones.
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D* values in the white zones were signifi-
cantly lower than those in the red zones
and the pre-ablation hepatic parenchyma,
which could be explained by the interruption
of the blood flow in the necrotic area. Since
the capillary network was destroyed in the
central scar, the lack of perfusion could result
in f value decreasing to a “base level”. There-
fore, the microcirculation-related parameters
were independent to energy deposition in
the necrotic area without any significant cor-
relation. The difference in f value between
the necrotic white zone and inflammatory
red zone was also observed by previous
studies,16,18 which demonstrated its feasibility
as a biomarker in monitoring the therapeutic
effect of MWA.

Although it was noted that f value was
prone to artifact and image noise, which
might be associated with factors such as
gas production with the white zone and
respiratory movement, our study indi-
cated that f value is most promising in
accurately predicting diameter of real
MWA white zone. Further investigations
are required to determine the cutoff va-
lues of white and red zones in different
parameter maps.

In spite of the significant changes in D*
value, its intra- and inter-observer agree-
ment were the lowest in measurement,
which suggested its unreliability in clinical
practice since an unrealistic high signal-to-
noise ratio is required during the DWI
study.36 The lowest reproducibility of D*
was also noted in previous studies.18,36,37

There were several limitations in the pre-
sent study. First, the sample size was relatively
small. A larger sample size is required to
further confirmourfindings. Second, although
the intra- and interobserver agreement was
acceptable in our study, the standard devia-
tion of IVIM parameters within each group
was relatively high, probably due to a small
sample size, individual difference, andmotion
artifacts. Potentially additional information
could be more accurately provided by con-
trast-enhanced T1-weighted imaging, and
further studies are required to compare the
two techniques. Third, the ex vivo study or
comparison with radiofrequency ablation
was not performed because this study aimed
at identifying theMWAprotocol settings asso-
ciated with the morphological features and
instant post-ablation IVIM parameters in
MWA. Fourth, this study was performed in
normal porcine livers rather than hepatic tu-
mors. However, it provided some prospective
references about the influence ofMWAproto-
cols for further clinical studies.

In conclusion, the present study showed
that WL, WS, and WZ had a tendency to
rise with the increase in energy delivery
and wattage, but the higher correlation
between morphological metrics and
wattage implied that these morphological
metrics were more likely to be affected by
wattage, especially WS. High wattage-
short duration, rather than a higher
energy delivery with lower wattage,
may be a recommended MWA proto-
col for a larger white zone. Of the

microcirculation-related parameters, the
f value in instant post-ablation IVIM-DWI
was less affected by different MWA proto-
cols and had better intra- and inter-
observer agreement than D* value, which
is promising in evaluation of the therapeu-
tic effect of MWA as a stable biomarker.
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Supplemental Figure 1. a-e. Pathological specimens acquired from the five groups. Microwave ablation gross specimens acquired from the five groups. (a)
60 W 5 min, white zone 17×13 mm; (b) 80 W 3 min, white zone 17×15 mm; (c) 80 W 5 min, white zone 26×22 mm; (d) 100 W 3min, white zone 24×20 mm;
(e) 100 W 5 min, white zone 19×19 mm.
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Supplemental Figure 2. a-d. The tendency of variation in morphological parameters. Box plots demonstrated the tendency of variation in WL (a), WS (b),
WZ (c), SR (d) among the five groups. The thick lines were medians of the morphological metrics, and upper and lower hinges represented interquartile
ranges. SR, sphericity ratio; WL, the long axis of the white zone; WS, the short axis of the white zone; WZ, the area of the white zone.
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