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Background. The aim of the study was to characterize ultrasonographic (US) findings during and after electrochem-
otherapy of liver ftumors to determine the actual ablation zone and to verify the coverage of the freated tumor with
a sufficiently strong electric field for effective electrochemotherapy.

Patients and methods. US findings from two representative patients that describe immediate and delayed tumor
changes after electrochemotherapy of colorectal liver metastases are presented.

Results. The US findings were interrelated with magnetic resonance imaging (MRI). Electrochemotherapy-treated
tumors were exposed fo electric pulses based on computational freatment planning. The US findings indicate im-
mediate appearance of hyperechogenic microbubbles along the electrode fracks. Within minutes, the tumors be-
came evenly hyperechogenic, and simultaneously, an oedematous rim was formed presenting as a hypoechogenic
formation which persisted for several hours after freatment. The US findings overlapped with computed electric field
distribution in the freated tissue, indicating adequate coverage of tumors with sufficiently strong electric field, which
may predict an effective freatment outcome.

Conclusions. US provides a tool for assessment of appropriate electrode insertion for intraoperative electrochemo-
therapy of liver tumors and assessment of the appropriate coverage of a tumor with a sufficiently strong electric field
and can serve as predictor of the response of tumors.
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Introduction tion-based treatments, i.., electrochemotherapy

(ECT) and irreversible electroporation (IRE), are
Ablative techniques provide an effective tool for  being explored as possible alternatives.'®* The ma-
treatment of liver tumors. Radiofrequency ablation  jor advantage of electroporation-based treatments
is the most frequently used, whereas electropora-  over other ablation techniques is their non-thermal
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mechanism of action; therefore, they have the ad-
vantage of being effective near major blood vessels,
since their effectiveness is not reduced by the heat
sink effect.!

ECT combines chemotherapeutic drugs, bleo-
mycin or cisplatin, to provide therapeutic effec-
tiveness with electroporation of tumors as a drug
delivery system, whereas in IRE, cell death is in-
duced by electroporation only.3- ECT has recent-
ly demonstrated its effectiveness in a first clinical
study on liver tumors, i.e., colorectal liver metas-
tases during open surgery.>1%!! Effectiveness was
demonstrated to be good: 80% of the treated tu-
mors responded completely during the 4-months
observation period. The safety of its use was also
demonstrated in tumors located near the major
liver blood vessels, which were not resectable
and not amenable to radiofrequency ablation. The
phase I study is now continuing with a phase II
study in which ECT was also demonstrated to be
effective in tumors that are larger than 3 cm in di-
ameter.!! Recently similar results were obtained
in phase I studi after ECT of hepatocellular carci-
noma tumors.?

A wide spectrum of imaging techniques is avail-
able for the evaluation of the outcome of IRE of
liver tumors.’> Among these techniques are US,
computed tomography (CT), magnetic resonance
imaging (MRI) and positron emission tomogra-
phy (PET). All of these techniques contribute to the
planning, treatment implementation, visualization
of the target volume, and guidance for the elec-
trode placement. MRI has already been utilized for
the immediate observation of ablated tissue zones
and monitoring of the IRE ablation procedure.+1¢

ECT is currently performed intraoperatively,
and the US is used for tumor identification and
electrode placement; however, the US findings im-
mediately after the ECT have not been previously
described. In this study, immediate, intermedi-
ate and delayed changes in tumors with US were
evaluated for assessment and as an indicator of the
appropriate coverage of tumors with a sufficiently
strong electric field and predictor of the response
of tumors .18

Patients and methods
Patients

Patients were treated by ECT for colorectal liv-
er metastases. The study was approved by the
Slovenian National Ethics Committee (#45/09/08),
and registered at ClinicalTrials.gov (NCT02352259;
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First Posted Date: February 2, 2015) and conducted
according to the Helsinki declaration. The patients
signed an informed consent form. Two representa-
tive patients of the trial who were treated at the
Institute of Oncology in Ljubljana were selected
from this study for presentation.

Patient #1 was a 56-year-old female with a 25
mm recurrent colorectal liver metastasis located in
the left liver lobe under the right hemidiaphragm
which was diagnosed in early 2016. The patient
had previously undergone a right hepatectomy
and metastasectomy from Sg. I and IV, which was
performed in 2009, and sigmoid colon resection
in 2006 (T4N1 sigmoid colon adenocarcinoma).
Before the first liver operation in 2006, the patient
was treated with chemotherapy, which included
oxaliplatin, capecitabine and cetuximab.

Patient #2 was a 59-year-old male diagnosed in
2016 with synchronous, locally advanced rectal
cancer and solitary 16 mm liver metastasis in Sg.
VII that was adjacent to the right hepatic vein. He
received neoadjuvant treatment, which included
chemotherapy (FOLFOX, panitumumab) and a
short course of radiation (5 x 5 Gy). Previously, he
was treated for laryngeal and lung cancer.

Imaging

Standard pretreatment evaluation of patients with
colorectal liver metastases included a liver MRI
with a hepatospecific contrast agent and a CT of
the thorax and abdomen, including the pelvis at
least 1 month before ECT. MRI was performed us-
ing a 1.5 T GE Medical Systems Optima MR450w
(GE, Chicago, IL) and Siemens Magnetom Avanto
syngo MR B17 (Siemens, Erlangen, Germany). CT
imaging was performed using contrast-enhanced
CT (CECT) on a Siemens SOMATOM Definition
AS 64 (Siemens, Erlangen, Germany). The patients
were reviewed at a multidisciplinary team. The
follow-up assessment included a liver MRI with
hepatospecific contrast agent CECT within at least
1-2 months after treatment, after 6 months, and un-
til progression of the disease. In the case of Patient
#1 also follow up using the US was possible, due to
the specific location of the lesion. Evaluation of the
target lesion and tumor response were measured
according to modified RECIST criteria.?

ECT was performed under real-time US guid-
ance using a 7.5-MHz linear-array transducer
probe on a portable GE ultrasound machine. The
follow-up US was performed using an abdominal
probe on a Toshiba Aplio 300 ultrasound appara-
tus (Toshiba, Otawara, Japan).
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Treatment planning

Treatment planning was performed based on
pre-operative images (patient 1: CECT; patient 2:
contrast-enhanced T1-weighted MRI). The liver
and liver vessels were segmented using semi-au-
tomated segmentation algorithms that were devel-
oped previously and integrated into the web-based
tool, Visifield (www.visifield.com, University of
Ljubljana).”?* Electrodes were modelled as con-
ductive cylinders based on commercially available
individual needle electrodes (IGEA, Carpi, Italy).
The direction of electrode access was determined
by the performing surgeon.

Given the direction of electrodes, a treatment
plan was prepared for both patients by optimizing
the voltages between four electrodes positioned in
a rectangular pattern in the healthy liver paren-
chyma. The optimization was performed by solv-
ing the Laplace equation for the electric potential
in tissue using the finite element method.?! Since
the pulses are delivered to the electrodes in pairs,
the computation was performed for each pair of
electrodes separately (in total, 6 pairs for 4 elec-
trodes), and the maximum electric field from each
pair combined was used to determine the cumula-
tive coverage of a tumor. By sequentially activating
the electrodes in this way, a larger tumor volume
can be covered with sufficiently strong electric
fields.” The goal of the optimization was to ensure
a 100% coverage of the clinical target volume with
electric field above 400 V/cm and to limit the maxi-
mum current delivered to the tissue to be below 50
A (hardware limit of the IGEA Cliniporator Vitae
pulse generator).”

Electrochemotherapy

ECT was performed using the same treatment
protocol as defined by the SOP for ECT of cutane-
ous tumors regarding the drug dosage and elec-
trical parameters (i.e. pulse duration and number
of pulses) of electroporation.?? The procedure was
adapted for the treatment of liver tumors during
open surgery as previously described.??4%

For patient #1, a transthoracic approach through
the diaphragm was chosen due to expected adhe-
sions from previous liver resection and because of
the subdiaphragmatic location of the metastasis.
Initially, we planned to use long individual nee-
dle electrodes and a variable geometry approach
(Supplementary data: Table S1, Figure S1); how-
ever, during the operation, the plan was changed
due to limited space in the thorax. Therefore, a hex-

agonal electrode array with 3-cm long needles with
fixed geometry was used.’ The electrodes were in-
serted 8 times to cover the entire tumor.

Patient #2 was operated after neoadjuvant treat-
ment (see above). We planned ECT for him because
his liver metastasis was located on the right hepatic
vein, which would have required a right hepatec-
tomy simultaneously with a low anterior rectal re-
section. This was considered to be too extensive of
a procedure; therefore, ECT and simultaneous low
anterior rectal resection were performed.

The treatment plan was prepared based
on the pre-operative MRI or CECT images
(Supplementary data: Table S1, Figure S1). The
calculation of the optimal electrode placement
for specific access was performed. The treatment
plan included placing four electrodes located in
the safety margin around the tumor and one elec-
trode located centrally in the tumor. The electric
pulse amplitudes, which would result in a 100%
coverage of a tumor with electric fields above
400 V/cm, were calculated (Supplementary data:
Table S1).

Reconstruction of the imaging plane

To attempt to correlate the results of the numeri-
cal modelling with observed changes in ultrasound
images, the US imaging plane was reconstructed
by synthetically generating a 2-D image from the
segmented volumetric pre-treatment images with
the same dimensions as the US images. The spa-
tial origin and angles of the pseudo-US image were
manually adjusted to register the intraoperative US
with the anatomical landmarks (tumor location,
liver shape and major blood vessels position).26%
To verify this reconstruction, the segmented US
images were compared with the reconstructed im-
aging plane using the Dice-Serensen coefficient.?®
The mean value of this coefficient was 0.66, while
the standard deviation was 0.10.

Results

ECT was used for the treatment of the liver tumors.
US imaging was used for the identification of the
electrode placement according to the treatment
plan (Supplementary data: Table1, Figure S1).
Two representative cases are presented, and US
specific changes are described for identification of
adequate tumor coverage with sufficiently strong
electric field to ensure electroporation and thus ef-
fective ECT.
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FIGURE 1. Colorectal liver metastases in difficult-to-freat locations. Locations of
metastases to be treated with electrochemotherapy are indicated by white arrows
(A) subdiafragmally in the liver remnant after right hepatectomy; (B) segment VIi
near the right hepatic vein.
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FIGURE 2. Effects of electrochemotherapy as is visible in the ultrasound imaging. (A)
Immediate effect of microbubbles formation in the electrode track (5 min). Location
of the metastasis is indicated by the dashed white curve. Overlaid is a contour plot
showing iso-contours of the electric field of 400 and 800 V/cm, yellow and green
solid curves, respectively. Electrode locations for one array location are indicated by
blue dashed lines (B) lllustration of the ultrasound imaging plane in the reconstructed
3-D geometry of the liver. The tumor is shown in yellow, blood vessels are shown in
blue, and the liver surface is shown in fransparent red. The imaging plane is shown
in black. One location of the electrode array is also shown. (C) Microbubbles are
resorbed, the hypoechoic area represents the electroporated area, and the
hyperechoic tumor is well demarcated within the ablation zone (5-15 min). Location
of the metastasis is indicated by dashed white curve. Overlaid are the electric field
iso-contours after delivery of all pulses as in (A). (D) lllustration of the imaging plane
and location. Colors as in (C). Anatomic directions in (C) and (F) are indicated as
follows: A — anterior, P — posterior, L — left, R —right, S — superior, | — inferior.

Radiol Oncol 2018; 52(4): 383-391.

Boc N et al. / Ultrasonographic changes in the liver tumors after electrochemotherapy

Tumour identification and treatment

The first case (patient #1) had liver metastasis of a
colorectal tumor that was 20 mm in diameter, lo-
cated subdiafragmally in the liver remnant after a
right hepatectomy (Figure 1 A). Due to its location,
we decided to perform ECT with trans-thoracic
access using hexagonal electrodes. Therefore, the
treatment plan was not executed as originally fore-
seen.

The second case (patient #2) had liver metasta-
sis of a colorectal tumor in segment VII that was
near the right hepatic vein and 19 mm in diam-
eter (Figure 1 B). Due to its location, we decided
to perform ECT using long needle electrodes. The
placement of the electrodes was US-guided and
confirmed to be close to the treatment plan.

Ultrasonographic findings following ECT

The ablation zone was monitored by the US imme-
diately after delivery of electric pulses during the
ECT session. In patient #1, it was also possible to
monitor the outcome using US few days and also
several months after ECT and compare it to MRI
due to the tumor’s location and trans-thoracic ap-
proach. Based on US observations of immediate ef-
fects, the tumor coverage with a sufficiently high
electric field can be predicted, whereas the inter-
mediate effects can confirm adequate coverage of
the tumor with an effective electric field. The late
effects indicated the progressive resorption of the
treated zone within a few months after efficient
ECT.

Immediate effects

Immediate effects of ECT were observed after
delivery of the first electric pulses and up to 1.5
h thereafter. The observed US changes were fol-
lowed in the ablation zone to identify whether they
appear in the entire treated tumor for possible in-
dication of effective electroporation of the tumor.
The observed changes can be further divided into
two phases that were observed in both patient #1
and patient #2.

The 1%t phase took up to 5 minutes after the deliv-
ery of electric pulses. The hyperechoic microbub-
bles were observed along the electrode tracks and
were visible immediately i.e. within a few seconds
after the pulses were triggered and later within the
entire ablation zone (Figure 2 A).

During the 2 phase, after 5-15 min, microbub-
bles were distributed throughout the treated tumor,
and the tumor became hyperechoic and surrounded
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by a hypoechoic zone. The hypoechoic zone (5-15
mm wide) represents the electroporated area with-
in the normal liver tissue represents the treatment
safety margin. Because the tumor within this hypo-
echoic area is differentiated as hyperechoic, this ap-
proach can predict adequate coverage of the treated
tumor with an adequate electric field, when the hy-
perechogenicity is evenly distributed throughout
an ECT-treated tumor (Figure 2 C). To confirm this
finding, the ablation zone was correlated with the
placement of the electrodes. The hypoechoic area
coincided with the predicted area that needed to be
treated for complete coverage of a tumor for its ef-
fective ablation (Figure 2 A, C).

Similar findings were also observed in the sec-
ond case (patient #2), where long individual nee-
dle electrodes were used for the variable electrode
configuration. The electrode track was already ob-
served few seconds after electroporation (Figure 3
A) followed by hypoechoic changes and microbub-
ble formation in the 2" phase after 5-15 minutes
(Figure 3 C). This patient underwent another sur-
gical procedure within the same operation after
ECT. This enabled the investigation of the ablation
zone 1.5 h after ECT (Figure 3 E). The hypoechoic
ablation zone was visible with a clearly demar-
cated and evenly hyperechoic tumor. Based on
the observation in patient #1, we assumed that the
tumor was adequately electroporated with a suf-
ficient safety margin. Again, the hypoechoic area
coincided with the predicted area that needed to be
treated for complete coverage of the tumor for its
effective eradication (Figure 3 A, C, E).

Intermediate effects as observed by US after a
few days

Four days after ECT US of the metastasis in patient
#1 she presented with an 18-mm hyperechoic for-
mation surrounded by a 5-mm hypoechoic area,
which is most likely the oedematous area of the
liver parenchyma, or the safety margin (Figure 4).
The metastasis had a similar appearance as imme-
diately after the ECT. In this case, transabdominal
US imaging of the ECT-treated metastasis was pos-
sible due to the specific location and the transtho-
racic approach, which did not result in the air in
the abdominal cavity.

Late effects

The response to the treatment was evaluated 5
months after the treatment by US and compared to
the MRI in patient #1. This evaluation was possible
due to the specific location of the metastasis, which
also enabled the verification of its appearance by
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FIGURE 3. Effects of electfrochemotherapy (ECT) as visible in the US imaging. (A)
Immediate effect of microbubble formation in the electrode track immediately
after electroporation (5 min). Location of the metastasis is indicated by the dashed
white curve. Overlaid is a contour plot showing iso-contours of the electric field of
400 and 800 V/cm, yellow and green solid curves, respectively. Electrode locations
are indicated by dashed blue lines (B) lllustration of the US imaging plane in the
reconstructed 3-D geometry of the liver. The tumor is shown in yellow, blood vessels
in blue, and the liver surface in transparent red. The imaging plane is shown in black.
(C) First hyperechoic changes and microbubbles after treatment (5-15 minutes).
Location of the metastasis is indicated by dashed curve. Overlaid are the electric
field iso-contfours. Colors as in (A). (D) lllustration of the imaging plane and location.
Colors as in (B). (E) Hyperechoic tumor in the hypoechoic ablation zone 1.5 h after
ECT. Location of the metastasis is indicated by dashed white curve. Electric field and
electfrodes are shown as above. (F) lllustration of the imaging plane and location.
Colors as in (B). Anatomic directions in (B), (D), and (F) are indicated as follows: A —
anterior, P — posterior, L - left, R —right, S — superior, | — inferior.

US. Five months after ECT, US and MRI showed
the metastasis in patient #1 as a fibrotic residuum
without the hypoechoic rim. The size of the metas-
tasis was not significantly reduced (Figure 5 A, B).
The appearance was as a complete response, which
was also present 7 months after ECT; however, at
that time, the size was significantly reduced to 11
mm from the original 20 mm in the greatest diam-
eter, indicating the slow resorption of the treated
metastasis. Similar MRI findings were shown in
patient #2, 3 months after ECT in which the treated

Radiol Oncol 2018; 52(4): 383-391.
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FIGURE 4. Transabdominal US of liver metastasis 4 days after
electrochemotherapy. The metastasis was well demarcated
and hyperechoic (indicated by the white arrow) in the
hypoechoic ablation zone.

Radiol Oncol 2018; 52(4): 383-391.

metastasis was reduced from 19 to 13 mm in diam-
eter (Figure 5 C).

Discussion

Monitoring changes in the tissue during and after
ablative techniques, including ECT, is important
to evaluate the progress of the procedure and its
result. It is important not to overestimate or under-
estimate the ablative zone because both have their
drawbacks. Therefore, treatment monitoring and
understanding the imaging findings to predict the
tumor response to ECT are important.

We observed that hyperechoic foci are indica-
tors of the electroporated tissue (tumor), and when
the area coincides with the whole tumor mass, it
indicates adequate tumor coverage with suffi-
ciently strong electric field. The hyperechogenic
microbubbles that form around the electrodes are
a consequence of electrochemical reactions on the
electrodes.?32 These are gaseous bubbles that then
disperse throughout the tumors. Monitoring the
hyperechogenicity of the tumors is thus important
for monitoring the treatment of liver tumors dur-
ing intraoperative ECT, where US helps not only
with proper electrode placement but also has an
important role in assessment and as an indicator of
the tumor coverage with a sufficiently strong elec-
tric field. This is important for the electroporation
of the whole tumor to facilitate bleomycin entry
into the tumor cells, which can then exert its po-
tent cytotoxic effect on cells.®* Around the tumour
and in the normal tissue, a hypoechogenic rim is
formed, indicating tissue edema. This observation
is due to the blockade of the tumor perfusion due
to the electric pulse application and water leakage
out of the tissue.* The formation of the safety halo
around a tumour further supports the presump-
tion that a tumour was adequately covered by the
effective electric field during the ECT (Figure 6).

Treatment planning for ECT and IRE is gaining
in its importance!, specifically with a new web-
based tool that will enable the spread of this ap-
proach.? Treatment planning based on numerical
methods for computing the electric field is the best

FIGURE 5. Late effects of electrochemotherapy (ECT). (A)
US image 5 months after ECT in patient #1. (B) MRl 5 months
after ECT in patient #1. Metastasis of reduced size presented
as a fibrotic residuum without the edematous rim. (C) MRI 3
months after ECT in patient #2. The metastasis of reduced size
presented as a fibrotic residuum without the edematous rim. All
lesions are indicated by white arrows.
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tool for verifying the feasibility of electroporation-
based treatments and determining the optimal
electrode placement for successful coverage of the
entire tumor during treatment in advance of the
treatment. The placement of the electrodes is criti-
cal, since placement errors can lead to insufficient
coverage of the target tissue.® Coupling with ste-
reotactic navigation or optical navigation has been
shown to be feasible, and CT guidance is often used
for percutaneous IRE treatments.>* However, in
situations when the placing of the electrodes can-
not follow the treatment plan, e.g., due to tumour
growth between imaging and the time of the treat-
ment, poor contrast of the tumour in pre-treatment
imaging or unforeseen difficulties in placing the
electrodes according to the treatment plan, a tool
to verify the coverage of the tumour with sufficient
electric fields is important. MRI imaging has been
proposed for monitoring the electric field during
pulse delivery; however, the clinical application
still requires further developments, such as MRI-
compatible pulse generators and electrodes.’>1¢ US
thus lends itself as a tool for monitoring the im-
mediate tissue response: the appearance of hyper-
echoic and hypoechoic changes are possibly indic-
ative of tissue electroporation, and when the area
coincides with the treated tumor and the treatment
plan, as shown in this study, then the complete re-
sponse of the treated tumor can be anticipated.

Interestingly, the US findings are comparable
with the MRI findings — a hyperechoic tumor with
a hypoechoic rim, which was shown to be the safe-
ty margin. Most likely, the hypoechoic rim repre-
sents the edematous normal tissue, which gradu-
ally resorbs after electroporation/pulse delivery, as
shown also in this study. This could also be related
to the differential effect of ECT on the normal ver-
sus tumor tissue vasculature, which has been dem-
onstrated in a mouse model using window cham-
ber microscopy.®3

US has already been used for the observation of
tissue changes after IRE in the study on pigs. In the
acute period, a hypoechoic area with well-demar-
cated margins appeared. Therefore, the ablation
zone can be predicted by measuring the external
hyperechoic rim that forms 90-120 minutes after
IRE. The rim is possibly attributable to evolving
hemorrhagic infiltration via widened sinusoids.®
Our study demonstrates similar findings after re-
versible electroporation, though in the ECT treated
cancer patients.

The response of a tumour after ECT is slow due
to its mode of action, i.e., due to slow killing of the
dividing cells that occurs due to the internalization

. Time after ECT treatment
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FIGURE 6. Schematic representation of the timeline of ultrasonographic changes

after the delivery of electrochemotherapy freatment.

of the bleomycin by electroporation.*42 The treated
tumor gradually changes into fibrotic tissue during
a period of 4 months, as shown in the MRI images.
Later, the tumor progressively shrinks with slow re-
sorption of the necrotic tumor tissue and fibrosis.*?

In conclusion, we have described US post-ECT
changes that can serve as an indicator of tumor
coverage with a sufficiently strong electric field
and a predictor of the response of the tumors. The
US findings during the treatment are comparable
with the MRI findings during the follow-up period.
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