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ABSTRACT
Purpose: Irreversible electroporation (IRE) is a nonthermal tissue ablation technique that represents a
promising treatment option for unresectable liver tumors, but the effectively treated zone can not be reliably
predicted. We investigate the potential benefit of transcatheter intra-arterial perfusion (TRIP)-MRI for the
early noninvasive differentiation of IRE zone from surrounding reversibly electroporated (RE) zone.

Methods: Seventeen rabbits with VX2 liver tumors were scanned with morphological and contrastenhanced MRI sequences about 30 minutes after IRE tumor ablation. Quantitative TRIP-MRI perfusion
parameters were evaluated in IRE zone and RE zone, defined according to histology. MRI and histology
results were compared among zones using Wilcoxon rank-sum tests and correlations were evaluated by
Pearson’s correlation coefficient.

Results: There were significant differences in area under the curve, time-to-peak, maximum and late
enhancement, wash-in and wash-out rates in the tumor IRE zones compared to the boundary tumor RE
zones and untreated tumors. Histology showed significantly fewer tumor cells, microvessels and
significantly more apoptosis in tumor IRE zones compared to tumor RE zones (-51%, -66% and +185%
respectively) and untreated tumors (-60%, -67% and +228% respectively). A strong correlation was
observed between MRI and histology measurements of IRE zones (r = 0.948) and RE zones (r = 0.951).

Conclusion: TRIP-MRI demonstrated the potential to detect immediate perfusion changes following IRE
liver tumor ablation and effectively differentiate the IRE zone from the surrounding tumor RE zone.

KEYWORDS: Irreversible Electroporation, Transcatheter intra-arterial perfusion (TRIP)-MRI, Liver
tumors, reversibly electroporated zone, irreversibly electroporated zone, Rabbit.
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INTRODUCTION

Patients with unresectable hepatocellular carcinoma (HCC) or metastatic liver tumors commonly undergo
thermal ablation procedures that involve cooling or heating of targeted tumor tissues with percutaneous
probes. While thermal ablation has gained widespread acceptance, it has also demonstrated several critical
drawbacks that can limit its efficacy in the clinical setting.[1-4] Irreversible electroporation (IRE) is a
nonthermal tissue ablation technique that causes cell death in tumor tissue while preserving the extracellular
matrix and inducing minimal inflammation, which makes it a promising treatment for unresectable liver
tumors[5]. IRE involves the application of strong electric pules to the target tumor creating a central ablation
zone containing complete necrotic tissue (defined as irreversibly electroporated zone, IRE zone) from a
surrounding zone containing viable tissue (defined as reversibly electroporated zone, RE zone)[6-11].

The main limitation of IRE ablation is the uncertainty in the prediction of effectively IRE zone and RE
zone, which depends on the treatment protocol and features of the tissue[12-14]. It would be critical to have
an early noninvasive tool to distinguish the tumor IRE zone from the surrounding tumor RE zone or/and
normal liver tissue immediately after treatment. This would allow retreatment or other interventions to be
timely performed to minimize the likelihood of recurrence while preserving the vital healthy surrounding
tissues.

Noninvasive imaging plays an important role in IRE studies, e.g. preoperative planning, intraoperative
guidance, assessment of treatment outcome and complications. MRI demonstrates potential superiority to
the commonly used US and CT for the depiction and characterization of the ablated area and is increasingly
being used[15]. However, the utility of advanced and quantitative MRI techniques has not been thoroughly
investigated[16].
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TRIP-MRI is a technique evaluating the perfusion features of the tissue after direct injection of the
contrast agent into the tumor tissue of interest through an intra-arterial catheter. Continuous iterative
volumetric imaging over time of TRIP-MRI incorporates the benefits of high spatial and temporal
resolution with intraprocedural monitoring for objective perfusion quantification.[17] It has been previously
shown to successfully characterize perfusion changes after chemoembolization and radiofrequency ablation
of liver tumors[18, 19].

The purpose of this study is to investigate the potential benefit of TRIP-MRI for the early noninvasive
differentiation of IRE zone and surrounding tumor RE zone.

METHODS

Animal model

All animal methods are approved by the Institutional Animal Care and Use Committee of Northwestern
University. Nineteen rabbits weighing 3.0-3.5 kg (New Zealand White, Covance, Princeton, NJ) were used
for this study, i.e. two donor rabbits for VX2 incubation and 17 rabbits for the MRI and histology
experiments. In brief, basic anesthesia was induced by intramuscular injection of ketamine (100 mg/kg)
and xylazine (5 mg/kg) and maintained by inhalation of isoflurane (2-3 % in oxygen, 3 L/min). VX2 tumor
cells were implanted in the hind limbs of donor rabbits and harvested when tumor size is reached
approximately 3 cm in diameter. Donor tumor fragments (around 1 mm3) were implanted into the liver left
lobe of the other 17 rabbits using a biopsy needle under percutaneous ultrasound-guidance. Tumors were
allowed to grow for 7-10 days until the longest diameter reached at least 10 mm by MRI measurement. All
the rabbits developed at least one tumor and 7 out of 17 rabbits had a second tumor that was not treated but
used as an internal control.
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Digital subtraction angiography (DSA)

About two weeks after implantation, when the tumors were grown to a diameter between 1 and 1.5 cm, the
rabbits were anesthetized with an injection of 100 mg/kg ketamine and 5 mg/kg xylazine. X-ray DSAguided hepatic artery catheterizations were performed using a C-arm unit (Powermobil; Siemens Medical
Solutions, Erlangen, Germany). The femoral artery was accessed through surgical cut-down; an introducer
needle was inserted and exchanged with a 3-F introducer sheath (Check-Flo; Cook, Bloomington, IN) over
a coaxial 0.014″ diameter guidewire (Prowater; Abbott Laboratories, Redwood City, CA). Under X-ray
fluoroscopy, an iodinated contrast agent (Iohexol; Omnipaque 350; Amersham, Princeton, NJ) was used
for DSA and a 2-F catheter (JB-1; Cook, Bloomington, IN) was used to selectively interrogate the celiac
artery and advance into the hepatic artery.

IRE procedure

For IRE, each rabbit was fixed in a supine position and the left medial hepatic lobe was exposed through a
mini-laparotomy incision. This lobe was gently pulled out and placed on sterile gauze using two cotton
applicators. A parallel two-electrode array (diameter 0.4 mm, distance 5 or 10 mm) was inserted into the
tumor to be treated, avoiding major vessels and bile ducts (C.S. and B.W., 2 years of experience). Using a
BTX Electroporator (ECM830; Harvard Apparatus, Holliston, MA), 8 pulses at 2 kV were delivered with
a 100 µs duration and 100 ms spacing[20]. After the IRE procedure, the abdominal incisions were closed
with a two-layer technique.

MRI acquisition

MRI images were acquired using a 15-channel knee coil on a 3T clinical unit (Magnetom Skyra; Siemens
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Medical Solutions, Erlangen, Germany) before and immediately after IRE treatment. The baseline protocol
included axial T1-weighted gradient-echo and axial respiration-triggered T2-weighted spin-echo sequences
and was used to plan the IRE intervention. In the post-treatment scan session, these two sequences were
repeated, and a dynamic contrast-enhanced protocol was applied for TRIP-MRI, consisting of continuous
repetitions of a spoiled gradient-echo T1-weighted sequence for a total of about 11 minutes; after one
minute of scanning, 3 mL of 5% gadopentetate dimeglumine solution (Magnevist; Bayer Schering Pharma,
Whippany, NJ) was administered over 5 seconds, followed by the same amount of saline solution.[17-19]
Finally, the T1-weighted sequence was repeated once more to evaluate late contrast enhancement. The
acquisition parameters for each sequence are reported in Table 1. Due to the time needed for closing the
abdominal incision, moving the rabbit to the MRI room and scanning the anatomical images, the TRIPMRI was started approximately 30 minutes after IRE on average.

MRI analysis

The area of the necrotic center and enhancing boundary was measured for each treated tumor on a single
slice of the post-contrast T1-weighted image based on contrast enhancement. We assumed these to
correspond to the IRE and RE zone respectively; this hypothesis was validated by visual comparison with
histology and correlation between the area measurements obtained by the two modalities.

Regions of interest (ROIs) were placed in the following areas on perfusion images using T1 and T2weighted images as reference: IRE zone and RE zone of the IRE treated tumor, untreated tumor (if present),
right and left lobe of the healthy liver. Their average size was 198 mm3 for the IRE zone, 211 mm3 for the
RE zone, 604 mm3 for untreated tumors and 340 mm3 for the healthy liver. The healthy liver ROIs were
drawn as far as possible from the treated areas and from large vessels; imaging artifacts were carefully
excluded in all the remaining ROIs. 14 ROIs in IRE zone of the treated tumor, 12 ROIs in RE zone, 7 ROIs
in untreated tumors and 10 ROIs in each liver lobe were included for the subsequent analysis. All the ROIs
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for area measurements and perfusion analysis were manually drawn using ITK-SNAP version 3.6 [21] by
consent between three radiologists with at least 5 years of experience (L. P., S. H., Z. Z.).

Time-intensity curves were plotted for each ROI after smoothing with a moving-average filter, and the time
and signal intensity were registered from 5 points that were manually selected as in Supporting
Information Figure S1: baseline (1), contrast arrival (2), end of the initial linear signal increase (3), peak
or beginning of the final plateau (4), end (5). Each curve was normalized in order to obtain the relative
variation with respect to the baseline signal intensity, and 5 parameters were calculated according to the
formulas in Supporting Information Figure S1: time to peak (TTP), maximum enhancement (ME), washin rate (WIR), late enhancement (LE), wash-out rate (WOR). When the maximum enhancement was less
than 5% of the baseline value (SI1 in Supporting Information Figure S1), all the other parameters were
not evaluated. Additionally, the minimum interval between the time of contrast arrival and the end of the
acquisition was calculated among all the ROIs, and the area under the curve (AUC) was calculated for the
resulting duration from the time of contrast arrival. All the signal processing and analysis were performed
in Matlab® R2016a (Mathworks, Natick, MA).

Histology

After the post-IRE MRI scan, the liver tissues were harvested for histological examinations. Two to 3
sections across the lesion were sampled and fixed in 10% formaldehyde solution. The samples were sent to
Northwestern University Pathology Core Facility for hematoxylin-eosin (H&E) staining to assess both
tumor IRE and RE zones, terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining
to assess cell apoptosis, and CD31 (PECAM-1(M-20): sc-1506, Santa Cruz Biotechnology, Dallas, TX)
staining to assess malignant tumor neovascularization. The sections, including IRE zone, RE zone, and
untreated tumor tissue, were sampled along the MRI orientation. For the CD31 staining, tissue sections
were routinely processed and subjected to antigen retrieval. After blocked with 10% bovine serum albumin
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and horse serum in phosphate buffered saline for 1 h, tissue sections were incubated with the antiCD31antibody diluted in blocking solution overnight at 4°C in a humidified chamber. Sections were washed
3 times with phosphate buffered saline, incubated with peroxidase conjugate second antibody. After
washing with phosphate buffered saline, the sections were incubated with diaminobenzidine substrate to
stain immunolabeling and then with Mayer's hematoxylin. Upon staining process completion, the histology
slides were reviewed by a pathologist. The necrosis (IRE zone) and boundary (RE zone) were measured on
H&E slides, and the viable area fraction was computed as the ratio of the nonnecrotic and total tumor area.
Three quantitative histology measures were evaluated in the IRE zone and RE zone of treated tumors, as
well as in control tumors: the number of tumor cells from H&E slides, the apoptosis fraction from TUNEL
slides, and the microvessel density from CD31 slides. The apoptotic fraction was defined as the area of
apoptosis expressed as a percentage of the total tumor area. For microvessel density measurements, hot
spots were identified at 200× magnification level and brownish-color endothelial cells or clusters clearly
separated from other adjacent vascular structures, tumor cell, and connective tissue elements were counted
at 400X magnification level.[22, 23] All these three measurements were evaluated by two investigators (SH
and JY, both with 5 years of experience) independently in at least 5 fields per specimen, and then averaged.

Statistical analysis

The 6 parameters extracted from the time-intensity curve were evaluated in each group of ROIs. Since no
significant difference was found between the left and right lobe of the liver, all the healthy liver values for
each metric were pooled together during analysis. The statistical significance of the differences between
the 4 groups (tumor IRE zone, tumor RE zone, untreated tumor, and healthy liver) was evaluated via
Wilcoxon rank-sum tests. A P-value of 0.05 after Bonferroni-Holm correction for multiple comparisons
was considered significant. The same statistical analysis was performed for histology results. The
correlation between MRI and histology-based metrics was evaluated by Pearson’s correlation coefficient.
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RESULTS

MRI and DSA images

Representative MRI images are shown in Figure 1A. All the tumors appeared quite consistently
hyperintense on T2-weighted and hypointense on pre-contrast T1-weighted images both before and after
IRE treatment, with a less homogeneous signal after IRE. The core (IRE zone) of the treated tumor on the
post-contrast T1-weighted images was hypointense but a rim or a few foci with variable signal enhancement
(RE zone) were observed in 15/17 rabbits. DSA confirmed the correct placement of the catheter and showed
a reduction of vessels in the treated tumors (Figure 1B).

Time-intensity curves

Representative time-intensity curves for the different types of ROIs were presented in Figure 2. In IRE
zone of the treated tumors, there was only a moderate and slow signal increase after the injection of the
contrast agent. In RE zone of the treated tumors, the signal increased more and usually reached a plateau
without decreasing until the end of the acquisition time window. In untreated tumors, the signal increased
rapidly, reached a peak and then decreased. In the healthy liver, the signal increased rapidly to an
intermediate level and then decreased more rapidly than in tumors.

The quantitative parameters extracted from the curves allow these differences between groups to be more
systematically assessed (Figure 3). AUC was significantly lower in IRE zone of treated tumors than in RE
zone of treated tumors and untreated tumors (-70% compared to both regions). Besides, AUC was higher
in RE zone and untreated tumors compared to the healthy liver (+259% and +246% respectively). TTP was
higher in IRE zone of the treated tumors than in RE zone of the treated tumors (+53%), untreated tumors
(+210%) and liver (+468%). All the differences were significant except between RE zone of treated tumors
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and untreated tumors. ME was significantly lower in IRE zone of treated tumors than in RE zone of treated
tumors and untreated tumors (-67% for both). It was higher in RE zone and untreated tumor compared to
the healthy liver (+128% and +127%). WIR was significantly lower in IRE zone of treated tumors than in
all the other regions (-66%, -69% and -53% compared to RE zone, untreated tumors, and healthy liver
respectively). LE was significantly lower in IRE zone than in RE zone (-53%) of treated tumors and
significantly higher in all the tumor ROIs than in the healthy liver (+143% in IRE zone, +419% in RE zone
and +365% in untreated tumors). WOR was positive in IRE zone and higher than in RE zone (+742%),
where it was virtually null, untreated tumors (+165%) and healthy liver (+127%), where it was negative;
all the differences were significant except between RE zone and untreated tumors. The Bonferroni-Holmcorrected p-values for all the comparisons were reported in Table 2.

Histology quantitative analysis

The results of the quantitative analysis of histology data were shown as boxplots in Figure 4. The number
of tumor cells was significantly lower in IRE zones than in RE zones (p < 0.001) and untreated tumors (p
< 0.001). However, it was slightly but still significantly lower in RE zones than in untreated tumors (p =
0.017). The apoptosis fraction was significantly higher in IRE zones than in RE zones and untreated tumors
(p < 0.001), but not significantly different between RE zones and untreated tumors. The microvessel density
was significantly lower in IRE zones than in RE zones and untreated tumors (p < 0.001), but not
significantly different between RE zones and untreated tumors.

Histology- and MRI-based measurements of necrotic and viable areas

Representative outlines of IRE zone and RE zone are shown in Figure 5, along with quantitative results.
The viable fraction area was significantly lower in treated than in untreated tumors (P < 0.001). In treated
tumors, there was a significant correlation between MRI and histology region measurements, both for IRE
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zone (r = 0.948, P = 2.4x10-8) and for RE zone (r = 0.951, P = 1.5x10-8).

DISCUSSION

The purpose of this study was to investigate the capability of TRIP-MRI to detect perfusion alterations in
liver tumors immediately after IRE ablation, particularly focusing on the differentiation of the effectively
tumor IRE zone and the surrounding tumor RE zone. TRIP-MRI metrics were significantly different
between IRE zones and RE zones of the treated tumors, showing a dramatic decrease of overall perfusion,
a greatly decreased and delayed enhancement, and slower wash-in and wash-out in the effectively treated
areas. Conversely, there was no significant difference between the boundary of the treated tumors and the
untreated tumors, although a trend toward longer TTP and slower wash-out could be observed.

IRE is a promising treatment for patients who are not candidates for surgery and/or cannot tolerate thermal
ablative techniques[24-26]. Additional advantages of IRE ablation include triggering anti-tumor specific
immunological reaction[27] and having minimal impact on the tissue collagen network[26, 28]. These
benefits make IRE an attractive approach for the treatment of patients with unresectable hepatocellular
carcinoma and metastatic liver tumors[25, 26]. Recently, López-Alonso et al differentiated RE and IRE
using temporal ultrastructural changes after electroporation in pig liver[29]. Moreover, developing
noninvasive imaging techniques for accurate prediction of the IRE zone) after IRE procedures and early
identification of inadequately treated RE zones will be critical for broad, effective clinical application.

In this study, tumor histopathology showed a significantly higher degree of apoptosis in IRE zones than in
RE zones of the treated tumors and in untreated tumors. All the parameters derived from TRIP-MRI had a
negative correlation with either the apoptosis fraction or the number of tumor cells, suggesting that the
observed perfusion reduction was strongly associated with cell death induced by IRE treatment. On the
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other hand, the correlations between TRIP-MRI metrics and the microvessel density were significant but
relatively low, which is surprising because microvessel density is a direct biomarker of perfusion. A
possible explanation is that CD31 staining is inherently less repeatable, so the correlations might be affected
by a higher degree of experimental variability.

Our results were compatible with the qualitative imaging appearance of IRE-treated tumors in previous
studies. Granata et al showed MRI enhancement (intravenous injection) in 2 of 24 patients with a partial
response 1 month after IRE and no enhancement in the remaining patients with complete response[30].
Chung et al imaged the IREtreated normal porcine liver with computer tomography and found a central
nonenhancing zone surrounded by 2 enhancing layers[31]. In addition, previous TRIP-MRI studies showed
perfusion reduction in liver tumors after chemoembolization in patients [17, 19] or after radiofrequency
ablation in rabbits[18]. Our recently published data demonstrated a statistically significant apparent
diffusion coefficient increase immediately after IRE of hepatocellular carcinoma in rabbits[32]. We
previously showed similar results in a pancreatic tumor mouse model 1 day after IRE[33]. On the other
hand, the only clinical study we are aware of including MRI less than 1 day after IRE showed a decrease
in apparent diffusion coefficient[34]. This inconsistency could be due to the many factors that can lead to
a change in apparent diffusion coefficient, making it very sensitive to the experimental conditions.
Perfusion MRI measures should be more directly related to IRE effects, although they require contrast agent
injections. Future work should compare the performance of the method proposed here with standard
diffusion and perfusion MRI, which are routinely acquired in tumor patients.

Some previous TRIP-MRI studies used kinetic models to obtain parameters with a specific physiological
meaning[35], similarly to the procedure followed within dynamic contrast-enhanced MRI studies[36].
However, this approach requires measurement or estimation of the T1 values of the tissue and the arterial
input function. Also, it is sensitive to variations in the injection procedure. Therefore, we followed a
semiquantitative approach for the sake of reliability and clinical translatability. The application of kinetic
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models could be investigated in the future, as well as other quantitative modalities. We focused on the
immediate post-IRE time point because it has the highest clinical relevance, but further time points should
be investigated in future studies. Another possible limitation of our study is the difficulty to colocalize MRI
and histology data within the treated tumors; however, the significant correlation between the
corresponding regions suggests that the nonenhancing and enhancing zones precisely correspond to IRE
and RE areas, respectively.

If the results of the present study are confirmed in a larger cohort and in patients, the translation into
interventional practice should be relatively straightforward, especially considering that the MRI acquisition
and postprocessing methods are very easy to implement. The only issues could be the need to perform intraarterial catheterization with an MRI-compatible catheter and the presence of an MRI scanner within or close
to the operating suite to image the patient shortly after the procedure and immediately follow-up with further
interventions when needed. However, these should not be major problems in most interventional settings,
and the catheter could be used also for drug delivery[37], thus improving the overall efficacy of the
intervention even further.

Our results showed that TRIP-MRI can detect immediate perfusion changes in IRE-treated liver tumors and
differentiate effectively IRE zones from the surrounding tumor RE zones. This approach could enable vital
applications in clinical practice, allowing timely interventions on residual tumors and maximizing the
ultimate efficacy of the treatment.
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TABLES

Table 1. MRI acquisition parameters
Sequence

T2W

Purpose

Turbo
anatomy

T1W
spin-echo Gradient-echo
(pre-

TRIP
anatomy Spoiled

gradient-echo

and (pre- and post-IRE) and late perfusion evaluation (post-

post-IRE)

enhancement (post IRE)

IRE)

Repetition time

4000 ms

200 ms

2.6 ms

Echo time

39 ms

2.93 ms

1.02 ms

Flip angle

150

70

8

Field of view

180x180 mm2

180x180 mm2

128x112 mm2

Slices

17

17

20

Voxel size

0.47x0.47x2 mm3

0.8x0.8x2 mm3

1x1x2 mm3
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Table 2. Bonferroni-Holm-corrected p-values for all the comparisons among different regions (treated
tumor center, treated tumor boundary, untreated tumor, healthy liver) for all the TRIP-MRI semiquantitative parameters (AUC = area under the curve; TTP = time-to-peak, ME = maximum enhancement,
WIR = wash-in rate, LE = late enhancement, WOR = wash-out rate). The significant differences (P < 0.05)
are marked by asterisks.

Treated

center

AUC

TTP

ME

WIR

LE

WOR

0.019*

0.045*

0.019*

0.040*

0.032*

0.045*

0.019*

0.002*

0.019*

0.019*

0.133

0.002*

0.286

<0.001*

0.069

0.040*

0.040*

<0.001*

1.000

0.078

1.000

1.000

1.000

0.179

0.002*

<0.001*

0.005*

0.284

0.001*

<0.001*

0.007*

0.004*

0.024*

0.103

0.006*

0.007*

vs

treated boundary

Treated

center

vs

untreated tumor

Treated

center

vs

healthy liver

Treated boundary vs
untreated tumor

Treated boundary vs
healthy liver

Untreated tumor vs
healthy liver
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FIGURES

Figure 1: Representative MRI and DSA images. A, On T2-weighted MRI images (left) the tumor (yellow
arrow) is hyperintense, with less homogeneous signal after treatment. On T1-weighted images (second and
third column) it is hypointense, with a boundary (RE zone) of contrast enhancement after treatment. B,
DSA images (right) show an almost complete absence of vessels in the treated tumor (yellow circle) after
IRE treatment, whereas vessels are preserved in the untreated tumor (red circle).
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Figure 2: Qualitative results: time-intensity curves and histology. Representative time-intensity curves in
the 5 ROIs of one rabbit are shown on the left. In the treated tumor center (IRE zone, blue), contrast
enhancement is moderate and slow, while it is higher in the boundary (RE zone, magenta) and untreated
tumor (red), with the former showing no wash-out compared to the latter. Healthy liver tissues (green) show
intermediate enhancement, with a peak followed by relatively rapid signal decrease. Corresponding
histology slides are shown on the right (top row-untreated tumor; middle-treated tumor RE zone; bottomtreated tumor IRE zone), showing a decreasing number of tumor cells (HE slides), increasing apoptosis
(TUNEL) and decreasing microvessel density (CD31) from the untreated tumor to the RE zone of the
treated tumor to the IRE zone of the treated tumor.
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Figure 3: MRI perfusion measurements. Boxplots for the 6 parameters (AUC, TTP, ME, WIR, LE, and
WOR) extracted from the time-intensity curves in the 4 groups of ROIs (treated tumors center-IRE zone,
treated tumors boundary-RE zone, untreated tumors and healthy liver). Double arrows mark significant
differences.
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Figure 4: Quantitative histology measurements. Boxplots for the 3 quantitative histology parameters
(number of tumor cells, apoptosis fraction and microvessel density) extracted from the time-intensity curves
in IRE zone of treated tumors, RE zone of treated tumors, and untreated tumors. Double arrows mark
significant differences.
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Figure 5: MRI- and histology-based IRE and RE areas. A, Representative post-contrast T1-weighted MRI.
The box shows an enlargement of the tumor area with the necrotic center (IRE zone) delineated in yellow
and the enhancing rim delineated in green. B, Corresponding HE slide, with the necrotic center delineated
in yellow and the enhancing rim delineated in green (RE zone). C, Boxplot for the viable area fraction
measured on MRI (ratio between enhancing and total tumor area) in treated and untreated tumors. D,
Correlation between the histology-based and MRI-based areas, for the IRE zone (blue) and RE zone
(magenta) of the treated tumors. The regression lines and Pearson’s correlation coefficients are also
overlaid.
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SUPPORTING INFORMATION

Figure S1

Figure S1: Time-intensity curve parameters. The figure shows the relationship between the parameters
extracted from the time-intensity curve and the signal intensity and time corresponding to 5 manually
selected points: baseline (1), contrast arrival (2), end of the initial linear signal increase (3), peak or
beginning of the final plateau (4), end (5). The formulas on the right show how each metric is calculated;
for the n-th point, Tn and SIn are the corresponding time and normalized signal intensity (if Rn is the raw
signal intensity, 𝑆𝐼𝑛 =

𝑅𝑛 −𝑅1
).
𝑅1
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