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Abstract

Rationale and Objectives: To investigate whether transcatheter intraarterial perfusion (TRIP) 

magnetic resonance imaging (MRI) can differentiate reversible electroporation (RE) zones from 

irreversible electroporation (IRE) zones immediately after IRE procedure in the rabbit liver.

Materials and Methods: All studies were approved by the institutional animal care and use 

committee and performed in accordance with institutional guidelines. A total of thirteen healthy 

New Zealand White rabbits were used. After selective catheterization of the hepatic artery under 

X-ray fluoroscopy, we acquired TRIP-MRI at 20 minutes post-IRE using 3 mL of 5% intraarterial 

gadopentetate dimeglumine. Semi-quantitative (peak enhancement, PE; time to peak, TTP; wash-

in slope, WIS; areas under the time-intensity curve, AUT, over 30, 60, 90, 120, 150, and 180 

seconds after the initiation of enhancement) and quantitative (Ktrans, ve, and vp) TRIP-MRI 
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parameters were calculated. The relationships between TRIP-MRI parameters and histological 

measurements and the differential ability of TRIP-MRI parameters was assessed.

Results: PE, AUT60, AUT90, AUT120, AUT150, AUT180, Ktrans, and ve were significantly higher 

in RE zones than in IRE zones (all P < 0.05), and AUC for these parameters ranged from 

0.91(95% CI, 0.80, 1.00) to 0.99 (95% CI, 0.98, 1.00). There was no significant difference in AUC 

between any two parameters (Z, 0–1.47; P, 0.14–1.00). Hepatocyte apoptosis strongly correlated 

with PE, AUT60, AUT90, AUT120, AUT150, AUT180, Ktrans, and vp (the absolute value r, 0.6–0.7, 

all P < 0.0001).

Conclusion: AUT150 or AUT180 could be a potential imaging biomarker to differentiate RE 

from IRE zones, and TRIP-MRI permits to differentiate RE from IRE zones immediately after 

IRE procedure in the rabbit liver.

Keywords

Irreversible electroporation; liver; rabbit; reversible electroporation; transcatheter intra-arterial 
perfusion MRI

Introduction

Image guided ablation techniques are standard care for early stage liver cancer patients with 

surgically unresectable tumors or on waiting list for transplantation (1). However, thermal 

ablation techniques can damage healthy adjacent tissues due to a lack of clear margins 

between treated and untreated tissues, irreversible electroporation ablation can generate 

distinct margins between treated and untreated tissues by delivering electrical pulses to 

induce cell death through permanent cell membrane permeabilization (2), allowing improved 

targeted treatment of tumors while minimizing adverse effects. Irreversible electroporation 

(IRE) is a new non-thermal ablation technique with significant advantages over conventional 

thermal ablative approaches, such as preserving the integrity of blood vessels and bile 

ducts and not being affected by the local blood flow (3–6). Strong IRE pulses produce 

both a central ablation zone containing complete tissue necrosis (defined as irreversibly 

electroporated zone, IRE zone) and a surrounding zone containing viable tissue (defined 

as reversibly electroporated zone, RE zone) (7–9). These findings have been confirmed by 

histologic results (7–9). As RE zone remains viable, there is a risk of tumor recurrence or 

local tumor progression, which presents significant concerns for more widespread clinical 

application of this treatment (6).

Advanced MRI methods permit a more accurate prediction of IRE volumes and allow 

immediate assessment of tissue response for patient-specific optimization of the treatment 

protocol (7, 10, 11). However, previous studies focused only on correlating imaging findings 

and IRE histology to discriminate between tumor and normal tissue regions and not on 

predicting the margins of IRE and RE zones.

Transcatheter intraarterial perfusion (TRIP)-MRI is used clinically to measure local tumor 

perfusion by selective intraarterial (IA) catheter directed contrast agent injections (12, 13). 

Continuous iterative volumetric imaging over time of TRIP-MRI incorporates the benefits of 
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high spatial and temporal resolution with intraprocedural monitoring for objective perfusion 

quantification (14).

The purpose of our study was to investigate whether TRIP-MRI can differentiate RE zones 

from IRE zones immediately after the IRE procedure in the rabbit liver.

Materials and Methods

All experiments were approved by our institutional animal care and use committee and 

performed in accordance with National Institutes of Health guidelines.

Animal Model

Thirteen healthy New Zealand White rabbits (Covance, Denver, PA) were used. Basic 

anesthesia was induced by intramuscular injection of ketamine (100 mg/kg; Fort Dodge 

Animal Health, Fort Dodge, IA) and xylazine (5 mg/kg; Abbott Laboratories, North 

Chicago, IL). Rabbits were mechanically ventilated and maintained by inhalation of 

isoflurane (2–3% isoflurane with 100% oxygen, 3L/min) through a breathing mask during 

digital subtraction angiography (DSA), IRE, and MRI

Conventional DSA

Conventional DSA was performed using a C-arm unit (PowerMobil; Siemens Medical 

Solutions, Erlangen, Germany). The femoral artery access was obtained through surgical 

cutdown. A 2-F catheter (JB1; Cook Medical, Bloomington, IN) was advanced over a 

0.018-inch diameter guidewire into hepatic arteries. DSA of hepatic arteries was performed 

using an iodinated contrast agent (iohexol, Omnipaque 350; Amersham, Princeton, NJ). All 

of the rabbit hepatic arteries were successfully catheterized with DSA.

IRE Procedures

The left median lobe of the liver was exposed after median laparotomy. Two paralleled MRI-

compatible needle electrodes with 1-cm spacing (platinum-iridium materials; Microprobes, 

Gaithersburg, MD) were inserted into the center of the left median lobe with 1-cm depth. 

Next, the electrodes were connected to the IRE generator (ECM830; Harvard Apparatus, 

Holliston, MA) for application of 2000-V square wave pulses (number of pulses, 10; each 

pulse duration, 100 μs; the interval between pulses, 100 ms) to the targeted tissue (7, 15).

MR Imaging

MRI examinations were performed twenty minutes after IRE procedure using a 3T MRI 

scanner (MAGNETOM Skyra, Siemens Medical Solutions, Erlangen, Germany) with a 

15-channel knee coil. Conventional MRI was performed before TRIP-MRI, and acquisition 

parameters are listed in Table 1. TRIP-MRI was repeatedly sampled for 250 times with 2.8 

s sampling rate. 56 s after initiating TRIP-MRI, 3 ml of 5% gadopentetate dimeglumine 

(Magnevist; Bayer Schering Pharma, Whippany, NJ) was manually injected via the intra-

arterial catheter over 6 s followed by a 3-ml saline flush at the same flow rate. Following 

TRIP-MRI, post-contrast T1-weighted (T1W) imaging was performed using the same 

sequence as pre-contrast T1W imaging.
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Histologic Evaluation

Immediately after MRI, rabbits were euthanized by intravenous injection of Euthasol (200 

mg/kg, Virbac AH Inc., Fort Worth, TX), and liver tissues were harvested. The sections, 

including the entire ablated zone (IRE and RE zone) and the surrounding normal liver tissue, 

were sampled along an orientation parallel to the electrode array. Liver samples were stained 

with hematoxylin-eosin (H&E) and terminal deoxynucleotidyl transferase dUTP nick end 

labeling (TUNEL) which was used as a marker of hepatocyte apoptosis. The RE and IRE 

zones were first identified on HE-stained slices. On the TUNEL-stained slices, hepatocyte 

apoptosis was quantified as the percentage of TUNEL-positive cells over the total number of 

cells in 10 random regions (× 200 magnification) on each slice.

Image Analysis

All the MRI images were analyzed by consensus of two radiologists using Jim software 

(version 7.0, Xinapse Systems, Essex, UK). Using post-contrast T1W images as reference 

(8, 11), three regions of interest (ROIs) were drawn within the hypo-intensity center (the IRE 

zone), the peripheral hyper-intensity region (the RE zone) on the axial section parallel to the 

electrode array, and in the normal liver parenchyma of the right lobe on TRIP-MRI images 

(7–9). A time-intensity curve (TIC) was generated for each ROI, and the semi-quantitative 

parameters were calculated: peak enhancement (PE, the maximal signal intensity minus 

baseline signal intensity), time to peak (TTP, the time difference between PE and the 

initiation of enhancement), wash-in slope (WIS, the maximal upslope reaching PE), and 

the areas under the TIC (AUT) over seconds (AUT30, AUT60, AUT90, AUT120, AUT150 

and AUT180) after the initiation of enhancement (16). Single-input extended Tofts model 

was used to perform quantitative measurements (17). The maps of the following parameters 

were generated: Ktrans, the volume transfer constant from the plasma to the extra-vascular 

extra-cellular space (EES); ve, the EES volume fraction; vp, the blood plasma volume 

fraction (18). The mean values of each quantitative parameter (Ktrans, ve, and vp) were 

measured in the same ROIs that were drawn for the TIC analysis.

Statistical Analysis

Statistical analysis was performed using SPSS (version 22.0; SPSS, Chicago, IL). The 

results are presented as mean ± standard deviation (SD). Differences in TRIP-MRI 

parameters and hepatocyte apoptosis among the normal liver parenchyma, the RE and 

IRE zones were determined by the Kruskal-Wallis test followed by pairwise comparisons. 

The diagnostic performance of TRIP-MRI parameters in differentiating RE from IRE 

zones was assessed by calculating the area under the receiver operating characteristic 

(ROC) curves (AUC), optimal cut-off values, sensitivity, specificity, positive and negative 

predictive values. The AUC for TRIP-MRI parameters were compared by Z test. The 

relationship between TRIP-MRI parameters and hepatocyte apoptosis was assessed by 

Pearson correlation coefficients (r). P < 0.05 was considered to indicate a significant 

difference in all statistical tests.
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Results

MR Imaging

Representative MRI images of the liver after IRE procedure and the corresponding TICs 

derived from TRIP-MRI for the normal liver parenchyma, the RE and IRE zones were 

shown in Figure 1. The entire ablated regions were slightly hypo- or iso-intense on pre-

contrast T1W images and hyper-intense on T2-weighted (T2W) images. On post-contrast 

T1W images, the entire ablated regions showed heterogeneous enhancement with the 

exception of a non-enhancing center and peripheral rim enhancement. The TICs and the 

maps of Ktrans, ve, and vp clearly depicted heterogeneous perfusion of the entire ablated 

zone.

TRIP-MRI parameters for the normal liver parenchyma, the RE and IRE zones were listed 

in Table 2, Figure 2, and Figure 3. The results of the ROC curve analysis for TRIP-MRI 

parameters differentiating RE from IRE zones were summarized in Table 3. There was 

no significant difference in AUC between any two parameters (Z, 0–1.47; P, 0.14–1.00). 

AUT150 and AUT180 had the greatest ability to differentiate RE zone from IRE zone, with 

AUC of 0.99 (95% CI, 0.98, 1.00) for both, and an optimal cut-off value of 1066 for AUT150 

and 1343 for AUT180. Both AUT150 and AUT180 had 96% (25/26) accuracy, 100% (13/13) 

sensitivity, and 92% (12/13) specificity for all.

Histologic Findings

Representative H&E- and TUNEL-stained images of the normal IRE treated, and untreated 

liver parenchyma are shown in Figure 4.

On TUNEL-stained images, the average hepatocyte apoptosis (%) in the normal liver 

parenchyma, the RE zone, and IRE zone were 0.1 ± 0.08, 3.0 ± 1.3, and 23.4 ± 6.7, 

respectively. There were significant differences in hepatocyte apoptosis among the normal 

liver parenchyma, RE zone and IRE zone (RE vs IRE, P = 0.01; IRE vs normal liver, P < 

0.0001; RE zones vs normal liver, P = 0.01). The hepatocyte apoptosis strongly correlated 

with PE (r = −0.74, P < 0.0001), AUT60 (r = −0.63, P < 0.0001), AUT90 (r = −0.65, P < 

0.0001), AUT120 (r = −0.68, P < 0.0001), AUT150 (r = −0.69, P < 0.0001), AUT180 (r = 

−0.71, P < 0.0001), Ktrans (r = −0.63, P < 0.0001), and vp (r = −0.66, P < 0.0001). There was 

moderate correlation of hepatocyte apoptosis with TTP (r = 0.40, P = 0.01), WIS (r = −0.54, 

P < 0.0001), and AUT30 (r = −0.60, P < 0.0001). A weak correlation was observed between 

hepatocyte apoptosis and ve (r = −0.36, P = 0.02).

Discussion

Our study demonstrated that TRIP-MRI not only depicts a reduction in liver tissue perfusion 

immediately after IRE procedures but also enables clear discrimination between IRE and RE 

zones immediately following IRE procedures in a rabbit liver.

Guo et al. evaluated contrast-enhanced MRI to predict the size of IRE zones in the 

rat liver tissues (7). The contrast agents were injected intramuscularly before IRE, and 

MRI examinations were performed 2 hours after IRE without dynamic phase acquisition. 
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Felker et al. described a three-layer histologic structure of porcine liver tissues with 

corresponding MRI features obtained 50 hours after IRE (10). Our study focused on the 

immediate response of liver tissues after IRE using not only conventional MRI to obtain 

the morphologic information, but also TRIP-MRI to measure the functional changes. The 

entire ablated regions appeared iso-intense on pre-contrast T1W and hyper-intense on T2W 

images. Post-contrast, heterogeneous enhancement was shown on T1W images, with a 

non-enhancing central core and a peripheral rim enhancement.

TRIP-MRI is a serial iterative volumetric perfusion technique and can intra-procedurally 

measure tissue perfusion changes (13). Previous studies compared TRIP-MRI with the 

conventional intra-venous contrast perfusion MRI in a rabbit VX2 liver tumor model and 

showed that TRIP-MRI at a 60% reduction in contrast agent dose identified more liver 

tumors than the IV contrast perfusion MRI. In our study, 5% gadopentetate dimeglumine 

was used for TRIP-MRI compared with 100% agent for intravenous contrast perfusion MRI 

(19, 20). In our study, the TICs showed that the wash-in and wash-out time was relatively 

short, which was consistent with the previous studies (19, 20). Our study also showed that 

PE and AUT over more than 60 s after enhancement initiation were significantly decreased 

from the normal liver parenchyma to RE-zones and from RE zones to IRE zones; these 

changes strongly correlated with histologic results. As for the quantitative parameters, Ktrans 

was highest in the normal liver parenchyma, followed by RE and IRE zones. ve in RE zones 

was significantly higher than in IRE zones or the normal liver parenchyma, likely due to 

the presence of interstitial edema and congestion in RE zones. However, there was only a 

weak correlation between ve and hepatocyte apoptosis. Among the quantitative parameters, 

Ktrans had a good diagnostic performance in differentiating RE from IRE zones with 85% 

accuracy, 77% sensitivity, and 92% specificity. It’s worth noting that, AUT150 and AUT180 

had the greatest ability among all the TRIP-MRI parameters to differentiate RE from IRE 

zones with 96% accuracy, 100% sensitivity, and 92% specificity. Our results demonstrated 

that semi-quantitative parameter AUT150 or AUT180 could be a potential imaging biomarker 

to differentiate RE from IRE zones, and easy-to-implement in clinical practice as they can 

be calculated without using advanced pharmacokinetic modeling. Our findings will provide 

fundamental preclinical validation for clinical translation.

The main limitation of our study is that TRIP-MRI was only performed at an immediate 

time point after IRE, and future studies will investigate delayed findings of TRIP-MRI and 

corresponding histologic changes after IRE to more comprehensively evaluate TRIP-MRI 

for differentiation of ablation zones after IRE.

In conclusion, TRIP-MRI permits to differentiate RE from IRE zones immediately after IRE 

procedure in the rabbit liver.
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Abbreviations:

TRIP transcatheter intraarterial perfusion

IRE irreversible electroporation

RE reversible electroporation

TUNEL transferase dUTP nick end labeling

TIC time-intensity curve

PE peak enhancement

TTP time to peak

WIS wash-in slope

AUT area under the time-intensity curve
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Figure 1: 
Representative MRI images of the liver and corresponding time-intensity curves 

immediately after IRE in a single rabbit. The entire ablated zone shows hyper-intensity 

on the T2W image (a, arrowheads), slight hypo-intensity on the pre-contrast T1W image 

(b, arrowheads), and heterogeneous enhancement with a non-enhancement center and an 

obvious peripheral enhancement on the post-contrast T1W image (c). The maps of Ktrans (d), 

ve (e) and vp (f) overlapped on the post-contrast T1W image clearly depicted heterogeneous 

perfusion of the entire ablated zone. The time-intensity curves (g) derived from the normal 

liver parenchyma, the RE and IRE zone show a unique pattern for each zone.
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Figure 2: 
The Tukey boxplot shows the areas under the time-intensity curves (AUT) over 30, 60, 90, 

120, 150 and 180 seconds after the initiation of enhancement for the IRE (red, n = 13), 

RE zones (green, n = 13) and the normal liver parenchyma (blue, n = 13). AUT60, AUT90, 

AUT120, AUT150, and AUT180 had the ability to differentiate RE from IRE zones. The box 

plot displays the full range of variation (from min to max), and the dots indicate discrete 

values. Statistically significant differences are marked by stars (* P < 0.05, ** P < 0.0001).
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Figure 3: 
Scatter dot plots show peak enhancement (a), time to peak (b), wash-in slope (c), Ktrans 

(d), ve (e) and vp (f) for the IRE zones (n = 13), RE zones (n = 13) and the normal liver 

parenchyma (n = 13). Peak enhancement, Ktrans and ve had the ability to differentiate RE 

from IRE zones. Statistically significant differences are marked by stars (* P < 0.05, ** P 
< 0.0001). The larger horizontal bar indicates the mean value, error bars indicate standard 

deviations, and dots indicate individual values.
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Figure 4: 
Representative histologic images of the IRE zone (a, d), the RE zone (b, e) and the 

normal liver parenchyma (c, f). In the IRE zone, there is obvious hepatocyte necrosis 

and hemorrhage on the HE-stained image (a), and apoptotic cells (brown stain) were 

about 22.7% of the total cells on the TUNEL-stained image (d). In the RE zone, there 

is hepatocyte swelling with vacuoles, occasional hepatocyte necrosis and congestion on the 

HE-stained image (b), and apoptotic cells (brown stain) were about 3% of the total cells on 

the TUNEL-stained image (e). In the normal liver parenchyma, there is no obvious abnormal 

feature on the HE-stained image (c), and no apoptosis is visible on the TUNEL-stained 

image (f). Scale bar, 100 μm for all the images.

Pan et al. Page 12

Acad Radiol. Author manuscript; available in PMC 2023 February 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Pan et al. Page 13

Table 1.

Sequences and parameters of conventional T1W, T2W, and TRIP MRI

Parameters T2W (TSE) T1W (FLASH) T2W (TSE) TRIP MRI (GRE)

Orientation Coronal Axial Axial Axial

Trigger Respiration None Respiration None

TR/TE (ms) 1769-4341/39 200/2.93 2247-4384/39 2.60/1.2

FOV (mm2) 180 × 180 180 × 180 180 × 180 128 × 112

Matrix 192 × 192 224 × 224 192 × 192 128 × 112

Number of slices 17 17 17 20

Slice thickness/gap (mm) 2/0.6 2/0.6 2/0.6 2/0.6

Flip angle (degrees) 150 70 150 8

Bandwidth (Hz/pixel) 221 350 221 980

Note: TRIP = transcatheter intra-arterial perfusion, TSE = turbo spin echo, FLASH = fast low angle shot, GRE = gradient echo, TR = repetition 
time, TE = echo time, FOV = field of view.
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Table 2.

Comparison of TRIP MRI parameters among IRE, RE zones and normal liver parenchyma

Parameters IRE Zone RE Zone Normal Liver
P Value*

IRE vs RE IRE vs Normal RE vs Normal

PE 15 ± 8 39 ± 13 110 ± 17 0.025 < 0.0001 0.007

TTP 450 ± 86 541 ± 106 17 ± 5 0.29 0.001 < 0.0001

WIS 0.04 ± 0.02 0.2 ± 0.2 6.3 ± 1.7 0.07 < 0.0001 0.004

AUT30 58 ± 67 231 ± 145 2381 ± 532 0.06 < 0.0001 0.004

AUT60 116 ± 126 702± 354 4637 ± 1065 0.02 < 0.0001 0.008

AUT90 193 ± 237 1226 ± 564 6344 ± 1428 0.017 < 0.0001 0.009

AUT120 281 ± 319 1843 ± 791 8049 ± 1772 0.014 < 0.0001 0.01

AUT150 376 ± 421 2535 ± 1054 9616 ± 2163 0.012 < 0.0001 0.01

AUT180 460 ± 500 3193 ± 1307 10962 ± 2484 0.012 < 0.0001 0.01

Ktrans 0.1 ± 0.2 0.8 ± 0.6 2.9 ± 0.9 0.027 < 0.0001 0.009

ve 17 ± 17 58 ± 25 26 ± 14 < 0.0001 0.67 0.001

vp 2.4 ± 2.4 8.7 ± 7.4 22 ± 4 0.05 < 0.0001 0.016

Note: Data was represented as mean ± SD. PE = peak enhancement, TTP = time to peak, WIS = wash-in slope, AUT = area under the 
time-intensity curve.

*
P < 0.05 was considered to indicate a significant difference.
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Table 3.

ROC Curve Analysis of TRIP MRI Parameters in Differentiating RE from IRE Zones

Parameters AUC* Cut-off Value Accuracy (%)
†

Sensitivity (%)
†

Specificity (%)
†

PPV (%)
†

NPV (%)
†

PE 0.95 (0.88,1.00) 24.4 88.5 (23/26) 92.3 (12/13) 84.6 (11/13) 85.7 (12/14) 91.7 (11/12)

AUT60 0.96 (0.90,1.00) 308.9 88.5 (23/26) 84.6 (11/13) 92.3 (12/13) 91.7 (11/12) 85.7 (12/14)

AUT90 0.98 (0.92,1.00) 520.5 96.2 (25/26) 100 (13/13) 92.3 (12/13) 92.9 (13/14) 100 (12/12)

AUT120 0.99 (0.96,1.00) 783.8 96.2 (25/26) 100 (13/13) 92.3 (12/13) 92.9 (13/14) 100 (12/12)

AUT150 0.99 (0.98,1.00) 1066 96.2 (25/26) 100 (13/13) 92.3 (12/13) 92.9 (13/14) 100 (12/12)

AUT180 0.99 (0.98,1.00) 1343 96.2 (25/26) 100 (13/13) 92.3 (12/13) 92.9 (13/14) 100 (12/12)

Ktrans 0.94 (0.85,1.00) 0.28 84.6 (22/26) 76.9 (10/13) 92.3 (12/13) 90.9 (10/11) 80 (12/15)

Ve 0.91 (0.80,1.00) 45.2 80.8 (21/26 69.2 (9/13) 92.3 (12/13) 90 (9/10) 75 (12/16)

Note:

*
Data in parentheses are 95% confidence interval.

†
Data in parentheses are raw data. PE = peak enhancement, AUC = area under the ROC curve, PPV = positive predictive value, NPV = negative 

predictive value, AUT = area under the time-intensity curve.

Acad Radiol. Author manuscript; available in PMC 2023 February 22.


	Abstract
	Introduction
	Materials and Methods
	Animal Model
	Conventional DSA
	IRE Procedures
	MR Imaging
	Histologic Evaluation
	Image Analysis
	Statistical Analysis

	Results
	MR Imaging
	Histologic Findings

	Discussion
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Table 1.
	Table 2.
	Table 3.



