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Abstract

Purpose—Numerical simulations are used for treatment planning in clinical applications of 

irreversible electroporation (IRE) to determine ablation size and shape. To assess the reliability of 

simulations for treatment planning, we compared simulation results with empiric outcomes of 

renal IRE using computed tomography (CT) and histology in an animal model.

Materials and Methods—The ablation size and shape for 6 different IRE parameter sets (70–

90 pulses, 2000–2700V, 70–100μs) for monopolar and bipolar electrodes was simulated using a 

numerical model. Employing these treatment parameters 35 CT-guided IRE ablations were created 

in both kidneys of 6 pigs and followed-up with CT immediately and after 24 hours. 

Histopathology was analyzed from post-ablation day 1.

Results—Ablation zones on CT measured 81±18% (day 0, p≤0.05) and 115±18% (day 1, 

p≤0.09) of the simulated size for monopolar electrodes, 190±33% (day 0, p≤0.001) and 234±12% 
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(day 1, p≤0.0001) for bipolar electrodes. Histopathology indicated smaller ablation zones than 

simulated (71±41%, p≤0.047) and measured on CT (47±16%, p≤0.005) with complete ablation of 

kidney parenchyma within the central zone and incomplete ablation in the periphery.

Conclusions—Both numerical simulations for planning renal IRE and CT measurements may 

overestimate the size of ablation when compared to histology and ablation effects may be 

incomplete in the periphery.

Introduction

Nephron-sparing interventions are the current standard for treatment of small renal 

neoplasms and results from percutaneous ablation techniques are comparable to those of 

nephron-sparing surgical treatment options in regards of safety and efficacy[1–3]. Relative to 

surgical alternatives, ablation techniques typically result in fewer complications[4, 5]. 

Ablation techniques such as radiofrequency ablation (RFA) and cryoablation are 

increasingly utilized for treating T1a (<4cm) renal masses in patients with higher operative 

risk. However, thermal ablation close to the collecting system may result in calyceal injury, 

urine leak, stricture or urinary obstruction[6–8].

Irreversible electroporation (IRE) has emerged as a predominantly non-thermal ablation 

technique with potential advantages over conventional thermal ablation methods[9]. In IRE, 

a pulsed direct current electric field is applied via needle electrodes resulting in the 

breakdown of the cell membrane and finally leading to cell death, as the cell membrane is 

unable to maintain homeostasis [10, 11]. Wendler et al.[12]and Deodhar et al. [13] have 

demonstrated that the damage on the urinary collecting system was limited following renal 

IRE ablation with the potential for urothelium recovery. Wendler et al. [14] have also shown 

that that IRE in the kidney preserves vascular structures with no observable dysfunction of 

the kidney perfusion in an ex-vivo model. In a recent publication short- and mid-term effects 

of renal IRE were evaluated using MRI[15]. Olweny et al. [16] compared histology 

outcomes of thermal and non-thermal IRE kidney ablations. First clinical studies indicated 

that IRE is safe in humans for the treatment of renal cell carcinoma[17].

Inter-electrode spacing, electrode exposure, applied voltage, number of pulses and pulse 

length have been identified as key treatment parameters that influence the ablation shape and 

size in IRE[18]. Numerical simulations are currently used in clinical applications of IRE to 

determine the size and shape of the ablation zone for a specific voltage and electrode 

geometry[18–20]. However, treatment planning on clinically used IRE consoles typically 

does not consider tissue specific electrical properties. For kidney parenchyma it remains 

unclear, if treatment planning is able to adequately predict empiric ablation outcomes. We 

therefore hypothesized that results from simulations for planning IRE ablations may be 

divergent from empiric outcomes of kidney IRE. We simulated ablations using different 

treatment parameter sets typically used in clinical applications of IRE and performed IRE 

ablations in healthy porcine kidneys using similar parameters. CT and histopathology were 

compared to simulation results to assess the adequacy of simulations.
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Materials and Methods

Ablation Model and Simulation

A numerical model was constructed representing treatment planning on clinical consoles. 

This simulation was used to determine the ablation shape and size for six different treatment 

parameter sets given in Table 1, dependent on supposed critical electric field strength 

thresholds for reversible (350V/cm) and irreversible electroporation (600V/cm) [21].

The Laplace equation (−∇.(σ∇V)- Equation 1) was solved to determine the electric field 

distribution. A finite element method (FEM) was used to numerically solve this equation for 

set boundary conditions using Multiphysics software (Comsol Inc., Burlington, MA). 

Models of needle electrodes were constructed using AutoCAD Inventor (Autodesk Inc., San 

Rafael, CA). A cube of 5 cm side-length represented surrounding tissue; conductivity was 

set to σ=1.0 S/m, which is the value used to represent tissue in the clinically used IRE 

generator. For monopolar electrodes, one electrode was set to voltage values as described in 

Table 1, and the other electrode was set to ground. For the bipolar electrode the needle tip 

was set to positive voltage and the segment above the spacer was set to ground. The 

boundaries of the tissue block were assumed electrically insulated. Electrodes were 

embedded into the center of the tissue block, with an electrode spacing as given in Table 1. 

This geometry was then discretized into a FEM mesh, and numerically solved for 

determining the electric field distribution resulting from the voltage applied between the 

electrodes. Detailed information on the construction of the model and numerical simulation 

can be found in prior work[18, 19, 22].

Animal Model

Under approval of the Institutional Animal Care and Use Committee two to three 

percutaneous computed tomography (CT)-guided IRE ablations were performed in both 

kidneys of six Yorkshire pigs (weight range 35–45 kg) provided from one supplier (Archer 

Farms, Darlington, MD), totaling 35 ablations. All animals were premedicated with 

tiletamine hydrochloride and zolazepam hydrochloride (Telazol; Fort Dodge Animal Health, 

Fort Dodge, Iowa; 4.4 mg per kilogram of body weight) administered intramuscularly and 

after intubation. General anesthesia was maintained with continuous inhalation of 1.5%–3% 

isoflurane (Baxter, IL) and 100% oxygen on a Penlon Nuffield ventilator. Buprenorphine 

(0.01 mg/kg) was given via intramuscular injection before the start of each procedure. 

Rocuronium 1.2 mg/kg was administered intravenously five minutes before performing IRE. 

Postprocedural pain was managed with intramuscular buprenorphine (0.01 mg/kg) and oral 

meloxicam (0.4 mg/kg). Animals were euthanized with an intravenous injection of 

pentobarbital sodium (87 mg/kg) and phenytoin sodium (11 mg/kg; Euthasol; Vibrac AH, 

Fort Worth, TX).

Interventional Procedure

A pulse generator for clinical application (NanoKnife System, Angiodynamics Inc., 

Queensbury, NY) was used for irreversible electroporation in all cases. Thirty-five ablations 

were randomized into 6 different protocols, each consisting of a unique treatment parameter 

set (Table 1), in accordance with previously reported treatment parameters known to induce 
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IRE[18, 19]. Three percutaneous ablations were performed in each kidney in the upper, mid 

and lower pole, with the exception of one kidney where only two ablations in the upper and 

lower pole were performed due to the presence of a cyst thinning out the underlying cortex. 

The electrode trajectories were planned on axial CT series (Lightspeed RTLS, GE, 

Milwaukee, WI) and needle electrodes were inserted under CT guidance exactly in axial 

plane using the CT laser marker system (Figure 1A, E) after the animals had been 

anaesthetized and the overlying skin had been shaved and cleansed.

Imaging

Axial multiphase (arterial, venous and delayed phase) contrast enhanced (1.5 cc/kg Iohexol 

300; GE Healthcare, Milwaukee, WI) computed tomography (CECT, Light-Speed 16, GE 

Healthcare, Milwaukee, WI) scans of the abdomen (slice thickness 1.5 mm, reconstruction 

interval 3 mm) covering both kidneys were acquired immediately and one day post-

procedure in all animals to follow-up 35 ablations at each time point. Ablation zones were 

assessed for contrast enhancement and demarcation as well as size. Size measurements of 

ablation zones were obtained on a GE Advantage 4.4 workstation from axial CT planes 

corresponding to the IRE electrode insertion planes. The long (x) and short axis (y) 

perpendicular and parallel to the electrode insertion tracts were recorded and the cross 

sectional area was calculated in approximation assuming an elliptical shape (π*x/2*y/2 – 

Equation 2) [23].

Pathology

Kidneys were extracted shortly after euthanasia one day post-intervention. The organs were 

examined for needle insertion points to identify the ablation zone and sectioned parallel to 

the needle insertion tracts. Representative sections were fixed in 10% neutral buffered 

formalin and embedded in paraffin, sectioned at 4 μm thickness, and stained with 

hematoxylin and eosin (H&E). All specimens were assessed for histopathologic findings 

consistent with non-thermal or thermal cell injury, cell degeneration and necrosis, 

inflammatory infiltrates and fibrotic changes.

Size measurements were performed on representative cross sectional histology slides in the 

plane of the needle insertion tracts. The axis parallel and perpendicular to the electrode was 

recorded.

Statistics

Statistical comparison between simulated and measured ablation size was done using 

Wilcoxon’s test for paired samples using IBM SPSS Statistics 21 (IBM corporation, 

Armonk, NY). Differences were considered significant, if p-values were below 0.05. In 

tables means and standard deviations are given. In figures mean values were plotted without 

standard deviations for better readability.

Results

The numerical simulation allowed the determination of ablation shape and size for each 

treatment parameter set. Simulation results are given in Table 2 and Figure 2 and 3. CT 
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imaging of the ablation zones acquired immediately and 24 hours after the interventional 

procedure revealed areas of hypoattenuation that were typically composed of a central non-

enhancing core and a peripheral zone of moderate contrast enhancement (Figure 1B–D, F–

H). Ablation zones appeared well demarcated and distinct from surrounding normally 

enhancing renal parenchyma. Periablational hyperattenuation compatible with hyperemia of 

adjacent kidney parenchyma was inconsistently observed. The CT appearance of ablation 

zones immediately and 24 hours post-procedure was comparable.

CT measurements were obtained from 35 separate ablation zones at two different time 

points. For all ablation zones, cross sectional areas were calculated from axial CT images 

parallel to the electrode trajectories including both the central and peripheral zone of the 

ablation. Mean values for the ablation cross sectional area for all protocol sets and time 

points are given in Table 2 and Figure 3.

For protocols 1–4 employing two monopolar electrodes ablation zones measured 

immediately after the intervention were slightly smaller than simulated ablation zones 

(81±18% of the simulated size, n=24, p≤0.05) with the relatively (and absolutely) smallest 

measured ablation zones found for protocol 1 (66±15%, n=10, p≤0.01), followed by 

protocol 2 (86±16%, n=3, p≤0.7), protocol 3 (88±25%, n=5, p≤0.7) and protocol 4 

(99±12%, n=6, p≤0.015). We observed a significant increase in size for these ablation zones 

on post-interventional CT follow-ups from day 0 to day 1 by a mean 60±35% (n=24, 

p≤0.01). On post-interventional day 1 measured ablation zones were larger than simulated 

ablation zones (115±18%, n=24, p≤0.089) with the relatively (and absolutely) largest 

measured ablation zones found for protocol 3 (128±18%, n=5, p≤0.127), followed by 

protocol 4 (116±11%, n=6, p≤0.33), protocol 2 (112±15%, n=3, p≤0.7) and protocol 1 

(108±21%, n=10, p≤0.7).

For bipolar electrode settings (protocol 5 and 6) the simulation significantly underestimated 

the ablation zone as measured on day 0 and day 1 post-interventional CTs. Measured 

ablation zones were significantly larger than simulated on post-interventional day 0 

(190±33%, n=11, p≤0.001) and day 1 (234±12%, n=11, p≤0.0001) CT follow-ups.

The cross-sectional shape of the ablation zone on CT corresponded to the simulations 

(Figure 2), both for bipolar and monopolar electrodes. However, when ablation zones 

extended into the renal pelvis (n=4) or touched the renal surface focal shape deviations could 

be observed.

Gross pathology examination of kidneys harvested 24 hours post-ablation revealed well-

demarcated hemorrhagic ablation zones. Ablation zones were histologically composed of a 

central and a peripheral zone (Figure 4). The central zones were characterized by cellular 

necrosis of all structures including renal tubules, glomeruli and small blood vessels. The 

peripheral zones were characterized by necrosis of renal tubules only, while glomeruli and 

blood vessels were viable. Necrosis was characterized by cytoplasmic hypereosinophilia, 

and nuclear shrinkage (pyknosis), fragmentation (karyorrhexis), or loss (karyolysis), with 

retention of tissue architecture. Thermal effects could be seen in three ablation zones limited 

to an area of 40–500 μm adjacent to the electrodes – however, these findings were observed 
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in different protocols and not clearly related to higher energy settings. No differences in 

histologic ablation effects could be observed related to the location (upper, mid, or lower 

pole) or the treatment protocol used. For 12 ablation zones two-axis cross sectional 

measurements were obtained from 24-hour histology slides. Measurements were performed 

of both the central and peripheral zone of ablation. For corresponding cases two-axis 

measurements of the central non-enhancing and peripheral enhancing zone were performed 

on 24 hours CT-scans. Peripheral zones of histologically incomplete ablation measured 

3.2±2.5 mm in the long axis and 2.3±2.3 mm in the short axis. Peripheral enhancing zones 

on CT measured 6.4±1.9 mm in the long axis and 4.1±1.7 mm in the short axis.

An overview of two-axis dimensions of the simulated ablation zone, histology and CT-

measurements is given in Table 3. The cross-sectional area of the ablation zone (including 

the central and peripheral zone) calculated from 2-axis CT measurements significantly 

exceeded the area calculated from 2-axis histology measurements by a mean 205±113 mm2 

(p≤0.005). The measured difference was 7±10 mm (p≤0.123) in the long and 9±6 mm 

(p≤0.005) in the short axis diameter. The central non-enhancing area calculated from CT-

measurements also significantly exceeded the central area of complete ablation on histology 

by 100±77 mm2 (p≤0.007). The respective differences were 5±8 mm (p≤0.262) in the long 

and 6±4 mm (p≤0.005) in the short axis. Central zones were significantly smaller both for 

CT (difference of area 154±73 mm2 (p≤0.003), long axis 5±5 mm (p≤0.05), short axis 6±6 

mm (p≤0.003)) and histology (difference of area 49±46 mm2 (p≤0.005), long axis 3±2 mm 

(p≤0.005), short axis 2±2 mm (p≤0.004)) measurements compared to the respective total 

ablation zone (including the central and peripheral zone).

Cross-sectional areas of the simulated ablation zones were only slightly larger than the total 

histologic ablation zone (difference of area 89±94 mm2, p≤0.047), while there was no 

significant difference in long (7±7 mm, p≤0.058) and short (3±4 mm, p≤0.103) axis 

diameters. However, compared to the central area of histologically complete ablation, 

simulated ablation zones were significantly larger (difference of area 138±85 mm2 

(p≤0.007), long axis 9±7 mm (p≤0.008), short axis 7±4 mm (p≤0.009)).

Discussion

In this study we performed numerical modeling, as it is currently employed in treatment 

planning for clinical applications of IRE to calculate the ablation size and shape, for 

different treatment parameter sets and compared simulation results to empiric ablation 

outcomes of renal IRE from CT and pathology. Treatment parameters were varied within a 

range previously reported [13, 15] and clinically used [24] to perform kidney IRE. Our 

results indicate that numerical simulations and empirical ablation outcomes may be 

different, limiting the reliability of treatment planning for determining IRE ablation size in 

kidney parenchyma.

Simulations for all studied treatment protocols resulted in smaller ablation zones than 

measured on 24 hours CT follow-ups, although approximation between measured ablation 

zones and simulations was better for monopolar than for bipolar electrode configurations. 

The greater deviation between simulation and CT measurements in the bipolar electrode 

Wimmer et al. Page 6

Cardiovasc Intervent Radiol. Author manuscript; available in PMC 2017 July 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



may be due to the different geometry (featuring two poles on one applicator) and the lower 

gauge of the bipolar device.

Furthermore, we observed a significant increase in mean ablation size between CT-follow-

ups immediately and one day after the intervention. These findings are in line with previous 

findings that indicate IRE ablation zones may not be fully developed directly after the 

intervention but rather after 24 hours [25]. The immediate effects of IRE prevalent in the 

central ablation zone appear to be attributable to necrotic cell death due to loss of 

homeostasis. Coagulative necrosis of all cellular structures combined with hyperemia and 

hemorrhage can be observed through H&E stains. However, in the periphery a ring of 

apoptosis that initiates at the time of ablation and takes 24 hours to complete can be 

observed [25]. In addition to these effects, there may also be indirect effects due to 

disruption of local vasculature and immunological response [26]. We therefore considered 

24 hours CT measurements more accurate for comparison to simulations than immediate CT 

measurements.

The ablation effects of IRE could be confirmed by pathology. A dual composition of 

ablation zones composed of a central zone with complete necrosis of all structures besides 

peripheral zones with tubular necrosis only and spared vessels and glomeruli was observed 

on pathology. This dual composition translated into CT findings, which featured a slightly 

enhancing peripheral zone besides a non-enhancing central zone, most probably due to 

spared vessels in the ablation zone periphery.

The dual composition of ablation zones suggests that ablation effects in the periphery may 

be incomplete and that the measured total size of the ablation zone on CT, which included 

both the central and peripheral zone, may not adequately represent the extent of completely 

ablated tissue. The peripheral zone may contain incompletely ablated tissue and viable 

structures. When compared to histology, the peripheral enhancing zone on CT appeared to 

be slightly larger in width than the peripheral zone of incomplete ablation observed on 

histology slides. Also the central zone of non-enhancement on CT appeared larger than the 

central zone of complete ablation measured on histology slides. This observation suggests 

that CT measurements may overestimate the size of ablation, even if only the central non-

enhancing core was considered.

Comparing simulated ablation zones to histology measurements, we observed that, although 

simulation results more closely approximated histology measurements, they still 

overestimated the histologic ablation zone, particularly when only the central zone of 

complete ablation was considered.

Following these observations it may be questioned if a simulation model for planning IRE, 

which is currently derived from the experience with liver ablations, can be directly translated 

and reliably used within a different organ such as the kidney. Furthermore, this would 

implicate that a smaller zone of complete ablation than planned can be expected thus 

requiring a greater safety margin when employing renal IRE in a clinical setting.

Voltage and electrode spacing were the main parameters determining both the simulated 

ablation size and the ablation size as measured on CT. The pulse width and the number of 
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pulses applied may have an additional effect, which was not considered in this model as it is 

not considered in clinical treatment planning. However, since IRE is a threshold 

phenomenon these treatment parameters are not expected to influence the histologic features 

of ablation, as long as the critical threshold for IRE ablation is reached within the tissue. 

One reason for changing pulse parameters while keeping voltage constant is to reduce IRE 

induced heat generation [27], while maintaining ablation benefits. Cells react in the same 

way, but the overall increase in conductivity is reduced. This in turn reduces the amount of 

current drawn thereby mitigating current related Joule heating.

Currently there is no evidence in literature for the exact electric field strength threshold for 

determining the boundary of IRE in renal tissue. We used a similar threshold as employed in 

clinical treatment planning (600 V/cm) derived from data reported for liver and soft tissue 

IRE. However, when compared to outcomes on CT imaging and pathology, where central 

ablation zones appear to represent complete ablation and peripheral enhancing zones spared 

glomeruli and vessels, we speculate that this threshold may actually be lower, closer to 500 

V/cm.

The mechanism of IRE is based on a cell-death threshold defined through the energy applied 

to the tissue and there is no graduation of IRE effects, which explains the sharp demarcation 

between viable and ablated tissue[9, 21]. However, there seems to be a variation of tissue 

susceptibility and energy thresholds for cell death for different tissues and organ structures. 

Our observations indicate that tubular epithelium may be more susceptible to IRE ablation 

than glomerular structures and blood vessels, which were spared in the periphery of the 

ablation zone, where a reduced electric field density is expected in comparison to the center 

of ablation. These findings are in line with previous observations in kidney IRE 

demonstrating no significant impact on kidney perfusion [14]. A clinical liver IRE study [28] 

has demonstrated that blood vessels in close proximity to IRE ablation zones remain patent 

using postoperative CT and MRI imaging.

Furthermore, the renal collecting system, which has tissue conductivity values different from 

the renal cortex, may cause shape deviations of the ablation zone through a conductivity sink 

effect. Shape deviations of IRE ablation zones through surrounding structures have recently 

been reported by Ben-David et al. [29]. Thermal effects were observed only in a few 

ablations and confined to the immediate surroundings of the needle electrodes and were 

therefore considered insignificant. The majority of literature demonstrates that IRE is a non-

thermal technique, although thermal effects are possible and have been described for higher 

energy settings [27].

This study has limitations. Since no tumor model for swine kidney was available, ablations 

were performed in healthy animals and on normal kidney tissue. The susceptibility of tumor 

tissue to IRE ablation may differ from normal healthy tissue due to different electric 

properties, thus empiric outcomes for tumor ablation are expected to deviate from healthy 

kidney parenchyma. Thus, further studies will be necessary to establish the value of 

simulation for IRE ablation in tumor models and in-human application. Apart from the 

employed method other techniques exist for simulating IRE ablation zones[20], which are, 

however, still unverified by empiric experimental results. Ablation zones were measured on 
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a cross-sectional plane in two dimensions. Three-dimensional measurements may more 

accurately represent the effective ablation shape and volume and a z-axis analysis of the 

ablation volume needs to be addressed in further studies. Due to technical issues histological 

measurements were obtained from a smaller number of ablation zones than CT 

measurements, since the full extension of the ablation zone was required to be captured on 

one histologic slide.

In conclusion, results from simulations as employed in clinical treatment planning for IRE 

ablations and empirical ablation outcomes in the kidney may differ from each other. Both 

simulations and CT measurements may overestimate the actual zone of complete tissue 

ablation in renal IRE as evidenced by histology, which suggests that ablation effects may be 

incomplete in the periphery of the ablation.
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Figure 1. 
CT guided electrode placement (A, E) and immediate multiphasic post-interventional CT for 

a monopolar (protocol 1)(A–D) and a bipolar electrode configuration (protocol 5)(E–H) 

including arterial (B, F), venous (C, G) and delayed phase (D, H). The collecting system has 

been contrasted by previous contrast injection for targeting purposes.
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Figure 2. 
Results from electrical field modeling showing the simulated ablation zone for monopolar 

electrode (M1, M2) configurations with 10 mm (A, protocol 1) and 15 mm spacing (B–D, 

protocol 2–4) and bipolar electrode (B1, B2) configurations (E–F, protocol 5–6). The 

expected zone of complete ablation (IRE Zone, black) is bordered by a low threshold 

isovoltaic line of 600 V/cm and a peripheral transition zone (T, greyscales) by a low 

threshold of 350 V/cm.
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Figure 3. 
Comparison of simulated, CT and histopathology measured ablation zones. CT 24h central 

shows the non-enhancing central zone of ablation. Pathology central shows the central zone 

of complete ablation. The remaining measurements include central and peripheral zones. 

Cross-sectional areas [mm2] (A) were calculated from axial long (B) and short axis (C) 

measurements [mm].
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Figure 4. 
Histological sections of ablation zones in the kidney. Twenty-four hours after ablation, the 

center of the ablation zone (A) displays complete necrosis of tubules (t), glomeruli (g), and 

small blood vessels (v), and hemorrhage (arrow). The periphery (B) displays necrosis of 

tubules (t) with sparing of glomeruli (g) and small vessels (v), which are viable. The pelvis 

(C) shows complete loss of epithelium (arrow) and a fibrinous exudate in the lumen 

(arrowhead). A large artery in the ablation zone (D) shows complete mural necrosis 

(asterisk). H&E stain. Scale bars: 20 μm.
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