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Purpose: To examine the hypothesis that vascular-targeted photo-
dynamic therapy (VTP) with WST11 and clinically rele-
vant parameters can be used to ablate target tissues in a 
non–tumor-bearing large-animal model while selectively 
sparing blood vessels and collagen.

Materials and 
Methods:

By using an institutional animal care and use commit-
tee–approved protocol, 68 ablations were performed in 
the kidneys (cortex and medulla) and livers of 27 adult 
pigs. Posttreatment evaluation was conducted with con-
trast material–enhanced computed tomography in the 
live animals at 24 hours. Immunohistochemistry was 
evaluated and histologic examination with hematoxylin-
eosin staining was performed at 4 hours, 24 hours, and 7 
days. Intravenous infusion of WST11 (4 mg per kilogram 
of body weight) was followed by using near-infrared illu-
mination (753 nm for 20 minutes) through optical fibers 
prepositioned in target tissues by using a fixed template. 
Treated areas were scanned, measured, and statistically 
analyzed by using the Student t test and two-way analysis 
of variance.

Results: Focal WST11 VTP treatment in the liver and kidney by 
using a single optical fiber resulted in well-demarcated 
cylindrical zones of nonthermal necrosis concentrically 
oriented around the light-emitting diffuser, with no in-
tervening viable parenchymal cells. The radius of ablated 
tissue increased from approximately 5 mm at 150 mW 
to approximately 7 mm at 415 mW (P , .01). Illumina-
tion through fiber triads at 1-cm separation resulted in 
confluent homogeneous necrosis. Patterns of acute injury 
within 24 hours were consistent with microcirculatory 
flow arrest and collagen preservation (demonstrated with 
trichrome staining). In the peripheral ablation zone, blood 
vessels at least 40 mm in diameter were selectively pre-
served and remained functional at 7 days. Ablated tissues 
exhibited progressive fibrosis and chronic inflammatory 
cell infiltrates. No histologic changes consistent with ther-
mal injury were observed in blood vessels or collagen. The 
renal hilum and collecting system did not show treatment 
effect, despite treatment proximity.

Conclusion: WST11 VTP induces nonthermal tissue ablation in target 
tissue while preserving critical organ structures and by-
stander blood vessels within solid organs.
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sparing noncapillary blood vessels and 
collagen.

Materials and Methods

Study Design
Our institutional animal care and use 
committee approved the animal use 
protocol for this study. All procedures 
were conducted in accordance with the 
Guide for the Care and Use of Labora-
tory Animals. Tissue effects of WST11 
VTP ablation at 4 hours, 24 hours, and 
7 days after treatment were evaluated 
in a healthy porcine model. Two solid 
organs, the kidney and liver, were cho-
sen for their clinical relevance as com-
mon sites for ablative therapies. We 
examined the effects on normal tissue 
over a range of treatment parameters 
used in preclinical models and clinical 
studies of cancer ablation (31,32).

Animal Model
Twenty-seven female Yorkshire pigs 
that weighed 30–35 kg received food 
and water ad libitum and were housed 
for a minimum of 7 days for quaran-
tine, acclimation, and observation prior 

Soluble; Steba Biotech, France) a 
water-soluble near-infrared–activated 
compound (16–18) that noncovalently 
binds to serum albumin and stays se-
questered within the circulation until 
clearance with an elimination half-life 
of less than 60 minutes in humans 
(16). As observed in trials with small 
animals (19), when WST11 is acti-
vated by light, super oxide and hy-
droxyl radicals produced in the blood 
mediate a cascade of events that re-
semble profound, transient, and local-
ized ischemia-reperfusion injury that 
results in a complete tumor vascular 
arrest, including feeding arteries and 
draining veins, followed by localized 
necrosis (19,20). WST11 VTP pro-
foundly differs from classic photo-
dynamic therapy (21–27) and offers 
major advantages, including absence 
of prolonged toxicity, a major draw-
back of classic photodynamic therapy 
(4,28–30). WST11 VTP was applied 
successfully and safely in phase II clin-
ical trials in patients with early-stage 
prostate cancer (31). Evidence of both 
successful ablation and preserved 
quality of life suggest that WST11 VTP 
has the potential to overcome draw-
backs of current ablation approaches 
and effectively treat cancers localized 
in other organs, such as those near 
important blood vessels, with minimal 
damage to surrounding tissues. In our 
study, we aimed to examine the hypo-
thesis that WST11 VTP with clinically 
relevant parameters can be used to 
ablate target tissues in the kidney and 
liver of a non–tumor-bearing large-
animal survival model while selectively 

Published online before print
10.1148/radiol.2016141571  Content code: 

Radiology 2016; 281:109–118

Abbreviations:
ATN = acute tubular necrosis
CN = coagulative necrosis
H-E = hematoxylin-eosin
HZ = hemorrhage zone
IQR = interquartile range
TUNEL = terminal deoxynucleotidyl transferase dUTP nick 

end labeling
VTP = vascular-targeted photodynamic therapy
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Advances in Knowledge

nn Treatment with WST11 vascular-
targeted photodynamic therapy 
(VTP) demonstrates uniform, 
concentric necrosis consistent 
with its intravascular, nonthermal 
mechanism of action.

nn The photochemical effect of 
WST11 VTP in healthy tissues 
selectively spares normal blood 
vessels larger than 40 mm in di-
ameter in the periphery of the 
treatment zone but with com-
plete necrosis of the surrounding 
parenchymal tissues and without 
evidence of perivascular tissue 
sparing.

nn Tissue ablation with WST11 VTP 
spares normal tissue collagen 
within the ablation zone, suggest-
ing that normal tissue proteins 
can be preserved.

Implications for Patient Care

nn Tissue ablation with WST11 VTP 
may be useful for treating tumors 
close to blood vessels, where 
other forms of thermal ablation 
are less effective.

nn Sparing of normal vessels and 
tissue collagen with WST11 
VTP may provide an opportu-
nity for normal tissue remodel-
ing after treatment, thus mini-
mizing adverse functional 
effects.

Tumor ablation therapies have 
been used to treat localized can-
cers with negligible treatment-

related morbidity, yet these therapies 
have major limitations that can im-
pair treatment effectiveness or risk 
collateral tissue damage (1,2). This 
is particularly true of thermal tissue 
ablation technologies, such as radio-
frequency ablation, high-intensity 
focused ultrasound, microwave abla-
tion, and cryotherapy (3–9), in which 
the heat-sink effect from tissue vas-
cularity (3,10,11) and/or indiscrimi-
nant damage to surrounding normal 
tissues is problematic. Moreover, the 
nonselectivity of tissue destruction 
at therapeutic energies, in particular 
the impairment of collagen scaffold 
and nontumor blood vessels, is det-
rimental to the recovery of normal 
tissue function in or near the target 
thermal ablation zone (3,12–15). Al-
ternative nonthermal technologies 
for in situ tissue treatment have been 
sought to overcome these serious  
limitations.

To address this need for advance-
ment, we examined the use of a non-
thermal form of tissue ablation with 
vascular-targeted photodynamic ther-
apy (VTP) by using WST11 (Tookad 
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completely resected, photographed, 
and measured after sequential immer-
sion in 1, 2, 3, 5-triphenyltetrazolium 
chloride in phosphate-buffered saline 
with a pH level of 8.5 (Sigma-Aldrich, 
St Louis, Mo). Tissues were fixed in 
10% neutral-buffered formalin for 72 
hours, paraffin embedded, and sec-
tioned to 4-mm thickness and affixed to 
slides stained with hematoxylin-eosin 
(H-E) stain. Ablation zones were step-
sectioned perpendicular to the long 
axis at 2-mm intervals for volumetric 
analysis. Additional sections were ob-
tained from selected specimens for 
histochemical staining with the Mas-
son trichrome technique for collagen 
and with the terminal deoxynucleoti-
dyl transferase dUTP nick end label-
ing (TUNEL) technique, as described 
previously (33). Selected sections were 
also stained with immunohistochemis-
try for cleaved caspase-3 on a Leica 
Bond RX automated staining platform 
(Leica Biosystems, Buffalo Grove, Ill). 
After heat-induced epitope retrieval at 
a pH level of 6.0, the primary antibody 
(polyclonal rabbit, catalog no. 9661; 
Cell Signaling Technology, Beverly, 
Mass) was applied at a concentration 
of 1:250 and was followed by appli-
cation of a polymer detection system 
(Novocastra Bond Polymer Refine De-
tection; Leica Biosystems).

A board-certified veterinary pa-
thologist with 13 years of experi-
ence (S.M.) performed histologic as-
sessments. Volumetric analysis was 
performed by using a digitized slide 
scanner, and measurements were ob-
tained with both digital and optical 
slide imaging. Aperio ImageScope 
digital slide imaging software (Aperio, 
Vista, Calif) was used for volumetric 
analysis by outlining ablated regions, 
and three-dimensional reconstruc-
tions were then created from digitized 
step-sections by using three-dimen-
sional Slicer software (http://www.
slicer.org).

Statistical Analysis
Sixty-eight ablations were performed, 
allowing for more than three abla-
tions for each laser fluence and time 
combination. Ablation volumes were 

of body weight. Illumination was then 
provided by a 753-nm medical diode 
laser (V-Gen, Tel Aviv, Israel) connect-
ed to plastic fiber optics (Medlight SA, 
Écublens, Switzerland), as described 
previously. The diffuser tip of the op-
tical fiber was inserted into the organ 
of interest to a minimum depth of 1 
cm (S.Y.K.). The upper, middle, and 
lower pole regions of the kidney were 
treated with fibers inserted along the 
lateral aspect of the kidney, directed 
radially toward the hilum and pro-
viding treatment to the cortex and 
medulla. Fibers inserted into the liver 
to a minimum depth of 1 cm were ar-
ranged in the right lobe at least 5 cm 
away from the porta hepatis. After 
secure fiber insertion and intravenous 
administration of WST11, light was 
delivered through the fibers for 20 mi-
nutes at fluence rates of 75 mW/cm, 
100 mW/cm, 150 mW/cm, 208 mW/
cm, and 415 mW/cm. In all, 68 ab-
lations performed in 27 animals were 
included in our study.

Ten animals received liver treatment 
only, and 17 animals received both kid-
ney and liver treatment (acute model 
only). Each hepatic and renal ablation 
zone in all 27 animals was analyzed. In 
addition, sham treatments (light fiber 
and illumination only, without WST11) 
were performed in 10 treatments (10 
kidney and 10 liver treatments) and 
analyzed for each treatment. Com-
puted tomographic (CT) images were 
obtained by using a multi–detector row 
CT scanner (LightSpeed 16; GE Health-
care, Milwaukee, Wis).

Laboratory Studies
Laboratory studies included a complete 
blood count, comprehensive metabolic 
panel, fibrin, fibrinogen, and coagula-
tion profile and were performed prior 
to infusion and treatment, then prior to 
euthanasia. Animals were euthanized 
with injection of a commercial eutha-
nasia solution that contained sodium 
pentobarbital and sodium phenytoin (1 
mL per 4.5 kg of body weight) while 
under deep anesthesia 4 hours (n = 6),  
24 hours (n = 15), or 7 days (n = 6) 
after completion of VTP treatment. 
During necropsy, treatment sites were 

to the procedure. A fentanyl patch 
(25 mg/hour) was placed 12–14 hours 
prior to surgery. The night before sur-
gery, the pigs fasted for 12 hours but 
were allowed water. All pigs were se-
dated with tiletamine and zolazepam  
(4.4 mg per kilogram of body weight) 
and were given glycopyrrolate (0.007 
mg per kilogram of body weight). A 
local infiltrate of bupivacaine (0.25%) 
was delivered subcutaneously along the 
midline prior to laparotomy. Each pig 
was intubated and maintained on iso-
flurane (1.5%–2.5%) during surgery. 
A 16-gauge angiocatheter was placed 
in an ear vein for blood collection and 
drug administration. Isotonic saline was 
infused intravenously at a rate of 10–15 
mL per kilogram of body weight per 
hour during the procedure.

Surgical Procedures and WST11 VTP
All procedures, including surgical in-
terventions, fiber placements, and illu-
minations, were performed by one in-
vestigator (S.Y.K.) who had more than 
5 years of related surgical experience 
before conducting these studies. After 
induction of anesthesia by a trained 
veterinarian and prior to administra-
tion of WST11, a midline laparotomy 
was performed on each pig, and both 
kidneys and the liver were exposed 
(S.Y.K.). The 600-mm illuminating 
fibers were inserted in atraumatic 
fashion with a blunt-tip cannula into 
the kidneys and liver (S.Y.K.) by using 
templates with multiple fiber configu-
rations (Fig E1 [online]). Within each 
triangular template, four thermocou-
ples were placed to measure tissue 
temperature at the center and 3 mm, 
5 mm, and 7 mm from the center of 
each array of fibers to minimize any 
potential light-shadowing effect. All 
WST11 delivery devices and intrave-
nous tubing were protected from am-
bient light.

Photosensitizer and Illumination Source
WST11 was used as described previ-
ously (31). Briefly, WST11 was pre-
pared and reconstituted in saline un-
der sterile, light-protected conditions 
and administered intravenously at a 
standard dose of 4 mg per kilogram 



112	 radiology.rsna.org  n  Radiology: Volume 281: Number 1—October 2016

EXPERIMENTAL STUDIES: Nonthermal Ablation by Using Intravascular Oxygen Radical Generation with WST11	 Kimm et al

and hyaline casts surrounded ablated 
regions that showed tissue hyperemia 
with congestion of renal capillaries. Tu-
bular cells showed early degenerative 
separation from their basement mem-
branes, and TUNEL-positive staining in 
the ablation zone was observed. Histo-
logically, tissue at each zone of treat-
ment appeared similar when comparing 
high (415-mW/cm) and low (150-mW/
cm) laser fluences in both liver and kid-
ney without evidence of tissue thermal 
effects.

Twenty-four hours after ablation.—
All treated liver tissues demonstrated 
well-defined areas of complete CN of all 
structures, which correlated with fiber 
placement (Fig 1). Beyond this zone, 
there was a region of parenchymal ne-
crosis with hemorrhage zone (HZ) and 
hyperemia. A sharply demarcated bor-
der was visible between this zone and 
normal liver tissue. Bile ducts and he-
patocytes in the HZ stained clearly for 
DNA fragmentation (with TUNEL) and 
cleaved caspase-3 (Fig 1). No TUNEL 
or cleaved caspase-3 staining of blood 
vessel endothelium was observed in 
the HZ, and the vessels appeared to 
be preserved despite being completely 
surrounded by necrotic hepatocytes. 
Some sporadic, small foci of cleaved 
caspase-3–stained hepatocytes were 
observed 1.0–4.6 mm outside the HZ 
boundary.

Treated kidney tissues showed a 
similar region of complete CN of all 
structures concentrically around the 
laser fiber (Fig E7 [online]), with re-
nal tubules stained by TUNEL for DNA 
fragmentation and cleaved caspase-3. 
Beyond this zone, a surrounding pe-
ripheral zone of acute tubular necrosis 
(ATN) with superimposed vascular hy-
peremia and hemorrhage was observed. 
Vascular sparing despite complete ne-
crosis of the surrounding parenchymal 
cells was evident in vessels at least 40 
mm in diameter within the ATN zone 
(Fig E8 [online]). While necrosis of 
tubules was global and homogenous in 
the CN zone, the periphery of the ATN 
regions showed populations of tubules 
that appeared to be resistant to treat-
ment effects. Proximal tubules of the 
kidneys appeared more susceptible to 

the treated zones within both liver and 
kidney showed regions of central pal-
lor with peripheral red discoloration, 
which corresponded to regions of fi-
brosis that were visible on H-E–stained 
sections. The volume of the ablated 
domains increased with light fluence 
and possessed sharp borders. Tissues 
outside the ablated domains appeared 
normal at gross inspection and at histo-
logic examination.

Sham treatments (light illumina-
tion, no infusion of WST11) performed 
in 10 animals that received 10 liver and 
10 kidney treatments resulted in mini-
mal temperature increases of 1°C –2°C 
for all light settings (Fig E3 [online]). 
There was no histologic evidence of tis-
sue effects for sham procedures other 
than local trauma caused by passage 
of the fiber cannula. Tissue tempera-
ture changes were also negligible with 
active WST11 VTP conditions at laser 
energies of 75 and 150 mW/cm. In-
crease in tissue temperature was seen 
at light fluences of 208 and 415 mW/cm 
within the treatment zone. The mean 
sustained temperature increase during 
treatment (T[°C]) was +16°C and 
+11°C at 415 mW/cm and +8°C and 
+3°C at 208 mW/cm in the liver and 
kidney, respectively. No temperature 
change was observed 7 mm away from 
the array center at all tested fluence 
rates (Fig E4 [online]).

Histologic Examination of Liver and 
Kidney Tissues Treated with WST11 VTP
Four hours after ablation.—On H-E–
stained slides of liver and kidney tis-
sues, ablation zones were visible con-
centrically around each laser fiber. 
Triangular or rectangular fiber arrays 
produced a coalescent ablation zone 
between the laser fibers (Fig E2 [on-
line]). In the liver, treated areas dem-
onstrated hyperemia and hemorrhage 
of hepatic sinusoids and separation of 
hepatocytes (Fig E5 [online]). Early 
events of cell death were observed, 
including condensation of chromatin, 
and this was supported by positive TU-
NEL staining.

Similar evidence of early necrotic 
events was seen in kidney tissues (Fig 
E6 [online]). Areas of tubular dilation 

analyzed as medians with interquartile 
ranges (IQRs). The short-axis distance 
(in millimeters) from the illuminating 
laser fiber and the first viable portal 
tract was used as a measure of the size 
of the coagulative necrosis (CN) zone, 
and medians and IQRs were calculated 
for each. The Mann-Whitney rank sum 
test was used to identify significant dif-
ferences in the groups. Two-sample t 
tests were used to perform pairwise 
comparisons of each measurement be-
tween the ablation groups and to check 
for differences between the laser flu-
ence groups. Analysis of variance was 
used to identify significant differences 
for comparisons of three or more 
groups. To illustrate the relationship 
between blood vessel size and blood 
vessel ablation, 10 liver and 10 kidney 
ablations were included in the analysis, 
with 40–50 blood vessels counted on 
each slide with three to five slides 
per ablation. All statistical analyses, 
including the Student t test, two-way 
analysis of variance, and nonparamet-
ric tests that included the Wilcoxon 
and Mann-Whitney rank sum tests, 
were performed by using Stata Statis-
tical Software version 12.0 (StataCorp, 
College Station, Tex). All P values re-
sulted from the use of two-sided sta-
tistical tests, and a P value of .05 was 
considered the threshold to indicate a 
significant difference.

Results

Macroscopic Observations
Four hours after WST11 VTP ablation, 
treated regions within the liver and 
kidney were grossly evident as homo-
geneous zones of red discoloration (Fig 
E2 [online]). Nonviability of tissues 
within ablation zones was confirmed by 
lack of 1, 2, 3, 5-triphenyltetrazolium 
chloride staining. This corresponded 
with areas of necrosis on H-E–stained 
slides and was confirmed with TUNEL 
staining. Twenty-four hours after abla-
tion, darker discoloration at the center 
of each lesion was visible at gross ex-
amination and corresponded to regions 
of CN on H-E–stained slides. Seven 
days after application of WST11 VTP, 
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necrosis than distal or collecting system 
tubules. Similar to the HZ region in the 
liver, vessel preservation in the ATN 
zone was supported by absent vascular 
endothelial TUNEL staining. Regions of 
sublethal tissue injury marked by tubu-
lar hyaline casts were also observed. 
Tissue beyond the sharply demarcated 
zone of ablation appeared normal and 
viable. No evidence of injury to the re-
nal hilar vessels was observed (Fig E9 
[online]), despite the close proximity to 
treated regions.

With increasing laser energy, there 
was an increase in the size of the ab-
lated region. Volumetric analysis of liver 
step-sections demonstrated significant 
differences (P , .01) in lesion volume 
between low (100-mW/cm) and high 
(415-mW/cm) energy fluences (Fig 2). 
The overall volume of the ablated tissue 
(Va in the following equation) increased 
at approximately the square root of the 
light fluence (f), such that Va2 ~ Va1 · 
√(f2/f1), where f2 and f1 are the light flu-
encies (in milliwatts per centimeter) re-
sulting in ablated volumes Va2 and Va1, 
respectively. Although ablation volumes 
differed, the histologic characteristics 
of lesions created at different light flu-
ences remained similar. This statement 
is based on a careful comparison of 
the histologic changes for each ablated 
zone observed after WST11 VTP treat-
ment with high and low laser fluence. 
In particular, the percentage of abla-
tion that consisted of CN seen within 
the ablated zone after at least 24 hours 
remained constant (Fig E10 [online]). 
Tissues that underwent sham treatment 
did not show any histologic evidence of 
ablation injury.

In sharp contrast to the tissues that 
underwent thermal ablation, trichrome 
staining of the treated tissues at 24 
hours showed no indication of collagen 
scaffold impairment (Fig E11 [online]).

Seven days after ablation.—Seven 
days after WST11 VTP ablation, H-E–
stained slides of liver and kidney tis-
sues exhibited progressive fibrosis 
and evidence of tissue remodeling, 
accompanied by infiltration of chronic 
inflammatory cells, such as macro-
phages and monocytes. The encroach-
ment of fibrosis appeared directional, 

Figure 1

Figure 1:  Photomicrographs of porcine liver tissue 24 hours after treatment (with 415 mW ).  
∗ = position of the laser fiber on each image. A, On the H-E–stained section (original magnification, 
310), the treated region is clearly visible as a zone of CN (CN) surrounding the laser fiber. 
This is surrounded by a more peripheral concentric zone defined by parenchymal necrosis and 
hemorrhage ( HZ ). Within this zone, structures such as arteries, veins, and bile ducts are variably 
affected. A normal-appearing region (NL) is sharply delineated outside the treatment area (indicated 
by the dotted line). B, TUNEL-stained section (original magnification, 310 ) shows a dense, well-
circumscribed region of necrotic cells with fragmented DNA (tun+) homogeneously surrounding the 
laser fiber. C, Photomicrograph obtained after treatment (original magnification, 340) shows that no 
changes in the structure of collagen were visible at light microscopy, despite complete ablation and 
necrosis of surrounding hepatocytes in the CN zone. D, High-power view of an H-E–stained section 
(original magnification, 3400) from the normal-appearing area shows the normal cellular and archi-
tectural appearance of a porcine portal triad, consisting of a bile duct (b), artery (a), and vein (v). E, 
High-power view of an H-E–stained section (original magnification, 3400) from the CN zone shows 
complete parenchymal necrosis and necrosis of a small 40-mm vein (v, arrow) and bile duct (b).



114	 radiology.rsna.org  n  Radiology: Volume 281: Number 1—October 2016

EXPERIMENTAL STUDIES: Nonthermal Ablation by Using Intravascular Oxygen Radical Generation with WST11	 Kimm et al

Effect of WST11 VTP on Blood Vessels in 
Normal Tissues
Vessels of the microcirculation, such 
as the blood vessels of the liver portal 
tracts and sinusoids, appeared ablated 
within the CN region and were spared 
farther away from the source of illumi-
nation (Fig E14 [online]). In the HZ re-
gion of the liver and the ATN region of 
the kidney, blood vessels at least 40 mm 

chlorine, blood urea nitrogen, creati-
nine, and glucose levels), and coagula-
tion pathway indicators (prothrombin 
time, partial thromboplastin time, and 
fibrinogen) were measured, and no sig-
nificant alterations were seen at each 
time point between sham animals and 
treated animals. This corroborates find-
ings from other preclinical studies of 
WST11 VTP (34).

progressing from the periphery toward 
the center of each ablated area, with 
residual central areas of CN (Fig 3). 
Viable blood vessels within the HZ, as 
described earlier, persisted. Areas of 
increased blood vessel and bile duct 
density were visible, along with evi-
dence of angiogenesis. Findings were 
consistent with hepatocyte destruction 
and resorption, with persistence of 
preserved blood vessels. Where triads 
of laser fibers were deployed, a trian-
gular region of necrosis was created 
with fibrotic encroachment that devel-
oped from the periphery into the co-
alescent CN zone of each lesion (Fig 
E12 [online]). In the kidney, a similar 
pattern of chronic inflammation and 
fibrosis was seen, including areas of 
increased blood vessel density (Fig 4,  
Fig E13 [online]).

Laboratory testing for alterations 
in complete blood count, serum chem-
istry levels (sodium, potassium, CO2, 

Figure 3

Figure 3:  Photomicrographs (H-E stain) of porcine liver tissue 7 days after treatment (with 415 mW ). 
∗ = position of the laser fiber on each image. A, Photomicrograph (original magnification, 310 ) shows 
that the treated area consisted of an area of CN surrounding the path of the laser fiber, surrounded by a 
region of fibrotic tissue (FZ ) contraction. Residual areas of hemorrhage persisted in this concentric ring 
of fibrosis that appeared to encroach on the lesion from the periphery. A normal-appearing region (NL) 
was sharply delineated outside the treatment area, with an intact vein (v) in the field. B, High-power view 
(original magnification, 3400) from the CN region of the treated area shows ablation of hepatocytes and 
necrosis of the bile ducts and vessels within the portal triad. C, High-power view (original magnification, 
3400 ) from the zone of fibrosis shows increased density of preexisting blood vessels that were viable 
after treatment, along with immature blood vessels (arrow) that are suggestive of neovascularization. The 
region is infiltrated with chronic inflammatory cells. D, Photomicrograph (original magnification, 3200) 
shows a portal triad that contains an intact blood vessel (v) in the periphery of the fibrotic zone is pictured, 
indicating sparing of the structure after treatment.

Figure 2

Figure 2:  Plot of liver lesion volume (in cubic 
millimeters) as a function of laser fluence 24 hours 
after WST11 VTP. At 100 mW (n = 15; mean, 767.5 
mm3; median, 738.85 mm3; IQR, 681.45–834.03 
mm3), 200 mW (n = 12; mean, 1204.03 mm3; 
median, 1227.62 mm3; IQR, 1081.65–1294.91 
mm3), and 415 mW (n = 18; mean, 2209.84 mm3; 
median, 2204.01 mm3; IQR, 1957.35–2443.12 
mm3), higher fluences resulted in larger lesion 
volumes. ∗ = statistical significance (P , .0001 
with the Mann-Whitney rank sum test).
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the highly vascular renal hilum showed 
no effect on the primary and segmental 
arteries and veins that enter the kidney 
(Fig E9 [online]). Contrast-enhanced 
imaging showed no devascularized 
areas outside of the ablation zone (Fig 
E9 [online]). Laboratory analysis dem-
onstrated no significant alterations to 
global renal function, and no perfora-
tion of the collecting system or vessels 
was observed.

Discussion

The shortcomings of thermal ablation 
have encouraged the search for non-
thermal approaches that prevent the 
heat-sink effect and/or enhance treat-
ment effectiveness with less morbidity 
to nearby normal tissues and organs. 
Application of WST11 VTP to animal 
and human cancers in preclinical and 
clinical trials, respectively, has shown 
tumor vascular collapse, including feed-
ing arteries and draining veins (35,36), 
accompanied by necrotic cell death 
and subsequent tumor eradication 
(29,36). Examination of the surround-
ing noncancerous tissue in small-animal 
models suggested sparing of the normal 
blood vessels (32,36). Likewise, exam-
ination of prostate biopsy specimens 
obtained 6 months after hemiablation 
with WST11 VTP for treatment of 
early-stage cancers showed sparing of 
large normal vessels in the treatment 
zone (29,31). Preservation of collag-
enous structures, such as the capsule 
and the urethra, was demonstrated 
with both magnetic resonance imag-
ing and patient physiological status re-
ported 1 and 6 months after treatment 
(28). Moreover, the absence of inconti-
nence after treatment was indicative of 
muscle intactness under the treatment 
conditions. Additional preclinical stud-
ies with WST11 VTP were performed 
in the prostates of non–tumor-bearing 
dogs, and prostate histologic examina-
tion was performed 1 week after treat-
ment. However, fibrosis in the HZ had 
already occurred, leaving only the cen-
tral CN for inspection, where vascular 
occlusion was prominent (34).

The early steps of WST11 VTP and 
non–tumor-tissue response in organs 

and rs2 are the radii of the ablated zones 
due to illumination with f1 and f2 light 
fluencies, respectively (Fig 5). No vascu-
lar thrombosis was visible in the treated 
regions, according to the H-E–stained  
slides.

In the kidney, WST11 VTP ablations 
of medullary regions that extended into 

in diameter were spared, although the 
parenchymal cells that surrounded them 
were fully necrotic. The distance be-
tween the laser fiber and the first spared 
vessels smaller than 40 mm in diameter 
appeared to increase linearly with in-
creasing light fluence (f in the following 
equation), such that rs2 = f2/f1rs1, where rs1 

Figure 4

Figure 4:  Photomicrographs (H-E stain; original magnification, 3100 ) of porcine kidney 
tissue 7 days after treatment (with 415 mW ). A, High-power view of the treatment zone shows 
necrosis of kidney tubules (nt), a necrotic glomerulus (ng), and a necrotic blood vessel (v).  
B, High-power view in the zone of fibrotic change shows regenerating tubules (rt) and 
inflammatory infiltrate (arrow).



116	 radiology.rsna.org  n  Radiology: Volume 281: Number 1—October 2016

EXPERIMENTAL STUDIES: Nonthermal Ablation by Using Intravascular Oxygen Radical Generation with WST11	 Kimm et al

nontumor tissues. Considering our pre-
viously published data (36), vessels of 
normal tissues appear to be more re-
sistant to WST11 VTP than tumor-as-
sociated vessels. In the absence of ox-
ygen, photo-excited WST11 undergoes 
nonradiative decay to the ground state. 
As the number of excited molecules in-
creases, increased heat dissipation by 
nonradiative decay of the excited mole-
cules results in the observed tempera-
ture increase.

Several putative mechanisms for 
the difference between normal and 
tumor vessel response may be consid-
ered. These include differences in tu-
mor vessel permeability, dependency 
on hypoxia-related pathways in cancer 
microenvironments, aberrant expres-
sion of ischemia-reperfusion mediators 
in tumor endothelial cells, and mecha-
nisms of hypoxia resistance in normal 
vessels, even at high light energy. Such 
areas require further investigation.

Lastly, our finding of infiltration by 
acute and then chronic inflammatory 
cells after WST11 VTP is consistent 
with data gathered from the clinical 
trials in prostate cancer mentioned 
earlier (28,31), where biopsy samples 
obtained 6 months after VTP treatment 
demonstrated macrophages and giant 
cells in the ablated regions (29). Per-
sistence of a low-level and prolonged 
inflammatory response should contrib-
ute to the processes of immune educa-
tion and the development of antitumor 
immunity (30). Moreover, viable blood 
vessels within the ablation provide por-
tals for inflammatory cell infiltration, 
in response to the acute nonthermal 
cellular necrosis. Necrotic cell releases 
of nondenatured RNA and DNA and 
various antigens is expected to enhance 
innate and prolonged immunity, as we 
reported from the tumor-bearing small-
animal models (21,30).

Irreversible electroporation is an-
other nonthermal ablation modality 
that has been clinically adopted for the 
local treatment of tumors at locations 
where the use of traditional thermal 
ablation techniques are contraindicat-
ed for safety or effectiveness reasons 
(38). Similar to VTP, irreversible elec-
troporation can be applied adjacent to 

CN is a descriptive histopathologic 
finding induced by thermal tissue dam-
age, ischemia, or irreversible hypoxia 
as a result of embolization procedures 
or, more acutely, by ischemia-reperfu-
sion injury (35,37). WST11 VTP did 
not generate a clinically significant tem-
perature change (defined here as DT 
 8°C, since some coagulation effects 
are expected with extended animal tis-
sue heating to .45°C) at less than 208 
mW/cm and did not obstruct vessels 
by means of thrombotic processes, as 
no intravascular fibrin deposition was 
observed. Therefore, our data sup-
port findings from previous preclinical 
models that showed that intravascu-
lar reactive oxygen species generation 
and propagation of tissue effects occur 
through a mechanism similar to isch-
emia-reperfusion injury. This corrobo-
rates other mechanisms presented for 
WST11 VTP of tumors in small-animal 
models (28).

In stark contrast to perivascular 
cellular sparing often seen with thermal 
ablation mechanisms (13), WST11 VTP 
performed under therapeutic condi-
tions provides complete necrosis of all 
perivascular cells within the treatment 
zone while sparing midsize (40–200-
mm) and large (.200-mm) vessels of 

other than the prostate that are targets 
for focal therapy have not been resolved 
previously. These early events critically 
define treatment safety and selectivity 
and complement the large body of data 
concerning the early tumor response 
to WST11 VTP in small-animal tumor-
bearing models. The histopathologic 
analysis presented in our study showed 
selective, nonthermal CN as the pri-
mary mechanism of cell death in nor-
mal tissues.

For both single and multiple laser 
fiber arrangements, WST11 VTP result-
ed in consistent and reproducible abla-
tions that were clearly delineated from 
the nontreated tissue as early as 4 hours 
after treatment. The 1, 2, 3, 5-triphenyl-
tetrazolium chloride viability staining of 
gross specimens, cell morphology with 
H-E staining, early DNA fragmentation 
that manifested with positive TUNEL 
staining, and lack of apoptotic bodies 
and dynamic cleaved caspase-3 expres-
sion patterns all indicate that the tissues 
within the ablation zone are committed 
to the pathway of cellular CN. By 24 
hours after treatment, complete necro-
sis of parenchymal cells had occurred 
in the central region, as well as in the 
surrounding HZ and ATN regions in liver 
and kidney, respectively.

Figure 5

Figure 5:  Plots of the distance to the first viable portal tract from the illumi-
nating laser fiber in liver lesions 24 hours after WST11 VTP. At 100 mW (n = 
29; mean, 0.96 mm; median, 0.69 mm; IQR, 0.53–1.49 mm), 200 mW (n = 
30; mean, 2.64 mm; median, 2.59 mm; IQR, 1.49–3.47 mm), and 415 mW 
(n = 30; mean, 4.20 mm; median, 3.99 mm; IQR, 3.55–4.92 mm), increases 
in laser fluence increased the region in which small portal tract blood vessels 
(40 mm) remained unablated. ∗ = statistical significance (P , .0001 with 
the Mann-Whitney rank sum test).
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to lead to new guidelines for tumor ab-
lation in sensitive anatomic domains. 
Such guidelines are particularly impor-
tant in cases where the collagen scaf-
fold and bystander vessels should main-
tain integrity and functionality. This 
includes, but is not limited to, prostate 
tissue ablation near the nerve bundle 
and ablation of pancreatic cancer and 
cancers in endoluminal cavities, such as 
the upper urinary tract or esophagus. 
The emerging role of tumor tissue ab-
lation as a means to promote immune 
response in combination with immune-
modulating techniques underscores the 
possible utility of this local ablation ap-
proach in the setting of disseminated 
diseases.
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