Theranostics 2015, Vol. 5, Issue 3

289

gtliy [VYSPRING

VS

/

INTERNATIONAL PUBLISHER

“Thevanostics

2015; 5(3): 289-301. doi: 10.7150/ thno.10155

Research Paper

Prediction of Tumor Recurrence and Therapy

Monitoring Using Ultrasound-Guided Photoacoustic

Imaging

Srivalleesha Mallidi!, Kohei Watanabe!2, Dmitriy Timerman?, David Schoenfeld3, Tayyaba Hasan™

1.

Wellman Center for Photomedicine, Massachusetts General Hospital, Boston, MA 02114;
2. Healthcare Optics Research Laboratory, Canon USA, Inc., Cambridge, MA 02139;
3. Biostatistics Department, Massachusetts General Hospital, Boston, MA 02114.

>4 Corresponding author: thasan@mgh harvard.edu.

© Ivyspring International Publisher. This is an open-access article distributed under the terms of the Creative Commons License (http://creativecommons.org/
licenses/by-nc-nd/3.0/). Reproduction is permitted for personal, noncommercial use, provided that the article is in whole, unmodified, and properly cited.

Received: 2014.07.21; Accepted: 2014.11.21; Published: 2015.01.01

Abstract

Selection and design of individualized treatments remains a key goal in cancer therapeutics; pre-
diction of response and tumor recurrence following a given therapy provides a basis for subse-
quent personalized treatment design. We demonstrate an approach towards this goal with the
example of photodynamic therapy (PDT) as the treatment modality and photoacoustic imaging
(PAI) as a non-invasive, response and disease recurrence monitor in a murine model of glioblas-
toma (GBM). PDT is a photochemistry-based, clinically-used technique that consumes oxygen to
generate cytotoxic species, thus causing changes in blood oxygen saturation (5tO,). We hy-
pothesize that this change in StO, can be a surrogate marker for predicting treatment efficacy and
tumor recurrence. PAl is a technique that can provide a 3D atlas of tumor StO, by measuring
oxygenated and deoxygenated hemoglobin. We demonstrate that tumors responding to PDT
undergo approximately 85% change in StO, by 24-hrs post-therapy while there is no significant
change in StO, values in the non-responding group. Furthermore, the 3D tumor StO, maps pre-
dicted whether a tumor was likely to regrow at a later time point post-therapy. Information on the
likelihood of tumor regrowth that normally would have been available only upon actual regrowth
(10-30 days post treatment) in a xenograft tumor model, was available within 24-hrs of treatment
using PAIl, thus making early intervention a possibility. Given the advances and push towards
availability of PAl in the clinical settings, the results of this study encourage applicability of PAl as an
important step to guide and monitor therapies (e.g. PDT, radiation, anti-angiogenic) involving a
change in StO,.
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Introduction

The structural, vascular, and metabolic hetero-
geneity of cancer biology confers substantial limita-
tions to the effectiveness of standard cancer treat-
ments, such as radiotherapy or chemotherapy [1] re-
sulting frequently in tumor recurrences. The recurrent
disease can be aggressive and is often resistant to
standard treatments. For example, in malignant glio-
blastoma, 90-95% of tumors recur locally, and less
than 15% of these recurrent tumors show response to

standard chemotherapy [2]. Indeed, there is no
standard of care for recurrent glioblastoma [3]. The
cause of local recurrence is not entirely established
and probably reflects the heterogeneity in tumor cells,
tumor vasculature and hypoxia—all of which may
play a major role, either individually or collectively, in
resistance to standard therapies [4]. Given these het-
erogeneities, information on change in tumor volume
alone post-therapy is not predictive of therapy re-

http://lwww.thno.org



Theranostics 2015, Vol. 5, Issue 3

290

sponse or recurrence. Surrogate functional markers
such as change in tumor vascular density, perfusion
and metabolic activity occurring in the tumor due to
therapy could provide better prediction of therapy
response, aid in stratification of subjects and design of
subsequent therapeutic interventions earlier in the
disease management.[5] Therefore, the importance of
non-invasive imaging modalities that provide func-
tional information in predicting therapy response is
irrefutable [6].

Amongst the emerging vascular-targeted thera-
pies, photodynamic therapy (PDT) is gaining popu-
larity because it causes spatially localized tumor vas-
cular destruction with minimal side effects [7]. In
PDT, photosensitizer (PS) preferentially accumulates
in malignant tissue as a result of increased tumor
vascular permeability, and wavelength-specific
light-activation of the PS generates cytotoxic reactive
species including reactive oxygen species (ROS). ROS
subsequently induce tumor cell and vascular destruc-
tion. PDT has temporal and spatial selectivity because
1. PSis accumulated in tumor tissue and its associated
vasculature in a time-dependent manner and 2. Light
illumination can be regionally localized to the area of
malignancy [7, 8]. Additional tumoral selectivity for
the PS can be achieved through liposomal encapsula-
tion [9] or PS conjugation to targeting moieties such as
antibodies [10]. Currently, PDT is approved for sev-
eral applications [7] malignancies such as cholangio-
carcinoma (NCT01524146), oropharyngeal cancer
(NCT01718223), glioma (NCT01682746)[11] and lo-
cally advanced pancreatic cancer (NCT01770132) [12].

As with radio- and chemotherapy, heterogeneity
in tumor oxygenation can result in variable PDT out-
comes [8, 13]. Besides the inherent erratic nature of
tumor vasculature, the heterogeneity of tumor oxy-
genation is attributed to variations in inter-capillary
distance, intra-vascular oxygen partial pressure (pOz),
blood flow rates and vascular permeability [14].
Studies, such as those by Pogue et al., have shown
that as a consequence of this variability, response to
PDT treatment is also not homogeneous [15]. Vascu-
lar-targeted PDT effectiveness depends, amongst
other parameters, on the availability and consump-
tion of oxygen in the target tissue during light deliv-
ery and its subsequent effect on vascular destruction.
Therefore, monitoring of tumor oxygenation before,
during and after PDT could provide an early indica-
tion of the long-term treatment outcome. Direct
measurements of tissue oxygenation status during
PDT have been obtained with pO» histography [16,
17]. However, microelectrodes are invasive and only
sample volume adjacent to the electrode.
Non-invasive optical imaging techniques, such as
reflectance spectroscopy and diffuse optical tomog-

raphy, used to monitor changes in blood oxygen sat-
uration (S5tO), an indirect method representing tissue
oxygenation status [13, 18-21], post therapy have
shown promise. However, these techniques have not
provided 3D spatial information on the heterogene-
ous change in tumor StO; post therapy. Blood oxy-
genation level dependent (BOLD) contrast MRI was
also demonstrated for use in PDT [22], however it was
sensitive only to deoxygenated hemoglobin changes
in T2* relaxation time and has ~1 mm spatial resolu-
tion. Advances in optical and acoustic technologies
have led to an increased interest in the use of photo-
acoustic phenomena for biomedical imaging. This is
due to the fact that photoacoustic imaging (PAI) has
the sensitivity of optical imaging and yields a 3D atlas
of the tumor blood oxygenation status at resolutions
equal to ultrasound imaging [23-25]. PAI uses a
pulsed laser to induce localized thermo-elastic ex-
pansion of optical absorbers (such as hemoglobin)
that generate acoustic waves. The generated photoa-
coustic waves are detected using an ultrasound
transducer. Multi-wavelength PAI can provide StO»
and total hemoglobin concentration (HbT) maps
without the use of exogenous contrast agents as oxy-
genated and deoxygenated hemoglobin have different
optical absorption properties [23-26].

In this study we hypothesize that mapping the
change in StO, with PDT within the 3D tumor volume
could act as a surrogate marker to predict the likeli-
hood of PDT success and could identify regions of
local tumor recurrence within the 3D tumor volume.
We tested this hypothesis by using, for the first time,
PAI monitoring of benzoporphyrin-derivative (BPD)
based PDT-induced change in tumor StO; in a murine
model of GBM. We demonstrate that a ~95% and
~85% decrease in StO; at 6- and 24-hrs post-therapy,
respectively, were predictive of tumors responding to
the treatment (i.e.,, no palpable tumor was observed
up to a month post therapy) while no significant
change in StO, at post-therapy was observed in the
non-responding tumors. Based on these findings, a
“prediction map” was deduced from the PAI StO;
images post-therapy to predict non-treated and re-
growth areas within the 3D volume of the tumor. Fi-
nally, our prediction map was validated with blinded
caliper measurements and photographs of the re-
curred tumor.

Results

Photoacoustic imaging for StO, does not
photobleach photosensitizer

The FDA-approved photosensitizer ben-
zoporphryin derivative (BPD-MA) with absorption
peaks at 405 nm (Soret-band) and 690 nm (Q-band)

http://lwww.thno.org



Theranostics 2015, Vol. 5, Issue 3

291

was used for all PDT experiments. To achieve better
depth of light penetration, 690 nm light was used for
PDT. PAI was performed at 750 nm and 850 nm
wavelength illumination to deduce StO; from the
oxygenated and deoxygenated hemoglobin signal as
described by Needles et al [26]. At these wavelengths,
the absorbance of BPD is minimal (Fig. 1A). PAI was
performed using pulsed nanosecond laser (10 ns pulse
width) illumination. PAI on phantom tubes (ap-
proximately 500 um inner diameter) loaded with BPD
helped gauge the photobleaching effects that might
emanate from the measurement due to the pulsed
nanosecond laser irradiation. Fluorescence imaging
experiments on the tubes were performed using a
Maestro imaging system (CRI Inc.) with an excitation
at 405 nm and emission at 690 nm. Fluorescence from
the tubes at 690 nm prior to PAI and post-PAI imag-
ing is displayed in Fig. 1B. There was no significant
change in the fluorescence signal in the tube com-
pared to the pre-imaging value with PAI at 750 nm
followed by 850 nm irradiation. However, we observe
reduced fluorescence in the tubes post-PAI at 690 nm
due to photobleaching effects on BPD at this wave-
length. Overall these results indicate PAI for StO; has
minimal photobleaching effect on BPD and no PDT
effects occur due to the imaging procedure.
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Figure 1. Photoacoustic imaging for $tO: does not photobleach photo-
sensitizer. A. Optical absorption properties of the photosensitizer BPD. PDT was
performed at 690 nm and PAl was performed at 750 and 850 nm wavelength illu-
mination. (B) Fluorescence from tubes containing PBS or BPD before and after PAIl at
750 nm, 850 nm and after PAI at 690 nm. There is no significant difference between
the BPD fluorescence (no photobleaching) before and after PAI at 750 nm and 850
nm. However, PAl at 690 nm photobleached the BPD, causing a significant decrease in
the fluorescence.

Effect of drug-light-interval (DLI) on PDT
treatment response

Our previous studies established that PDT was
more effective when light is initiated 1-hr post LV.
injection of PS (1-hr DLI) compared to 3-hr DLI [27].
We postulated in our previous work that at 1-hr the
PS localizes to both cellular and vascular compart-
ments of the tumor; while at 3-hrs most of the PS is
extra-vascular and primarily cellular, and is therefore
less likely to impact the tumor oxygenation status.
Identical results were obtained in the U87 glioma
model in the current study with a BPD dose of 0.5
mg/kg and light dose of 100 J/cm? at 100 mW /cm?
irradiance as shown in Figure 2. The 3-hr DLI group
tumors (Fig. 2, green line) showed approximately
six-fold increase in volume at three weeks following
PDT. There was no significant difference (p>0.05,
Students t-test) between the no-treatment group (Fig.
2, blue line) and the 3-hr DLI group (Fig. 2, green line).
Amongst the mice that underwent PDT with 1-hr DLI,
there was no regrowth for ~two weeks. After ap-
proximately two weeks, 35% of the mice started to
show recurrence and an increase in tumor volume
(Fig. 2, dashed red line) while 65% of mice had no
palpable tumor 30 days after therapy (Fig. 2, solid red
line). To test if PAI could monitor the changes in StO»
in the tumor due to PDT, we designated the 1-hr DLI
group with a sustained absence of palpable tumors up
to 30 days post treatment (Fig. 2, triangles joined by
solid red line) as our “PDT responding group,” and
the mice in the 3-hr DLI group (Fig. 2, squares joined
by solid green line) were considered the “PDT
non-responding group.”

Pre-PDT and immediate post-PDT S$tO; and
HbT values do not predict treatment response

We measured StO, and HbT content in both the
1-hr DLI responding group and 3-hr DLI
(non-responders) group of mice (n=6 per group) at 4
time points (before PDT (pre-PDT), immediately
post-PDT, 6-hrs and 24-hrs post-PDT) to determine if
PAI could predict treatment response. Figures 3A and
3B show representative images of the StO, and HbT
content at various time points in a responding and
non-responding tumor, respectively. Ultrasound im-
aging identified regions of interest (ROI) (green ROI
in Figs. 3A and 3B is the tumor region). Fig. 3C and
Fig. 3D represent the average of StO values and HbT
values in the tumor ROI from ~350 B-scans per mouse
(6 mice in each group, ~55-75 B-scans per 3D tumor
volume). Prior to PDT, there was no statistically sig-
nificant difference between the StO of the 1-hr DLI
and 3-hr DLI groups (Table S1). There was no statis-
tically significant difference between the pre-PDT and
post-PDT values in the 3-hr DLI group, however the
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difference was significant (p<0.001) in the 1-hr DLI
group, indicating an increase in oxygenation imme-
diately post-PDT. This phenomenon is in agreement
with the literature [15, 19] and is attributed to cell
death and a decrease in the metabolic consumption of
oxygen in the tumor area. We observed no significant
difference in the post-PDT StO» between the 1-hr and
3-hr DLI groups. These results are in agreement with
Wang et al [19]. who utilized broad-band reflectance
spectroscopy to evaluate StO; in the PDT responders
and control tumors. We also observed no statistically
significant difference between the HbT values of the
1-hr DLI and 3-hr DLI groups prior to PDT (Addi-
tional File 1: Table S2). Furthermore, there was no
statistically ~significant difference between the
pre-PDT and post-PDT values in these groups
amongst themselves or compared to their respective
pre-PDT values (Table S2). Indeed, the photoacoustic
images also do not show any observable changes in
the HbT images (Figs 3A and 3B). Based on these re-
sults, the pre-PDT StO; and HbT values and the im-
mediately post-PDT StO, and HbT values cannot by
themselves be reliably used to predict PDT treatment
response and differentiate the 1-hr and 3-hr DLI
groups.

Six and 24-hrs post-PDT StO; values predict
treatment response

The StO, values decreased in the responding
1-hr DLI group 6-hrs post-PDT to 2.9% = 1.65%
(~94.3% lower than Pre-PDT StO; value), i.e., the tu-
mor has become hypoxic due to PDT induced vaso-
constriction (Additional File 1: Fig. S1), consistent
with prior reports [15, 18, 28, 29]. At 24-hrs post
treatment, the StO; in the tumors was 8.03% + 4.13%
(~84.8% lower than its pre-PDT value compared to the

94% at 6-hrs post therapy). A statistically significant
increase in average StO. was observed at 24-hrs
post-PDT compared to values at 6-hrs post-PDT. In
the non-responding 3-hr DLI group, StO, values were
47.6% +13.4% and 55.3% * 11.6% at 6-hrs and 24-hrs
post-PDT respectively. No statistically significant
difference was observed between the pre-PDT values
and 24-hrs post-PDT StO; values in the 3-hr DLI
group (Table S2). The decrease in StO; at 6-hrs in the
3-hr DLI group is statistically significant when com-
pared to pre-PDT StO; value (~18% change) and could
be due to PDT action with available BPD not cleared
from the tumor at this time point. Indeed, a study by
Osaki et al and Chen et al showed less disruption of
vasculature at 3-hr DLI and therefore less change in
StO; at this time point was observed [27, 28].

The StO, maps by PAI clearly show hypoxic ar-
eas at both 6- and 24-hrs in the 1-hr DLI group (Fig.
3A). Interestingly, the HbT value at 6-hrs is signifi-
cantly higher than the pre-PDT value in the 1-hr DLI
group (Table S2). The increase in HbT in the re-
sponders can be attributed to erythema caused by
PDT [30]. The inflammation response due to PDT re-
cruits additional red blood cells into the tumor region
causing an increase in the HbT signal. There was no
statistical difference in the HbT signal at 6-hrs and
24-hrs post-PDT in the 3-hr DLI group (Table S2).
Overall, PAI performed at 6-hrs and 24-hrs post-PDT
was predictive of PDT treatment response and dif-
ferentiated between the responding 1-hr DLI group
and non-responding 3-hr DLI group based on the StO;
values. Receiver-operating-curve analysis on the two
parameters StO; at 6-hrs and StO; at 24-hrs suggested
no significant difference in their treatment success
predictive capability (Tables S3 and S4).
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Figure 2. Longitudinal volume monitoring of subcutaneous U87 tumors that underwent no-treatment (circles, blue line), BPD-PDT with 3-hr DLI (squares, green line), BPD-PDT
with [-hr DLI showing complete response (triangles, solid red line) and BPD-PDT treatment with |-hr DLI showing regrowth (diamonds, dashed red line). The error bars indicate

SEM.
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Figure 3. (A&B) Combined ultrasound and photoacoustic images of responders in 1-hr DLI group and non-responder from 3-hr DLI group. The top panel
represents ultrasound image in grayscale overlaid with oxygen saturation (5tO2) map where blue and red represent hypoxic and oxygenated regions, respectively. Bottom panel
represents ultrasound image in grayscale overlaid with total hemoglobin image (HbT). The green ROl indicates the tumor region identified using ultrasound image. C & D. Mean
$tO; and HbT values at various time points (Pre-PDT, Post-PDT, 6é-hrs and 24-hrs post-PDT) in the 1-hr DLI and 3-hr DLI groups. Error bars indicate standard deviation.

Additional File 1: Table S1 and Table S2 provide the p-values of the comparisons among two groups at different time points performed using one way ANOVA (with Tukey’s
multiple comparison test).
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Figure 4. Validation of hypoxic conditions observed in photoacoustic images with immunofluorescence. Ultrasound, Oxygen saturation photoacoustic image,
H&E and immunofluorescence image of a representative tumor cross-section is shown from the 1-hr DLI group (A-D), highly oxygenated tumor from the 3-hr DLI group (E-H)
and tumor with few hypoxic regions in the 3-hr DLI group (I-L). White arrows indicate hypoxic areas. CD31 stain depicting tumor microvasculature is shown in green and
pimonidazole stain indicating hypoxia is show in red in the immunofluorescence images. Yellow arrows indicate hypo-vascular area. Due to hypo-vascularity, no signal is observed
in the photoacoustic image. The blue scale bar on the ultrasound and photoacoustic image represents 5 mm and the black and white scale bars on the H&E and immunofluo-

rescence images respectively represents 1 mm.

Validation of tumor hypoxia with immunoflu-
orescence

We next validated the hypoxic conditions ob-
served in photoacoustic images with pimonidazole
stain for hypoxia [31]. Tumors were sectioned in a
similar orientation as the imaging cross-section. CD31
stain was utilized to depict the tumor vasculature
while pimonidazole stained the hypoxic regions. In
the 1-hr DLI group (Figs 4A-4D), Immunofluores-
cence (IF) images show hypoxia adjacent to the vas-
culature depicted by the CD31 stain in green color
(Fig. S1 shows zoomed insets of these hypoxic re-
gions). The hypoxia is due to the vascular damage
caused by PDT and disruption of the blood flow in
these vessels. Zoomed images of the H&E stain of the
adjacent cross section show vascular congestions
(Additional File 1: Fig. S2). This phenomenon of vas-
cular disruption due to PDT agrees with previous
study by van Geel et al.,[32] and the presence of vas-
cular congestion in tumors that responded to PDT
treatment agrees with study by Maas et al [33].
Moreover, Busch et al. have shown that PDT can cre-
ate significant hypoxia in tissue adjacent to perfused
blood vessels [34]. The oxygen saturation maps by
PAI clearly show a hypoxic region (Fig. 4B, top left
region of the tumor shown by white arrow) in the
areas where high pimonidazole stain was observed
(Fig. 4D, top left region of the tumor shown by white
arrow). Sections from two different tumors in the 3-hr
DLI group are shown in the center and bottom panel
of Fig. 4. In the center panel, the tumor is highly oxy-
genated, and hence, no pimonidazole stain was ob-
served in this tumor section (Fig. 4H). The PAI image
(Fig. 4F) also shows a highly oxygenated tumor. The

yellow arrow in Fig. 4F and Fig. 4H points to a
non-vascular region within the tumor where PAI
lacks contrast due to lack of blood vessels in this re-
gion. A similar hypo-vascular region was observed in
the bottom panel tumor (Fig. 4] and Fig. 4L, yellow
arrows) as well. These hypo-vascular areas existed
prior to PDT as shown by PAI The tumor in the bot-
tom panel has a few hypoxic regions (Fig. 4] and Fig.
41, white arrows) and the hypoxia pattern correlated
with the PAL It is not unusual for tumors of 5-8 mm
diameter to possess a hypoxia region due to necrosis.
It is also to be noted that the fluorescence of the pi-
monidazole stain is stronger in the 1-hr DLI (re-
sponding group) tumor than in the 3-hr DLI
(non-responding) group given the severe hypoxic
conditions created by PDT.

Tumor regrowth prediction with 6-hr
post-PDT and 24-hr post-PDT S$tO; values

Within the 1-hr DLI responding group, we no-
ticed ~35% tumors had local recurrence (Fig. 2,
dashed red line) while the rest of the mice showed no
visible or measurable tumor mass 30 days post treat-
ment. Mice with recurrent tumors showed regrowth
post-treatment after an initial decrease in tumor
volume up to ~two weeks post treatment. Our results
in Fig. 3 suggest that the StO; reduced to 2.97 + 1.6%
6-hrs post-PDT and 8.03% * 4.13% 24-hrs post-PDT in
tumors that responded to treatment. Based on these
results, we devised an algorithm to analyze the StO»
images of the recurrent tumors obtained at various
time points post therapy. First, ultrasound and pho-
toacoustic image B-scans were acquired at 0.152 mm
step size to obtain 3D maps of the anatomy and StO:.
At every B-scan, the tumor region was mapped using
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ultrasound imaging and the average StO; in the re-
gion was calculated. If the average StO, at 6-hrs
post-PDT and 24-hrs post-PDT at the particular B-scan
frame was less than 6.2% and 16.3%, (mean + 2 x
standard deviation to include 95% of the data ob-
tained from the responding group) the B-scan region
was considered treated and pseudo-colored as green,
otherwise the regions were pseudo-colored red to
indicate no treatment (Fig. 5). The algorithm was re-
peated for all the B-scans in the 3D tumor volume.
This methodology will aid us in differentiating
treatment responders and non-responders and also
aid in predicting the regions of the tumor that did not
receive complete treatment and could have the po-
tential to regrow.

Figure 6 shows representative photographs of
subcutaneous tumors at various time points
post-treatment and their respective “prediction” map.
The photographs of the 1-hr DLI responding group
showed bluish black necrosis of the tumor within 3
days post-PDT and no visible or palpable signs of
tumor 23 days post-PDT. The treatment prediction

US+PAI
B-scans (X-Z plane)

Tumor Anatomy

+ Identify treatment responders
from non-responders

* Predict tumor regrowth
amongst responding group

Blood
Oxygen Saturation

«a%

algorithm yielded a green-colored tumor region in-
dicating that the tumor was completely treated and
the StO; values in the tumor were below 6.2% and
16.3% at 6-hrs and 24-hrs post-PDT. The 3-hr DLI
non-responding tumor showed no visible signs of
damage 3 days post-PDT and the tumor volume con-
tinued to increase. The map yielded a red-colored
tumor indicating the tumor was not treated. In the
case of tumor that had regrowth (Fig. 6, bottom pan-
el), 3 days post treatment, the complete tumor ap-
peared to be necrosed and visibly no tumor was ob-
servable until 18 days post treatment. Measurable
tumor was observed only around day 20
post-treatment. The prediction map showed that the
region of this tumor (indicated by a white arrow) did
not have sufficient decrease in StO; to cause complete
tumor necrosis. These results suggest that the oxygen
saturation levels need to decrease significantly
post-PDT and sustain these hypoxic conditions for a
period of 24-hrs post-treatment for complete tumor
necrosis.

Compute change in StO,
at every B-scan

60;%l
zg L%
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Figure 5. Schematic algorithm to obtain PDT treatment prediction map from the ultrasound (US) and photoacoustic (PA) images for identifying treatment responders from

non-responders and for prediction of tumor regrowth.
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Figure 6. Treatment prediction map calculated 24-hrs post-PDT from photoacoustic StO: maps in three different groups. Photographs of the same tumor are
shown at different time points: before PDT, 3 days post-treatment and 23 days post-treatment. The scale bars in the photographs represent 1 cm. The green region in the
prediction map indicates treated regions and the red areas represent non-treated regions. Top panel represents mouse in the I-hr DLI group (treatment responders) that
showed no visible tumor regrowth at 23 days post-PDT. Center panel shows a mouse in the 3-hr DLI group. This mouse did not show any necrosis at 3 days post-treatment and
continued to grow. The prediction map clearly shows that this tumor was not treated. The bottom panel shows a representative mouse in the I-hr DLI group that had tumor
regrowth. 3 days post-therapy the tumor appeared to have complete necrosis; however, the prediction map indicated a non-treated region in the top half of the tumor (indicated
by white arrow). 23 days post therapy we observe regrowth from the same region of the tumor as shown by the prediction map.
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Figure 7. The higher the diameter of prediction region, the higher the
diameter of the recurrent tumor at 20 days post-PDT and lower the
number of days required for the tumor to reach 100mm3 volume
post-PDT. Correlation of major-axis length (mm) of regrowth region obtained from
PAI prediction map in mice that underwent 1-hr DLI and had local tumor recurrence
with 1. Major-axis length of recurrent tumor measured 20 days post-PDT (red
squares) via calipers and 2. Number of days the tumor required to reach 100 mm3
after photodynamic therapy on Day 0 (blue circles).

We validated the results obtained from the pre-
diction map with caliper measurements (measured by
two observers blinded to the study) of the recurred
tumor. The measurements were obtained 20 days
post-PDT where palpable regrowth was reliably ob-
served (Fig 7, red squares). The major axis length of
the regrowth region obtained from prediction map
positively correlated (r?=0.84) with the recurred tu-

mor size 20 days post-therapy, i.e., the greater the
predicted “non-treated” region within the tumor the
greater the size of the recurred tumor. We also ob-
served strong negative correlation (r?=0.98) between
the major-axis length obtained from the prediction
map with the number of days taken by the tumor
post-therapy (Fig. 7, blue circles) to reach 100 mm?.
These results indicate that the greater the predicted
“non-treated” region where StO, did not sufficiently
become hypoxic, faster the tumor regrowth rate oc-
curs. Tumors that had very small “non-treated” re-
gions as predicted by the PAI images took longer to
regrow back to 100 mm? and vice versa.

Discussion

The current study is motivated by the complex-
ity of cancer biology necessitating individualized
treatments for effective outcome. Prediction of re-
sponse and tumor recurrence following a given ther-
apy provides a basis for subsequent personalized
treatment design and early interventions. In that
context, appropriate surrogate markers could prove
extremely useful. This study is a step towards this
goal with the example of PDT as the treatment mo-
dality and PAI as a non-invasive, response and dis-
ease recurrence monitor in a murine model of GBM.
PDT is a clinically used technique that consumes ox-
ygen to generate cytotoxic species causing cell death
and vascular shutdown. The vascular damage lowers
the blood oxygen saturation (S5tO.). Here we interro-
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gated whether this change in S5tO, measured by PAI
post-PDT could act as a surrogate marker for pre-
dicting treatment efficacy and tumor recurrence. PAI
is a technique that can provide a 3D atlas of tumor
StO> by measuring oxygenated and deoxygenated
hemoglobin. The non-invasive and non-ionizing PAI
provided changes in StO> due to therapy within the
tumor region at ultrasonic resolution. The observation
that the reduction in StO, at 6-hrs and 24-hrs
post-PDT enabled identification of treatment re-
sponders from non-responders is encouraging, pav-
ing the way for investigations in other cancer models
and therapies that might impact StO,. We performed
imaging at 750 nm and 850 nm to obtain StO, values,
and any effects of edema caused due to PDT on the
photoacoustic signals are minimal due to low water
absorption at these wavelengths. The threshold-based
algorithm developed using 3D tumor StO, maps al-
lowed for the prediction of potential “tumor re-
growth” areas, i.e. regions that had no significant
change in StO; pre and post-therapy had local recur-
rence. The prediction map was obtained within
24-hours post-therapy and could possibly be used to
target and design secondary therapeutic interventions
to this location for effective outcome. Furthermore, by
obtaining images at early time points, changes in tis-
sue optical properties due to eschar and granular tis-
sue formation (results of PDT) that occur 3-4 days
post PDT can be avoided. Given the advances and
availability of PAI in clinical settings and the move
toward endoscopic PAI the findings of this study
could possibly be used guide and monitor several
treatment modalities such as PDT, radiation, an-
ti-angiogenic therapy that involve a change in StO».
Consistent with previous reports, pre-PDT and
post-PDT StO, values by themselves did not predict
the efficacy of the treatment. Wang et al monitored
StO, with broadband reflectance spectroscopy in tu-
mors treated with photofrin based PDT and con-
cluded that the absolute values of StO., were not pre-
dictive of the treatment effectiveness in tumor eradi-
cation [19]. However they showed that the relative
change in StO; immediately post-treatment is posi-
tively correlated with better treatment response. In
contrast, we observed no statistically significant dif-
ference in the mean relative-StO, values (StO:
post-PDT/StO, pre-PDT). Furthermore, in our study,
the relative StO; between the treated regions and re-
growth regions was not statistically significant
(p>0.001, one way ANOVA). In another study by
Pham et al. [20] significant decreases in tumor HbT
and StO, were observed post-therapy using frequen-
cy-domain photon migration spectroscopy BPD-PDT.
These results are at variance with our data that show
tumor HbT values measured immediately before and

after PDT do not have treatment prediction capability.
Any discrepancies between this study and others [19,
20] are attributed to the different types of photosensi-
tizer and doses used. Several reports have established
that a change in fluence rate and photosensitizer type
and concentration could affect the tumor StO, and
therefore affect the PDT treatment response.[8] Given
the fact that tumors of different origin have variable
PDT sensitivity [35] and the deposited dose is a com-
plex interaction between the PS concentration, light
dose and available oxygen [8], it is possible to obtain
model-specific observations using PAIL These data
suggest that comprehensive information about StO:
and HbT under different illumination conditions
could be a promising approach towards predictive
PDT and that PAI can play a major role towards this
goal in understanding 3D changes in StO; and HbT at
ultrasonic resolution post-therapy.

We analyzed our 3D HbT maps of the mice from
the recurrent tumor group to deduce if the region that
regrew had different HbT levels prior to the treat-
ment. For the group of mice that showed regrowth,
we plotted the HbT values at various time points in
the regrowth regions (51 B-scans) and the treated re-
gions (138 B-scans) as shown in Additional File 1: Fig.
S3. Regrowth and treated regions within a tumor were
identified based on StO; values at 6 hours and 24
hours post-PDT as shown in Fig. 6. The HbT values
pre-PDT were not statistically significant in both the
treated and regrowth regions within the tumor (Ad-
ditional File 1: Table S5). However, when the signifi-
cance level is lowered to 0.05, pre-PDT HbT in the
regrowth region was significantly higher than the rest
of the bars in Fig. S3. These results point towards the
possibility that the tumor regions that regrew could
had have higher HbT and further studies are required
to confirm this observation, i.e., regions with higher
HbT prior to PDT are indicative of more blood vol-
ume, and hence, it is likely that not all the vessels
were completely congested due to PDT in this region.
This insufficient treatment could have led to recuper-
ation and subsequent regrowth in this region.

Recurrences could also occur due to insufficient
deposition of light dose for PDT at the boundary of
the tumor. The laser beam profile used for PDT in our
study has a Gaussian profile, and hence, sufficient
light dose might not have been deposited in the tumor
boundary causing insufficient treatment. Indeed a
recent clinical study of PDT in Barrett’s esophagus
showcased that insufficient light dose did not treat the
lesion completely [36]. To evaluate the effect of light,
we performed PDT on mice with approximately half
the tumor covered with black cloth. The prediction
map (Additional File 1: Fig. S4) clearly identified the
covered part of the tumor as region not treated.
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However, the prediction maps (Fig. S4) also showed
another region of the tumor as “not-treated”. This
particular region recurred post-therapy as shown in
the associated photographs of the tumor showcasing
the utility of PAI in identifying non-treated regions
and regrowth regions.

In our study we measure PDT-induced change in
StO; in the blood vessels. Avascular regions lack
photoacoustic contrast due to the lack of blood vessels
(Figs. 4F &4H). Tumor tissue pO- can be measured in
avascular regions utilizing the spectroscopic
pump-probe PAI method developed by Ashkenazi et
al [37], and this technique adds another dimension to
the potential use of PAI in oncology. Utilizing mul-
ti-wavelength PAI, simultaneous information on
changes in StO,and tumor tissue pO; in both vascular
and non-vascular regions can be obtained. The change
in vascular StO; and tissue pO; in PDT is also de-
pendent on the type of photosensitizer and photosen-
sitizer concentration at the treatment site [20]. PAI
could monitor photosensitizer uptake [38, 39], but the
photosensitizer would require a high absorption co-
efficient and relatively low photobleaching tendency
so as to avoid measurement induced-PDT. Dye-based
micro- and nanoparticles such as methylene blue mi-
crobubbles [40], and porphysomes [41] are good
photoacoustic contrast agents and can be used to
monitor photosensitizer delivery to the tumors using
PAI. Moreover, multi-modal plasmonic metal
nanoagents such as photosensitizer-conjugated sili-
ca-coated gold nanoclusters [42] and photosensitiz-
er-loaded gold vesicles [43] could be used to monitor
photosensitizer uptake. Given these capabilities of
PAI to monitor photosensitizer uptake, vascular
damage due to PDT [44] and changes in overall StO;
and pO. with the tumor, PAI can play a major role in
personalizing PDT dosimetric parameters.

The current algorithm to calculate the prediction
map uses a StO; threshold of 6.2% and 16.3% for 6-hrs
and 24-hrs post-PDT, respectively. We chose the
threshold values of 6.2% and 16.3% for the StO, at
6-hrs post-PDT and 24-hrs post-PDT parameters as
they represent 95%(mean + 2*standard deviation
(STD)) of the data obtained from the tumors that
completely responded responding group. The aver-
age StO values in tumors that completely responded
to 1-hr DLI PDT are 2.9% * 1.65% (mean + 2*STD=
6.2%) at 6 hours post-PDT and 8.03% +4.13% (mean +
2*STD =16.3%). These limits are based on the average
5tO; in U87 glioma tumors treated with BPD-PDT (0.5
mg/kg BPD and 100 J/cm? light dose) as shown in Fig
3C. Depending on the vascular status, hypoxic condi-
tions and the pathology of the tumors, these threshold
levels need to be established in other tumor models
and combined with algorithms similar to that shown

in this study to obtain prediction maps for patient
customized monitoring and treatment design.

In-vivo photoacoustic imaging and its biological
applications have gained momentum within the past
decade. Several reviews on its clinical applicability
have been published [23-25, 45] Currently, a number
of research groups are moving towards translation of
PAI into the clinic for endoscopic applications [46]
and intravascular applications[47], in addition to
breast tumor and ocular imaging [48, 49]. It is well
known that vascular-targeted therapies drive the tu-
mor towards hypoxia (i.e. lower oxygen saturation),
and these changes in oxygen saturation
post-treatment can be determined at ultrasonic reso-
lution with no use of exogenous contrast agents using
PAL In view of advances and heightened interest in
the clinical translatability of PAI, the results of this
study are an important step, towards individualized
monitoring of vascular-targeted therapies (e.g. PDT,
radiation, anti-angiogenic) and merit further investi-
gation.

Materials and Methods
Cell Line

Human glioblastoma cell line, U87 was obtained
from American Type Culture Collection (ATCC,
Rockville, MD). Cells were cultured in Minimum Es-
sential Medium Eagle (MEM; Mediatech, Manassas,
VA), supplemented with 10% fetal bovine serum (FBS;
Life Technologies, Carlsbad, CA) and 1% Antibi-
otic-Antimycotic Solution (Mediatech, Manassas, VA).

Animal Model

All animal experiments were approved by the
Subcommittee on Research Animal Care of Massa-
chusetts General Hospital. Female athymic Swiss
nude mice (Cox, Cambridge, MA), 6-8 weeks old,
were anesthetized with isoflurane USP (Baxter, Deer-
field, IL) and inoculated subcutaneously with 3 x 10°
U87 cells in 300 pL of Matrigel (BD Bioscience, San
Jose, CA). Tumor volumes were measured using cal-
ipers by two researchers separately. Tumor volume
was calculated using the formula; m/6 x Length x
Width x Height and photographs of the tumors were
obtained at different time points of the study.

Photosensitizer

Photosensitizer, benzoporphyrin derivative
monoacid ring-A (BPD-MA), also known as ver-
teporfin was obtained from USP (Rockville, MD).
Dipalmitoylphosphatidylcholine (DPPQC),
N-[1-(2,3-Dioleoyloxy)propyl]-N, N,
N-trimethylammonium methyl-sulfate (DOTAP),
cholesterol, and DSPE-PEG were obtained from
Avanti Polar Lipids (Alabaster, AL). Liposomal for-
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mulation of BPD-MA was prepared as follows; 200
nmole of BPD-MA, 20 pmole of DPPC, 2.5 pmole of
DOTAP, 10 pmole cholesterol, and 1 upmole of
DSPE-PEG were mixed in round-bottom glass tube
and film of the mixture was formed on the surface of
glass tube by evaporating the solvent. Phosphate
buffered saline (PBS) was added to dissolve the lipid
film and incubated at 42 °C for 10 min followed by
incubation on ice for 10 min (freeze and thaw cycle).
After 5 cycles of freeze and thaw, lipid solution was
warmed at 42 °C and extruded through 0.1-pm-pore
filter (Whatman, Pittsburgh, PA) using extrusion de-
vice (Avanti Polar Lipids, Alabaster, AL) for 5 cycles.
After the extrusion, liposomal BPD was dialyzed with
dialysis membrane (MWCO = 300kD, Float-A-Lyzer
G2, Spectrum Laboratories, Rancho Dominguez, CA)
for 24-hrs. Size distribution and zeta potential (Table
S6) were measured using dynamic light scattering
(DLS; Malvern Zetasizer Nano Series; Malvern In-
struments, Malvern, UK) and shown in Table S6. The
concentration of BPD-MA was quantified using its
UV-Vis absorbance spectrum measured with Evolu-
tion 300 UV-Vis spectrometer (Thermo Fisher Scien-
tific, Waltham, MA).

PDT Treatment

Mice were injected intravenously with 0.5
mg/kg of BPD-MA, then PDT was performed either 1
hour or 3 hours post photosensitizer administration.
Mice were placed under the laser light source and
covered with black cloth except the tumor area. The
tumors were irradiated with a 690 nm laser diode
source (Model 7401; Intense, North Brunswick, NJ) at
a fluence rate of 100 mW/cm? as measured via a
VEGA laser power energy meter (Ophir Laser Meas-
urement Group, LLC) for a dose of 100 J/cm?2.

Fluorescence imaging

Fluorescence images of two phantom tubes (500
pm inner diameter) containing phosphate buffered
saline (PBS) and liposomal BPD were acquired using a
CRi Maestro system. A 465 nm bandpass excitation
filter and a 515 nm long-pass emission filter were
used. Fluorescence images at 690 nm were acquired.
A custom Matlab routine was used to quantify fluo-
rescence signals in the tubes. After fluorescence im-
aging, the tubes were irradiated with pulsed laser
(Vevo LAZR system operating at 10 Hz repetition rate
and 10 ns pulse width) continuously for 15 minutes
(approximately the time required to obtain 3D image
of the tumor) alternately at 750 nm (45 mJ/cm? flu-
ence) and 850 nm (36 mJ/cm? fluence). Fluorescence
images of the tubes were acquired and the tubes were
again irradiated with the laser of the Vevo LAZR
system operating at 690 nm (10 ns pulse width at 10

Hz, 44.5 m]/cm? fluence). Fluorescence images of the
tubes were acquired after pulsed laser irradiation and
analyzed for photobleaching of the photosensitizer
BPD.

Ultrasound and Photoacoustic Imaging

Image acquisition and quantitation were per-
formed using an ultrasound and photoacoustic im-
aging system (Vevo LAZR, FUJIFILM VisualSonics,
Inc.). Mice were anesthetized under isoflurane and
were placed on a heat pad with ECG leads. The ECG,
respiration rate, and body temperature of the mice
were closely monitored during the imaging sessions.
Bubble-free, clear ultrasound gel (Aquasonic 100 Ul-
trasound Transmission Gel, Parker Laboratories, Inc.)
was placed on the tumor to facilitate acoustic contact
between the transducer and the tumor. A linear array
transducer (LZ-250, 21 MHz) was utilized to obtain
spatially co-registered ultrasound and photoacoustic
images. Light generated by a tunable laser operating
at either 750 nm or 850 nm, required for photoacoustic
imaging of StO,, was delivered through fiber optic
bundles integrated into the transducer. The acquisi-
tion parameters, such as the gain (18 dB for ultra-
sound images and 45 dB for photoacoustic images)
and persistence (i.e., no. of averages is 10), were con-
stant for all the imaging sessions. The commercially
available Vevo LAZR system that was used in this
study has been thoroughly calibrated on in-vivo ani-
mal models by Needles et al [26]. The utility of the
Vevo LAZR system in measuring StO, and HbT has
been demonstrated in breast [50] and pancreatic can-
cer [31] models recently. The system is capable of
providing near real-time single-wavelength images at
10 frames per second. However, in our study we took
an average of 10 images at the two wavelengths (750
nm and 850 nm respectively), hence a B-scan image of
StO; was acquired within ~5 seconds. A 3D map of
the tumor StO, was obtained within 10-15 minutes.

To facilitate comparison of StO; patterns at dif-
ferent time points, the tumor position was adjusted to
be as close as possible to its pre-PDT position using
the “split screen” feature of the Vevo LAZR system.
The “split screen” feature, as the name suggests, dis-
plays the previously acquired pre-PDT ultrasound
image of the tumor on the left half of the screen while
the right half of the screen shows the current ultra-
sound image to allow “real-time” adjustment of the
tumor position (Additional File 1: Fig. S5). Once a
satisfactory position was determined based on the
pre-PDT image, 3D scans were performed on the tu-
mors (Additional File 2: Movie S1). A 3D scan com-
prises several B-scans acquired at a step size of 0.152
mm. The Vevo LAZR workstation software was uti-
lized to mark the tumor region of interest (ROI) on
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every B-scan ultrasound image (Additional File 3:
Movie. 52). The ROI area (A), average StO, and HbT
values within the ROI (Additional File 1: Fig. S6),
were calculated using the OxyZated™ tool and the
HemoMeaZure™ tool of the Oxy-Hemo feature of the
Vevo LAZR software (FUJIFILM VisualSonics, Inc.,
Canada) (Movie S2). Additional File 1: Figure S7
shows an example of the tumor ROI area as a function
of 3D scan distance at different time points. To
demonstrate the similarity in the orientation and po-
sition of the tumor at different time points, we per-
formed a correlation of the pre-PDT area curve with
post-PDT, 6 hours and 24 hours area curves. A high
correlation coefficient of 0.93, 0.89 and 0.9 (for n=13
mice in each group) was observed for the post-PDT, 6
hours and 24 hours, respectively, indicating that the
B-scans obtained at various time points are approxi-
mately oriented in a similar position to the pre-PDT
time point.

The Vevo workstation allowed export of the av-
erage StO2 and HbT values in the ROI at each B-scan.
A graph showing StO; values in ROI for a tumor at
different time points is shown in Additional File 1:
Fig. S8. A customized MATLAB routine was written
to verify that the StO; values in the ROI on a B-scan
image of the 3D scan were less than 6.2% and 16.3% at
6 hours and 24 hours post-PDT. For a particular
B-scan image, if the algorithm yielded a value of 1
(true case), the tumor ROI of that image was pseu-
do-colored green (representing a treated region) in the
3D visualization software AMIRA; if the algorithm
yielded a value of O (false case), the ROI was pseu-
do-colored red (representing a non-treated region) as
shown in Fig. 5. The pseudo-colored ROIs were then
reconstructed into a 3D map using AMIRA software.

Immunohistochemistry

Pimonidazole (Hypoxyprobe Inc) at 60mg/kg is
injected via tail vein 1-hr prior to euthanasia of the
mouse for hypoxia staining. Post-euthanasia, the tu-
mors were extracted, skin removed and embedded in
optimal cutting temperature compound and kept on
dry ice for solidification. A cryotome was used to cut
the tumor into 5-pm-thick cryo-sections. The sections
were fixed in a precooled mixture of 1 : 1 acetone to
methanol for 15 min on ice, (2) air dried for 30 min at
room temperature, and (3) washed three times for 5
minutes in PBS with gentle agitation. A blocking so-
lution (Dako Protein Block Reagent) was applied for
1-hr at room temperature, followed by application of
the antibody at ~10 pg/mL overnight at 4 °C. Mouse
CD31/PECAM-1 Affinity Purified Polyclonal Ab
(R&D Systems Inc) and HP-Red549 (Hypoxyprobe
Inc) were used for staining the microvasculature and
hypoxic areas in the tumor section. The slides were

washed in PBS and secondary antibody (Donkey An-
ti-Goat IgG NL493 Affinity Purified PAb (R&D sys-
tems Inc) was applied for 2-hrs at room temperature.
Finally the slides were washed and sealed with co-
verslips. A whole-slide scanning fluorescence imag-
ing system (Hamamatsu NanoZoomer 2.0-RS) at 40X
magnification was used to image the slides.

Statistics

Statistical analysis was performed using
Graphpad Prism (La Jolla, CA). One-way ANOVA
Tukey’s multiple comparison test was used to statis-
tically compare HbT and StO, values amongst dif-
ferent groups and time points. A p-value less than
0.001 was considered to be significant unless speci-
fied. Prognostic utility of the parameters StO, at 6-hrs
and StO, at 24-hrs was investigated using Receiv-
er-Operating-Curve (ROC) analysis. Specifically, tu-
mors in the 1-hr DLI group that showed no palpable
tumor by 30 days post-PDT were assigned to be a
responder group (assigned value of 1) and 3-hr DLI
group (non-responders) were assigned to be a
non-responder group (assigned 0). Photoacoustic
B-scans of the mice that had average StO, values at
6-hrs post-PDT less than 6.2% were assigned 1, else
were assigned a value of 0. StO, values at 24-hrs
post-PDT in all the group of mice were assigned 1 if
the value was less than 16.3% else assigned 0. ROC
analysis was performed using MedCalc (Ostend, Bel-
gium) software.
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