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Abstract

Vascular disrupting agents disrupt tumor

vessels, blocking the nutritional and oxy-

gen supply tumors need to thrive. This is

achieved by damaging the endothelium

lining of blood vessels, resulting in red

blood cells (RBCs) entering the tumor

parenchyma. RBCs present in the extracel-

lular matrix are exposed to external

stressors resulting in biochemical and

physiological changes. The detection of these changes can be used to monitor

the efficacy of cancer treatments. Spectroscopic photoacoustic (PA) imaging is

an ideal candidate for probing RBCs due to their high optical absorption rela-

tive to surrounding tissue. The goal of this work is to use PA imaging to moni-

tor the efficacy of the vascular disrupting agent 5,6-Dimethylxanthenone-

4-acetic acid (DMXAA) through quantitative analysis. Then, 4T1 breast cancer

cells were injected subcutaneously into the left hind leg of eight BALB/c mice.

After 10 days, half of the mice were treated with 15 mg/kg of DMXAA and the

other half were injected with saline. All mice were imaged using the

VevoLAZR X PA system before treatment, 24 and 72 hours after treatment.

The imaging was done at six wavelengths and linear spectral unmixing was

applied to the PA images to quantify three forms of hemoglobin (oxy, deoxy

and met-hemoglobin). After imaging, tumors were histologically processed and

H&E and TUNEL staining were used to detect the tissue damage induced by

the DMXAA treatment. The total hemoglobin concentration remained

unchanged after treatment for the saline treated mice. For DMXAA treated

mice, a 10% increase of deoxyhemoglobin concentration was detected 24 hours

after treatment and a 22.6% decrease in total hemoglobin concentration was

observed by 72 hours. A decrease in the PA spectral slope parameters was mea-

sured 24 hours after treatment. This suggests that DMXAA induces vascular
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damage, causing red blood cells to extravasate. Furthermore, H&E staining of

the tumor showed areas of bleeding with erythrocyte deposition. These obser-

vations are further supported by the increase in TUNEL staining in DMXAA

treated tumors, revealing increased cell death due to vascular disruption. This

study demonstrates the capability of PA imaging to monitor tumor vessel dis-

ruption by the vascular disrupting agent DMXAA.
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1 | INTRODUCTION

Blood vessels are crucial for the survival and growth of
solid tumors by continuously supplying tumor cells with
oxygen, nutrients and removing the waste products.
Therapeutic targeting of tumor angiogenesis has been
achieved by blocking the activity of vascular endothelial
growth factor (VEGF) [1]. Apart from blocking the activ-
ity of growth factors and inhibiting tumor angiogenesis,
destruction of existing tumor vessels has been a form of
therapy falling under the umbrella of vascular disrupting
agents (VDAs) [2]–[5]. 5,6-dimethylxanthenone-4-acetic
acid (DMXAA) is a VDA variant that has been shown to
induce rapid shutdown of tumor vasculature (but not in
normal tissue) by inducing apoptosis in the endothelial
cells lining the tumor vasculature, followed by vascular
regression and haemorrhagic necrosis in the tumor tissue
[6, 7]. The current techniques for assessing the effective-
ness of cancer therapy are based on tumor size measured
using MRI or CT scan images [8]. These techniques are
capable of assessing therapy only after sufficient changes
in tumor size have occurred weeks to months after the
treatment [8, 9]. Early response assessment to cancer
therapy can be used to guide the treatment and improve
overall survival [10, 11]. Functional imaging methods
have been used to assess treatment efficacy as early as
days to weeks through probing tumor physiology [12].

Photoacoustic (PA) imaging has been proposed as a
noninvasive and inexpensive modality for monitoring
cancer therapy a few days after treatment [13–16]. PA
imaging has been used to provide information about the
tumor vasculature and oxygen saturation several centi-
meters deep into tissue [17]. The technique is based on
the ultrasound waves generated from the optical absorp-
tion of laser pulses. These ultrasound pulses are detected
using conventional ultrasound transducers.

The most abundant optical absorbers in tissues (other
than the melanin which is predominantly located in the
skin) are inside red blood cells (RBCs). The major forms

of hemoglobin inside RBCs are oxy- and deoxy-
hemoglobin [18]. By illuminating the tissue with different
optical wavelengths, functional PA imaging can map the
spatial distribution of multiple chromophores simulta-
neously by using linear spectral unmixing using multi-
wavelength PA illuminations [19, 20]. Functional PA
imaging has been used in monitoring cancer progression
[21–24], detecting tumor recurrence and therapy moni-
toring [22, 25–27].

During VDA based cancer therapies, blood vessels
collapse and RBCs leak in the surrounding tissues where
they are exposed to a variety of external stressors [28, 29].
To prevent the injured RBCs from affecting other cells,
they undergo a form of programmed cell death called ery-
ptosis. Eryptosis is characterized by the physical shrink-
age of RBCs, as well as membrane blebbing and
scrambling [30]. Furthermore, new products derived
from hemoglobin such as methemoglobin and bilirubin
are formed [31, 32]. PA imaging and spectral unmixing
were used to detect an increase in methemoglobin con-
centration resulting from the biochemical changes of
RBCs that were exposed to external stressors in vitro [33].
Spectral unmixing was possible due to the unique optical
absorption of methemoglobin compared with oxy and
deoxyhemoglobin. A matrix is generated from the extinc-
tion coefficients of the three chromophores at multiple
wavelengths. The stability of the solution was quantified
by minimizing the variance inflation factor (VIF) of the
matrix to identify the optimal wavelengths used in spec-
tral unmixing to identify and quantify the chromophores.

In addition to PA imaging detecting the biochemical
changes that modify the concentration of different spe-
cies of hemoglobin, PA imaging has the potential to
detect structural changes in the vasculature through
quantitative radiofrequency PA analysis (QPA) [34–38].
QPA is based on the analysis of the frequency content of
the detected PA radiofrequency signals. The analysis is
done in a way that extracts system independent structural
information that is based on the three dimensional
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spatial distribution of absorbers which are smaller than
the system resolution volume (in this case, the absorbers
are RBCs confined in vessels or leaked into tissues). QPA
spectral analysis has been applied to the treatment moni-
toring of tumors exposed to heat activated liposome
encapsulated doxorubicin (HaT-DOX). A decrease in the
PA spectral slope of PA signals from tumors treated with
HaT-DOX was observed [14]. The changes in the spectral
slope during vascular bleeding has been modeled through
the use of vascular tree models in combination with a dif-
fusion model to simulate vessel bleeding [39].

PA monitoring of the biochemical and structural
changes that occur during tumor vessel collapse as a result
of treatment with the vascular disrupting agent DMXAA
has not been investigated. In this paper, we demonstrate
the potential of PA imaging for monitoring the vascular
hemorrhaging that occurs during DMXAA treatment by
quantifying structural and functional changes in tumor
chromophore distributions using QPA analysis.

2 | MATERIALS AND METHODS

This section summarizes the procedures used for animal
preparation, the VDA treatment applied, the PA imaging
procedures for imaging tumors and the parameters
extracted for early treatment monitoring.

2.1 | Animal model and treatment

All the experimental protocols in this study were approved
from the Animal Care Committee at St. Michael's Hospital
and the Research Ethics Board at Ryerson University (pro-
tocol #870). Then, 4T1 breast cancer cells were acquired
from AATC (Virginia). Cells were cultured in RPMI-1640
media containing 10% fetal bovine serum and incubated at
37�C in 5% CO2. Female BALB/c type mice (Charles River,
Toronto, Canada) aged 7 to 8 weeks were injected subcuta-
neously into the right hind leg with 15 × 104 cells of 4T1
combined with LDEV-Free Geltrex Reduced Growth Factor
Matrigel (Thermo Fisher). When the tumor diameter
reached 8 mm (10 days after injection), eight mice were
treated with 100 mL DMXAA of 15 mg/kg (Sigma-Aldrich
Inc., Canada) and the other eight were treated with 100 mL
of saline through tail vein injection.

2.2 | Mouse imaging

One day prior to imaging the hair on the mouse hind leg
was removed using hair removal products (Nair, Toronto,
Ontario). Ultrasound liquid gel was used as coupling

media (National Therapy, Woodbridge, Ontario, Canada).
A heating platform was used to maintain the mouse body
temperature within 37�C to 39�C. The temperature of the
mice was monitored using a rectal probe (Fujifilm
VisualSonics Inc., Toronto, Canada). A 100 mW heating
lamp was used to maintain a physiological temperature
for the mice during anesthesia. All mice were imaged
using the VevoLAZR X PA system (Fujifilm VisualSonics
Inc., Toronto, Toronto, Canada). Images were acquired
prior to injection, 24 and 72 hours postinjection at the
wavelengths 680, 700, 720, 755, 796 and 910 nm. Injec-
tions of the saline/DMXAA were done via the tail vein.
The LZ-210 linear array PA transducer with a center fre-
quency of 15 MHz was used for imaging. A schematic
representation of the experiment and the setup used is
shown in Figure 1. The transducer was attached to a
motorized stand that moved the transducer along the
elevational plane for a total length of 11.2 mm. This scan
covered the entire tumor volume and it consisted of
80 2D slices with 0.14 mm step size. All mice were anes-
thetized with a flow of isoflurane (1.8%) in air at 0.5 to
1 L/min.

2.3 | Histological analysis

After 72 hours, the mice were sacrificed, the tumors were
extracted and tissues were fixed in Zinc fixative and
embedded in paraffin. Multiple sections from each tumor
were extracted and stained with H&E to investigate
intratumoural bleeding and TUNEL (APO-BrdU TUNEL
Assay Kit, Thermo Fisher) was used for assessment of
tumor cell death. Images of the slides were acquired using
the Olympus Upright BX50 microscope (Olympus, Japan)
using the ×10 objective lens. Image analysis and quantifi-
cation of TUNEL stain was performed using MATLAB.

2.4 | Data analysis

Tumor region of interests (ROIs) were segmented from
the ultrasound images to anatomically locate the tumor.
The selected ROIs were applied to the PA images as
shown in Figure 2. In-phase and quadrature data were
extracted from the VevoLAZR X PA system and bea-
mformed using delay-and-sum. The beamformed PA
images were unmixed at the wavelengths of 700, 796 and
910 nm through linear spectral unmixing to extract the
chromophores oxy, deoxy and methemoglobin. The
wavelengths were selected by minimizing the VIF of the
extinction coefficient of oxy, deoxy and methemoglobin
at the wavelength range of 700 to 910 nm [39–41]. The
VIF was used to minimize the collinearity of the
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wavelengths selected for unmixing. This will result in a
more stable solution for the chromophore quantification.

Due to the similarity in the absorption coefficients
between oxyhemoglobin and methemoglobin within the
wavelength range between 700 and 910 nm, fluence com-
pensation was applied to reduce the effect of optical
attenuation on the measured PA images. The fluence
compensation would improve the quantification of oxy-
hemoglobin and methemoglobin. This was accomplished
by implementing a fluence matching technique on the
acquired PA data by taking the ratio of the power spectra
at the imaged wavelengths [42]. The 910 nm PA image
was used as a reference and the fluence of the 700 and
796 nm PA images were matched to the 910 nm. The
ratio of the power spectra of 910/700 nm and 910/796 nm
were calculated. A frequency filter was generated from
the ratio to compensate for the fluence difference. A slid-
ing widow was applied (of size 1.07 × 2.51 mm). The total
hemoglobin content was also computed [43].

Radiofrequency quantitative PA analysis was applied
on the measured PA signals [44]. A reference signal mea-
sured from a gold-plated microscope slide was used to
normalize the power spectra of the calculated signals.
This was done to eliminate system dependent parame-
ters. The normalized PA power spectra were used to
extract the PA spectral slope parameter at the −6 dB
bandwidth of the transducer. A sliding window of size

1.07 × 2.51 mm with 50% overlap was applied. The PA
signal spectral slope values were averaged and compared
between the untreated and DMXAA treated mice at the
ROI selected from the ultrasound images.

3 | RESULTS AND DISCUSSION

This section will introduce and discuss the PA parameters
extracted from the detected PA signals. These parameters
are extracted from multispectral imaging and PA ultrasound
frequency analysis. The extracted parameters are the total
chromophore concentration, chromophore composition and
spectral slope. Together, these parameters can be used to
extract structural and functional changes of the tumor vas-
culatures. Histological imaging is applied after to assess the
impact of the treatment on each mouse at the cellular level.

3.1 | PA multiwavelength analysis

3.1.1 | Total chromophores
concentration

The plots of the average PA signal amplitude with optical
wavelength for all imaged time points are shown in
Figure 3 for untreated and DMXAA treated mice. The

FIGURE 1 Schematic

representation of the experiment and

the imaging setup used to examine the

effect of DMXAA on PA signals

FIGURE
2 Ultrasound, A, and PA, B,

images of 4T1 tumor on the

mouse leg. The ultrasound

images were used to select the

ROIs as shown in white

segmentation and were applied

to the PA images
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average amplitude of the PA signals at the pre injection
time point demonstrate no statistically significant differ-
ence in the amplitude of the acquired PA signals at the
imaged wavelengths (P > .05) between the untreated and
DMXAA treated groups (Figure 3A). At 24 hours post-
injection, the average PA signal amplitude as a function of
optical wavelength for the treated and untreated groups
demonstrates a change in the shape of the PA signal ampli-
tude as a function of wavelength. The change in the shape
of the absorption spectra is due to the change in the

composition of hemoglobin within the sample. The tumor
is re-perfused with new vessels following DMXAA damage,
and the difference between oxy and deoxyhemoglobin opti-
cal absorption becomes more pronounced <800 nm (fur-
ther disused in section 3.1.2). At 72 hours postinjection, the
average PA signal amplitude for the DMXAA treated mice
was lower for all wavelengths (relative to the untreated
mice). At this time point the shape of the PA amplitude vs
wavelength curve seems unchanged, and only a difference
in the amplitude was detected. This change in the

FIGURE 3 The average PA signal amplitude of the selected ROIs across all 80 slices for the images for the six wavelengths at the

following time points, A, pre, B 24 hours and, C, 72 hours postinjection. The error bars represent the SE

FIGURE 4 Measurement of chromophore composition for the untreated and DMXAA treated mice before injection, 24 and 72 hours

postinjection. Representative maps of the calculated total chromophore concentration for one of the DMXAA treated mice, A, pre-

injection, B, 24 and, C, 72 hours postinjection. D, Plot the average value of total hemoglobin for all three time points for the treated and

untreated groups. *represents P-value of less than .05 when comparing untreated to treated groups
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amplitude is likely due to the change in the tumor chromo-
phore composition as discussed next.

Representative maps of the total hemoglobin concen-
tration for one of the treated mice is shown in Figure 4A-
C at the three imaged time points. Plot of the average
total hemoglobin concentration of the treated and
untreated groups is shown in Figure 4D for all time
points. No significant change in the total hemoglobin
concentration was recorded 24 hours postinjection. At
72 hours postinjection, a significant decrease in the total
hemoglobin concentration was measured for the
DMXAA treated group relative to the untreated group.
The calculated total hemoglobin concentration decreased
from 0.56 ± 0.04 to 0.43 ± 0.04 which reflects 22.64%
decrease in the Hb concentration due to the treatment. A
decrease in the PA signal from the tumor core after
48 hours of VDA administration has been previously
reported (using padeliporfin vascular photodynamic ther-
apy and the vascular disrupting agent OXi4503) [16, 22].
The changes have been attributed to an initial increase in

the total hemoglobin at early time points of less than
24 hours due to the combined effect of continuous leak-
age of hemoglobin and the expansion/reperfusion of an
alternative blood vessels to compensate for the damaged
vessels [16, 45, 46]. However, this increase is transient,
and by ~48 hours of VDA administration, the tumor vas-
culature collapses, resulting in a decrease in the total
hemoglobin.

3.1.2 | Unmixed chromophore
compositions

We next evaluated the composition of oxy, deoxy and
methemoglobin through linear spectral unmixing
selected using VIF. The selected wavelengths were
700, 796 and 910 nm. Figure 5 is a spatial distribution of
the chromophore composition at the tumor site for a rep-
resentative unmixed result for one of the DMXAA treated
mice. In this study, the tumor is located on the hind leg

FIGURE 5 Representative unmixed data of one of the DMXAA treated mice. The data are shown after unmixing and represent the fraction

of total hemoglobin for oxy, deoxy and methemoglobin for the three time points: pre injection, A, 24 hours, B, and 72 hours postinjection, C
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of the mouse. As such, motion artifacts are almost elimi-
nated as the site is distal to the lungs. The results demon-
strate heterogeneity in the chromophore distributions
with an increase in the tumor size between the three
imaged time points. The increase in tumor size was also
recorded using calipers with an average tumor size
increased from 342 mm3 pretreatment to 533 mm3 at
72 hours after administration.

The average chromophore fraction for oxy, deoxy and
methemoglobin, expressed as a percentage of the total
hemoglobin, is plotted in Figure 6 for all three time points,
without fluence correction (top row) and with fluence cor-
rection (bottom row). For the control group alone, the oxy-
hemoglobin percentage decreased (Figure 6A, blue curve)
and deoxyhemoglobin percentage increased (Figure 6B,
blue curve) at 72 hours when compared to the pre adminis-
tration time point. The changes in the chromophore com-
position for the control group is likely due to the increase
in tumor size over the 72 hours. The rapid tumor growth
results in tumor cells that outgrow its blood supply which
forms hypoxic regions.

For DMXAA treated mice a decrease in the oxyhemo-
globin percentage was noted 24 hours postinjection
(Figure 6A) however the change was not significant
(P > .05). A statistically significant increase in the
deoxyhemoglobin percentage was recorded between the

imaged groups (P < .05). The change in the chromophore
composition between the two groups at 24 hours post-
injection is likely due to the internal hemorrhage that fol-
lows the disruption of endothelial cells lining the tumor
vasculature. Similar decreases in the oxygenation of the
tumor tissue after the administration of VDAs have been
reported [16, 26, 47, 48].

No change in the deoxyhemoglobin percentage was
recorded at 72 hours posttreatment compared to 24 hours
posttreatment. This could be due to the fast growth rate
of the tumor in the untreated group compared to the
DMXAA treated mice. The increase in tumor size likely
resulted in the growth of hypoxic regions and higher con-
sumption of oxygenated hemoglobin which was reflected
by an increase in deoxyhemoglobin values for untreated
mice at 72 hours postinjection [23].

For the methemoglobin percentage, no significant dif-
ferences were recorded between untreated and DMXAA
treated mice for all time points. The inability to detect
any changes in methemoglobin percent concentration
could be due to the time at which the data were collected
(72 hours after vessel damage). This may be too early for
the conversion of a high percentage of the hemoglobin
species [49, 50]. Moreover, it is technically challenging to
carry spectral unmixing of these three chromophores.
This is due to the shape of the extinction coefficients of

FIGURE 6 Fraction of chromophores (expressed as percentile) for the untreated and DMXAA treated groups at the three imaged time

points of pre injection, 24 and 72 hours postinjection for oxy, A and D, deoxy, B and E, and methemoglobin, C and F, before and after

applying fluence matching technique. *represents P-value of less than .05
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oxy- and methemoglobin are very similar for the range
between 700 and 910 nm. The main difference in the
extinction coefficient is the rate of increase with optical
wavelength: for methemoglobin it is steeper when com-
pared to oxyhemoglobin [51]. For highly scattering tis-
sues like tumor, spectral coloring can alter light
distribution with optical wavelength to further compli-
cate the accuracy of quantifying and differentiating
between the two chromophores [52].

To reduce/eliminate the effect of optical light distri-
bution, a fluence matching method was applied prior to
unmixing the data as shown in Figure 6D-F. Although
the results in the quantified chromophores did change
before and after applying the fluence matching algorithm
(Figure 6), no significant changes in the percentage of
methemoglobin was recorded between the untreated and
DMXAA treated group at all imaged time points
(Figure 6F). Hemoglobin breakdown products like met-
hemoglobin have been recorded at longer time points
after vessel damage [49, 50]. Measurements at later time
points after the administration of the DMXAA are likely
needed to quantify changes in methemoglobin. Also, the
injection of VDAs at multiple time points has been
reported to result in significant delay in tumor growth
[53]. Monitoring the effect of multiple injections of VDAs

through methemoglobin percentage quantification could
be more pronounced due to the further accumulation of
methemoglobin over time.

3.2 | Quantitative PA analysis

The PA spectral slope parameter was calculated by ana-
lyzing the frequency content of the detected PA radio-
frequency signal contained within the −6 dB transducer
bandwidth, which for this transducer was between
11 and 19 MHz. The spectral slope parameter is inversely
correlated to the effective absorber size of the dominant
chromophores in the imaged tissue [23, 34, 35, 37, 38].
Representative ultrasound, PA images and the spectral
slope map of the DMXAA treated mice is shown in
Figure 7A-C. The heterogeneity of the spectral slope map
can be seen in Figure 7C. The spectral slope value fluctu-
ates between −1 and 0 dB/MHz within a single imaged
plane through the mouse tissue. Plot of the average mea-
sured spectral slope parameter for both untreated and
DMXAA treated mice at all imaged time points are
shown in Figure 7D. For the untreated mice, the average
spectral slope parameter decreased after 72 hours relative
to pre injection and 24 hours postinjection. The injected

FIGURE 7 Representative US and PA imaging, and parametric spectral slope maps from the images acquired. A, The beamformed

ultrasound image with the ROI selected to represent the tumor, B, the co-registered PA image and, C, the spectral slope values parametric

map for the selected ROI shown in, A. D, Measurements of the average PA spectral slope parameter for the untreated and DMXAA treated

mice at the time points of pre injection, 24 and 72 hours postinjection. *represents P-value of less than .05
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4T1 cells are stage IV breast cancer that have high growth
rate, the tumor vasculature responds by angiogenesis and
increasing blood supply [54]. The decrease in spectral
slope can be attributed to an increase in the effective ves-
sel size due to the growing vasculature. A decrease in PA
spectral slope has also been observed as a function of
tumor growth for in-vivo EMT-6 tumors [34].

The recorded spectral slope values between the
untreated and DMXAA treated mice at the pre-time point
were not statistically significant. At this time point, a vari-
ation in the recorded spectral slope values was observed.
The source of this variation could be due to large variabil-
ity in the pretreatment tumor volume. The later might be
responsible for a different distribution in the effective vas-
cular diameter within the growing tumors. The PA spec-
tral slope values among the untreated and DMXAA
treated mice record a decrease at 24 hours post DMXAA
administration (P < .05) (Figure 7D) with a spectral slope
value decreased from −0.62 ± 0.04 dB/MHz to −0.71
± 0.04 dB/MHz. Here the decrease in the spectral slope
values can be attributed to the increase in damaged ves-
sels following DMXAA administration. The leaked RBCs
outside the damaged vessels result in clusters of RBCs
that increase the apparent size of the vessels. The effect of
vessel damage has been modeled as the diffusion of RBCs
into the extracellular matrix, and correlated to a decrease
in the spectral slope [39]. At 72 hours posttreatment, no
significant change in the measured spectral slope values
were detected between the two groups. Multiple factors

can impact the tumor size at 72 hours postinjection. This
includes the fast growing of 4T1 cells and the response by
the immune system to the damaged vessels.

3.3 | Histology

Histological slides were prepared for all mice at 72 hours
posttreatment to investigate the effect of the DMXAA
treatment at the cellular level. Microscopy images with
H&E and TUNEL staining were acquired. Representative
images are shown in Figure 8. H&E staining showed an
increase in the RBCs leaking outside the vessels into the
extracellular matrix for the DMXAA treated sample. The
VDA damage to the endothelial cells lining the tumor
vessels halts the blood flow causing vessel congestion and
massive tumor necrosis. This is consistent with published
histological images after VDA administration [2]. TUNEL
staining demonstrates an increase in the fluorescent sig-
nal recorded for the DMXAA treated mice when com-
pared to the untreated mice (Figure 8C,D). TUNEL
staining was used to quantify the percentage of cell
death. From calculating the percentage of fluorescent sig-
nals after applying a threshold, an increase in cell death
was recorded for the DMXAA treated mice from 3.34
± 3.63% to 25.78 ± 9.80%. The increase in cell death fol-
lowing DMXAA administration was anticipated as the
lack of oxygen and nutrition delivered to the tumor
induced cell necrosis.

FIGURE 8 Representative

histological slides of H&E, A and B,

and TUNEL staining, C and D, for

the untreated, A and C, and DMXAA

treated, B and D, mice at 72 hours

postinjection. Scale bar of 100 μm
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4 | CONCLUSION

A PA imaging approach for the early monitoring of vas-
cular disrupting treatments is proposed in this paper.
Multiple parameters were extracted from the detected PA
signals to quantify structural and biochemical changes
following DMXAA treatment. This includes total hemo-
globin, chromophore composition and the PA spectral
slope analysis. An increase in the deoxyhemoglobin per-
centage 24 hours after the drug administration was mea-
sured for mouse tumors that were exposed to the
vascular disrupting agents. A decrease in the spectral
slope parameters was measured 24 hours after drug
administration and a decrease in the total hemoglobin
concentration 72 hours after drug administration. The
histological analysis indicates a significant increase in
leaked red blood cells and tumor cell death due to single
dose treatment using DMXAA. This work demonstrates
the capability of PA imaging in detecting structural and
function changes in the tumor vasculature early after
drug administration.
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