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Abstract: We present photoacoustic images of tumor neovascularization 
obtained over a 10-day period after subcutaneous inoculation of pancreatic 
tumor cells in a rat. The images were obtained from ultrasound generated by 
absorption in hemoglobin of short laser pulses at a wavelength of 1064 nm. 
The ultrasound signals were measured in reflection mode using a single 
scanning piezodetector, and images were reconstructed with a weighted 
delay-and-sum algorithm. Three-dimensional data visualize the 
development and quantify the extent of individual blood vessels around the 
growing tumor, blood concentration changes inside the tumor and growth in 
depth of the neovascularized region. 
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1. Introduction 

Knowledge of the important role of vascularization in tumor development [1, 2] has led to 
recognition of the prognostic value of tumor angiogenesis, and to proposition of anti-
angiogenic therapies [3-6]. Tools for monitoring such therapies should be noninvasive, and 
give quantitative information on the developing vascular bed associated with in situ tumors. 
Histologic microvessel density counts [3] and intravital microscopy [4, 5], lack some of these 
features. Noninvasive methods like magnetic resonance imaging6, ultrasound7, and positron 
emission tomography [8, 9], are being introduced for neovascularization assessment. 
However, these often involve contrast agents. A potential noninvasive technique using natural 
contrast is photoacoustic imaging [10, 11]. Here, we present images of tumor 
neovascularization obtained over a 10-day period after subcutaneous inoculation of pancreatic 
tumor cells in a rat. Three-dimensional data visualize the development and quantify the extent 
of individual blood vessels around the growing tumor, blood concentration changes inside the 
tumor and growth in depth of the neovascularized region. 

Photoacoustics refers to the conversion of light into sound by optical absorption. In 
biomedical photoacoustic imaging, pulsed laser light applied e.g. percutaneously, is 
predominantly absorbed by hemoglobin in blood. This causes a small local rise in 
temperature, restricted dilatation of the red blood cells and subsequent elevation of the local 
pressure. Consequently ultrasonic waves are generated, which, when measured in a sufficient 
number of locations at the tissue surface, can be used to reconstruct the position of blood 
vessels in three dimensions [10]. 

The technique has already been used to visualize optical inhomogenities with sub-
millimeter sizes in phantoms and biological tissue [10, 12], while others have demonstrated 
photoacoustic mammography [13, 14]. 

This study was designed to evaluate the potential of in vivo photoacoustic imaging of the 
developing vasculature from the early stage of tumor growth. 
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2. Materials and methods 

2.1 Photoacoustic sytem, scanning procedure 

As light source, an Nd:YAG laser (LS 2139, Lotis TII, Russia) was used. The laser emitted 
infrared light at 1064 nm in 14 nanosecond pulses with a repetition rate of 50 Hertz. 

The photoacoustic sensor consisted of a disk shaped piezoelectric detector with a diameter 
of 200 µm and a detection bandwidth of 65 MHz, allowing high-resolution three-dimensional 
visualization of vasculature [15, 16]. The detector was covered by a 9 µm thick layer of 
polyvinylidene difluoride (PVdF) film, which served as sensing material [17]. Two optical 
fibers with a core diameter of 600 µm that were integrated in the detector were used for light 
delivery. A digitizer (DC265, Acqiris, Switzerland) received the signals at sampling rate of 
500 Msamples/s and transferred the digitized signal to a computer for subsequent data 
processing. During scanning the output energy of the fibers was maintained at approximately 
2.3 mJ/pulse. The distance between the detector and the sample surface was ~5 mm in all 
experiments. This resulted in an irradiated area on the sample surface of 0.05 cm². Thus, the 
energy density used in all experiments was below 50 mJ/cm2. In each detection point, the 
recorded signal was the average of the signals of 16 laser pulses. The size of the scanned 
region was 15x15 mm2, with a distance between the detection points of 0.15 mm. Hence, a 
measurement grid of 100x100 points was adopted. 

In contrast to studies where circular or cylindrical scanning modes were adopted [11, 18], 
here the measurements were carried out in reflection mode, implying that illumination and 
ultrasonic detection are on the same side. 

2.2 Image reconstruction, scaling and representation 

A weighted delay and sum focused beam forming algorithm was used for reconstruction of 
the three-dimensional acoustic source distribution [15, 19]. In this algorithm, the image value 
Sf in tissue voxel f is determined as 
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with )(tsi the acoustic signal recorded in detector position i, f
iw the weighing factor taking 

into account the angular sensitivity of detector i for signals generated in voxel f, and the 

distance between these points, f
iδ  the arrival time delay at detector position i after the laser 

pulse of the acoustic wave generated in voxel f. In each voxel, the image value is taken as the 
root mean square of the back-projected acoustic signal in that voxel. Images are presented as 
maximum intensity projections (MIP) viewed in z-direction and slices in the xz-plane. In the 
MIPs each pixel value is the maximum intensity over all voxels in the stack below the 
corresponding pixel. 

2.3 Animal model 

The experimental procedures in this study were approved by the committee on animal welfare 
of the Erasmus Medical Center Rotterdam. The well-characterized rat tumor model CA20948 
was used [20]. A male Lewis rat weighing 250 g was used for the experiments. The hind limb 
was chosen because it is minimally influenced by the animal’s breathing excursions. The hind 
limb of the animal was shaven and chemically depilated. Subsequently, a suspension of 6x106 
pancreatic tumor cells was subcutaneously injected in the right hind limb. An area of 
approximately 1.5x1.5 cm2 around the inoculation site was defined by a marker in order to 
locate the same spot for serial scanning. After tumor inoculation the animal was allowed to 
recover before starting the photoacoustic scanning procedure. 
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Photoacoustic scanning was performed on day 3, 7, 8 and 10, with the day of inoculation 
counted as day 1. Morphologic evaluation of the tumor was performed on a daily basis. 
Tumor growth was estimated in time by two-dimensional measurements with calipers and 
presented as surface area.  

Photoacoustic scanning was done under gaseous isoflurane anaesthesia (Rhodia Organique 
Fine Ltd., Avonmouth Bristol, UK). To prevent hypothermia the animal was placed on an 
electric heating blanket and the animal received an injection of saline solution every hour to 
maintain blood pressure. The hind limb was covered by sufficient amounts of ultrasound gel 
(Sonogel, Germany) to provide an acoustic coupling medium for the acoustic pressure waves.  

3. Results 

3.1 External appearance of tumor site 

As for the visual appearance of the tumors, on day 3 no sign of tumor growth could be seen. 
From day 7, the external appearance of the inoculation site (Fig. 1) showed the progressive 
growth of the tumor. On day 7 a small nodular mass of approximately 3x5 mm2 could be 
palpated on the skin. By day 8 the tumor began to develop a visible subcutaneous purple mass 
at the inoculation area. On day 10 the tumor mass was quite elevated and reached a surface 
area of approximately 240 mm2 estimated by calipers. The boundaries of the tumor exceeded 
the scanning area (225 mm2), therefore only part of the tumor was scanned.  

3.2 Photoacoustic images 

Three-dimensional data reconstructed from the acoustic signals are presented as maximum 
intensity projections (MIP) viewed in the z-direction (Fig. 2) and slices in the xz-plane (Fig. 
3). The color scaling in all projection images refers to the same range of absolute values. 
Hence, amplitude differences throughout the days, as displayed by the images, represent real 
changes in the signal strength. 

No blood vessels can be observed (Fig. 2) in the photoacoustic image recorded on day 3. 
The series of images reveal a major increase in photoacoustic response in the period between 
day 3 and day 7. On day 7, three blood vessels can be observed in the upper part of the image 
and one on the lower part, which are leading to or from a central structure, suggesting a tumor 
mass surrounded by developing vessels. On day 8, signal intensity has further increased. Two 
of the vessels visible on day 7 are still present in the upper right half corner, while the images 
of the two other vessels are more faded. Also, the amplitude in the part where the blood 
vessels connect is enlarged. It is more difficult to correlate the image of day 10 with the 
previous ones. Signal amplitude has not increased, but the structure of the image has changed.  

The development in the z-direction is presented in the form of equidistantly positioned 
slices in the xz-plane, with a thickness of 150 µm (Fig. 3). While the skin surface is not 
discernible in these slices due to the chosen color scale, it could be observed from a detailed 
assessment of signal values. Based on this, the skin contour has been constructed and is 
indicated in the slices by a thin white line. Between day 3 and day 8, the photoacoustic signal 
originates from a region with a thickness of 0.5-0.75 mm, extending down to 1-1.5 mm below 
the skin surface. Between day 8 and day 10, an increase from the depth range of the 

 

Fig. 1. Serial photographs of the tumor inoculation site on the hind limb of the animal, on day 3 (a), day 
7 (b), day 8 (c) and day 10 (d). 

(C) 2005 OSA 10 January 2005 / Vol. 13,  No. 1 / OPTICS EXPRESS  92
#5641 - $15.00 US Received 3 November 2004; revised 17 December 2004; accepted 21 December 2004



reconstructed objects is observed. On day 10 the thickness of the region that contains acoustic 
sources is about 1.5 mm, extending down to 2-2.5 mm below the skin contour. 

There is qualitative agreement between the external appearance of the tumor site (Fig. 1) 
and the photoacoustic slices in the xz-plane (Fig. 3), in that in both visualizations a clear 
protuberance in the skin contour can be seen on day 10 which was much smaller or absent on 
previous days. 

4. Discussion 

At a wavelength of 1064 nm, the strongest absorber in the tissue studied here is 
oxyhemoglobin. Based on this knowledge, on the morphology of the photoacoustic images 
and the general experience collected on photoacoustic imaging, it is highly probable that the 
visualized structures are related to newly formed blood vessels. 

Our images strongly suggest the formation and/or growth of blood vessels in the 
inoculation region between day 3 and day 7, and a growth in depth of the tissue volume 
contributing to the images between day 8 and day 10. The images of day 7 and 8 are 
morphologically related, but they do not suggest a continuous progression of vascular growth 
with new vessels being added to the existing network: some of the vessels visible on day 7 are 
not visible, or less pronounced, on day 8. The morphologic relation between day 8 and day 10 
is less obvious.  

The absence of progression in the photoacoustic images may be related to the chaotic and 
poorly regulated growth in cancer. Abnormal branching of the vascular network combined 
with diminished expression of angiogenic factors in certain areas of the tumor results in less 
angiogenesis This leads to the formation of hypoxic and necrotic regions, two well-known 
features of tumors [21, 22]. For the used wavelength of 1064 nm, light absorption by 
hemoglobin is reduced in hypoxic regions, while in necrotic regions no hemoglobin is present. 
As a consequence of hypoxia and necrosis, photoacoustically silent regions may be created 
inside the tumor, while at this wavelength the lower oxygen saturation in the veins will reduce 
their photoacoustic contrast. 

Since in this study a single detector was used rather than an array, mechanical step 
scanning was performed, leading to a measurement time of 0.54 seconds per point, and a total 
scan duration of 1.5-2 hours. Long scan durations may have led to image blurring and 
reduction of the imaging resolution due to subject movements. With the use of a single 
scanning transducer, a less dense grid than adopted in this investigation will lead to some 

 

 

Fig. 2. Photoacoustic images: maximum intensity projections of the acoustic source strength in the 
xy-plane (top view on the tissue, with in each pixel the maximum value found in all voxels below 
that pixel) on the indicated days (tumor cells inoculated on day 1). The color scaling in all images 
relates to the same absolute value. Therefore the images reveal the development of the amplitude of 
the photoacoustic signals during the tumor growth process. 

(C) 2005 OSA 10 January 2005 / Vol. 13,  No. 1 / OPTICS EXPRESS  93
#5641 - $15.00 US Received 3 November 2004; revised 17 December 2004; accepted 21 December 2004



reduction of the scanning time. For the used transducer of 200 µm diameter, a grid distance of 
200 µm instead of 150 µm will be allowed without loss of image quality. This will reduce the 
scanning time with a factor 0.6. The largest reduction of the scanning time will be realized by 
using an array of simultaneously sampled acoustic detectors and a laser with a higher pulse 
repetition rate. More rapid imaging not only improves the quality of the images, but also will 
allow for scanning larger tissue areas, and will facilitate the procedure for probe alignment 
and definition of the tissue area to be scanned. Furthermore, a short acquisition time will 
allow for imaging at a better time resolution, which will yield a more continuous recording of 
changes in the tumor vasculature. The necessity of taking images at shorter time intervals is 
underlined by the morphologic differences between the images of day 7, 8 and 10.  

Because photoacoustics is non-invasive, tumor neovascularization can be monitored 
without sacrificing the animal, which enables serial measurements in the same animals. In 
particular this feature makes photoacoustics a promising new tool in tumor angiogenesis 
research. Furthermore, non-invasive assessment of the extent of tumor vasculature may 
become of importance in clinical evaluation of the tumor and monitoring therapy based on 
angiogenesis inhibition. The measurement strategy followed in our study is not restricted to 
superficial tumors and can therefore be applied to study tumors in situ rather than implanted 
under the skin. Furthermore, our reflection mode approach can also be applied clinically, once 
the measurement time is reduced to an acceptable level. 

The current study was performed with a single wavelength and using the endogenous 
contrast provided by the blood vessels. When performed spectroscopically, photoacoustics 

Fig. 3. Depth development of blood vessels. Slices of 150 micrometers thickness in the 
xz-plane, evenly distributed over the next ranges of y-positions: Fig. a  (day 3): 
0<y<6.75 mm; Fig. b, c, d (day 7-10): 0<y<15 mm; Images for day 3 are numbered 
1..10 in the order of increasing y-position with image 1 at y=0 mm, with identical order 
for the other days. The thin white line indicates the skin contour. 
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accommodates for the local determination of hemoglobin oxygenation levels. Hypoxia is 
regarded as an important trigger of events leading to expression of angiogenic growth factors 
[23]. Also, evidence is accumulating that hypoxia is correlated with poor clinical outcome, 
suggesting that low levels of hemoglobin negatively influence treatment outcome [24]. 
Furthermore, the use of contrast agents, either non-specific such as recently shown for 
indocyanine green polyethylene glycol in the mouse brain [25], or with specific capabilities of 
targeting tumor cells, may further enhance the potential of the technique for use in oncology 
research and for clinical purposes. 

5. Conclusions 

This study shows that photoacoustics is able to non-invasively monitor the development of 
elevated concentrations of hemoglobin in and around growing superficial tumors. 
Furthermore, we show the technique’s ability to visualize the development of the larger 
arteries and veins connected to the tumor. This has been demonstrated by a series of 
photoacoustic images, obtained from a growing tumor implanted under the skin of a rat, over 
a period of 10 days, using light with a wavelength of 1064 nm, and measuring in reflection 
mode. 

These results demonstrate the potential of the method to become a tool in tumor 
angiogenesis research in small animals. Further quantitative assessment of photoacoustic 
imaging for this application will require comparison against a reference method, for instance 
to determine the relation between our images and the local microvessel density (using 
histology), or to draw conclusions regarding necrosis and hypoxia and their effect on our 
images.  

Spectroscopic implementation of photoacoustics may yield a more complete picture of the 
tumor in terms of blood oxygenation and water content. Further realization of increased 
imaging speed and depth will bring us closer to clinical application of the technique for tumor 
diagnosis and treatment monitoring. 
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