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Abstract—Photoacoustic imaging is an upcoming technique
with potential in breast cancer screening and diagnosis. It is
able to visualize the breast’s vasculature. Its quantitative coun-
terpart, called quantitative photoacoustics, potentially enables the
derivation of local blood oxygen saturations when two or more
optical wavelengths are used. Tumors can potentially be detected
by looking at abnormal vessel shapes, high vascular densities
or regions with a low oxygenation. In order to obtain accurate
oxygen saturation estimations with quantitative photoacoustics,
realistic light propagation models are required. Several models
are available, but it is difficult to check their validity on real
breasts due to the unknown ground truths, while simple objects
having known ground truths are known to overestimate the
performance of the algorithms. Therefore, measurements on
an object that mimics the breast both optically as well as
acoustically, and which has a complex but known morphology, are
therefore required. We have previously reported on the first semi-
anthropomorphic photoacoustic-ultrasound breast phantom. In
this work, we build further upon this to make it suitable for
use in quantitative photoacoustics. We demonstrate a method to
embed blood vessels and tumors into the phantom where blood
with a controlled oxygenation level can be flushed through.

Index Terms—Breast imaging, photoacoustics, quantitative
photoacoustics

I. INTRODUCTION

BREAST cancer is one of the most leading causes of

deaths in women. In 2018, 2.088.849 new cases of breast

cancer were diagnosed and 626.679 women worldwide died

of breast cancer that same year [1]. The increase in breast

cancer cases in the United States in the 1980s, followed

by a decrease in mortality of 34% from 1990 to 2010, has

been thought to be partially attributable to early detection

as a result of the rapid introduction of X-ray mammography

(MMG) screening [2], [3]. While there is not consensus as

yet specifically about the advantages of X-ray mammography

in this respect, it is generally accepted that early detection

of breast cancer is of great importance. It is also generally

accepted that currently used imaging modalities have many

drawbacks and lead to cancers still being missed and benign

abnormalities often being perceived as malignancies [4]–[6].

This is why the search for new breast imaging techniques is

still ongoing.
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Photoacoustic (PA), or optoacoustic, imaging is one of the

upcoming technologies for use in breast cancer screening

and/or diagnosis and has shown to be able to non-invasively

visualize blood vessels inside the breast [7]–[10]. PA imaging

is based on the photoacoustic effect which converts time-

variant optical energy into acoustic waves, via the physical

phenomenon of thermo-elastic expansion [11]–[13]. During

a measurement, the object of interest is illuminated with

pulsed laser light, which gets scattered by the tissue and

will be specifically absorbed by tissue chromophores. The

photoacoustically generated US waves can be detected outside

of the breast with US detectors [11]–[13]. A chromophore that

is of high interest in PA breast imaging is hemoglobin (Hb),

a protein in the blood that gives blood its red color [14]. PA

signals will be generated in the blood due to the high absorp-

tion contrast of Hb, and images of the blood vessels inside

the breast can be reconstructed [12]. Tumors are known to

have an abnormal vessel network. Vessels are heterogeneous,

tortuous and they branch chaotically. The blood vessel density

is also known to be high due to the process called angiogenisis

[15]. These deviations from healthy vasculature are potential

hallmarks to identify cancer.

Arguably the most interesting application of PA is its ability

to derive quantitative information about local chromophore

concentrations, when the tissue is illuminated with two or

multiple wavelengths [16]. The oxygen saturation (sO2) of

the blood can be derived from the concentrations of Hb and

its oxygenated version HbO2, that have differences in their

absorption spectra [16], [17]. Regions with a low sO2 may be

an extra indication for the presence of a tumor, since tumors

have a high metabolism and thereby use more oxygen than

usual. Besides, the leaky and tortuous vessels are inefficient

in transporting oxygen rich blood to the tumor site [15].

The concentration of both chromophores can be derived

from the measured PA spectra, if the local optical fluence

is known. Different light propagation models are developed

and used to approximate this, but they will always give an

estimation due to the unknown complexity of the breast and

the wavelength dependency of tissue optical properties [16],

[18].

Several test-objects with known optical and acoustic prop-

erties have been developed for use in QPAT to e.g. investigate

the accuracy of the light propagation models [19]–[22], [22].

An example is an oxygen-tunable cubic shaped phantom with

blood-filled channels [22] that was used to investigate the

depth-dependency of sO2 estimations.
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Fig. 1. A: Wire network showing soldering points, in red, strong soldering
to create bifurcations and common inlet and outlet; in yellow, weak soldering
that will be broken when pulling out. B: Tumor mold with the wires on it.
C: Mold is filled with PVCP. D: Mold is removed and wires are pulled out.
E: Tumor phantom with channels is ready.

In this work we go a step further, and develop semi-

anthropomorphic phantom with tissue realistic optical and

acoustic properties and a morphological complexity that ap-

proximates a real breast, such that the algorithms are chal-

lenged to the same order as in real breasts. This phantom

will be a valuable tool in bridging the gap between laboratory

experiments and clinical studies. In previous work we have al-

ready shown a method to develop a semi-anthropomorphic PA

breast phantom from polyvinylplastisol (PVCP) formulations

[23], [24]. Blood vessels embedded in this phantom were solid

and the wavelength independency of the vessels did not allow

to use the phantom for QPAT. In this work we build further

upon this protocol and take the first steps to change the blood

vessel structures into hollow channels such that blood can be

flushed through and such that the phantom can be used in

QPAT. We demonstrate the appearance of the vessels in US

imaging and MRI imaging.

II. MATERIALS AND METHODS

The protocol for developing a semi-anthropomorphic PA

breast phantom containing skin, fat, fibroglandular and blood

mimicking materials (MM) with tissue relevant optical and

acoustic properties was described in Refs. [23], [24]. The

phantom was made from custom PVCP forumulations, in-

spired by the work of Vogt et al. [25], [26]. The morphology

was partially based on MRI-segmented tissue volumes [27] to

give it a realistic shape. Molds were designed based on these

volumes, to pour the PVCP into and to give the phantom the

realistic shape. The embedded blood vessels were made from

PVCP doped with black plastic coloring (BPC), to increase the

optical absorption. In this work, the PVCP blood vessels and

tumors are replaced by hollow channels of varying diameters,

filled with pig blood, that are connected to a flow-system to

oxygenate and pump the blood through the phantom [22]. Two

vessel networks both containing one tumor were embedded in

the phantom. One located in the fat layer and the other in the

fibroglandular layer, to have vessels located at various depths

inside the phantom.

A. Hollow channels

An approximation to a realistic blood vessel network was

developed and embedded in the phantom. Flow channels were

developed by placing copper wires in the mold before pouring

PVCP. After pouring, the PVCP solidified around the wires

and, the wires were pulled out to remain with hollow channels.

Wires with 0.5, 1 and 1.5 mm diameters were used to simulate

the different sizes of blood vessels. Wires were partially

soldered together to create bifurcations and to merge all ends

to create a single blood inlet and outlet to connect the phantom

to the flow-system, see red highlighted parts in Figure 1 A. To

ensure that the wires could be pulled off after PVCP cooling,

the wires were cut in the middle and soldered again, to create

a weak point that will break when pulling, to remove the entire

copper network from the phantom. These soldering points are

depicted in yellow in Figure 1 A.

Two of these vessel networks were developed, one consist-

ing of seven wires to include in the fat layer of the phantom

and one made from six wires to include in the fibroglandular

layer.

B. Tumor models

The dense network of microvessels inside the tumor de-

veloped by angiogenisis could not be mimicked due to its

microscopic size and complexity. Larger vessels present inside

tumors that can be considered as feeding vessels could be

included. To develop the tumor models, a 2 cm diameter

spherical mold, having two holes on top and two on the sides

was 3D printed from polylactic acid (PLA). Five 0.5 mm and

one 1.5 mm metal wire were placed through the two side

holes (They were not soldered, as the lateral holes held them

together) (see Figure 1 B), and the mold was filled through

one of the top holes with fibroglandular tissue mimicking

PVCP that was doped with BPC to mimick the enhanced

optical absorption by the microvasculature (see Figure 1 C).

The second hole in the top was designed for letting the air

out. The BPC increased the μa from 0.3 cm−1 to 0.6 cm−1,

which is in correspondence with literature which tells that the

μa in tumors is a factor two to four higher than in healthy

breast tissue [28]–[30]. The tumor was removed from the mold

and the wires were pulled out from one of the sides after the

solidification of the PVCP (see Figure 1 D). Then, the tumor

is left with the hollow channels inside (see Figure 1 E).

After cutting the copper wires representing the breast vascu-

lature (yellow dots, Figure 1 A), one of the open ends was

stringed through the 1.5 mm channel in the tumor. After this,

the wires were soldered together as described above. In this

way, the tumor was connected to the vessel network.
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Fig. 2. Flow system for the breast phantom including the oxygenator, an
oximeter, the phantom, a blood reservoir and the water and air inputs needed
by the oxygenator

C. Flow system

To let the blood flow through the hollow channels in the

phantom, a closed flow system was designed (see Figure 2)

based on [22]. This system contains a membrane oxygenator

(MINIMAX PLUS, Hollow Fiber Oxygenator, Medtronics),

that is connected to air and water flows, to regulate the blood

temperature and oxygenation. A peristaltic pump (Opencir-

cuit.nl, The Netherlands) pumps the (deoxygenated) blood

from the reservoir into the oxygenator, oxygenated blood

enters the phantom and exits again in the reservoir, closing the

cicle. In addition, some blood can be collected from the output

of the oxygenator in order to measure its oxygen saturation

using a commercial oximeter (AVOXimeter 1000E, ITC)

D. Imaging

The phantom was imaged with B-mode US and MRI to

investigate whether all channels are functional and to digitize

their locations. US B-scans were made with the Alpinion E-

Cube12a research system (Alpinion Medical Systems, Korea)

using the SC1-4H probe operating at 4 MHz, the channels

of the phantom were filled with air, to make them highly

reflective and localize them easily. MRI images were acquired

with a 0.25 Tesla G-Scan Bio system (Esaote Benelux B.V.)

utilizing a HYCE sequence, two scans were taken, one with

air in the channels and the second with the channels filled

with water to act as a contrast agent, if a channel is found to

have water, then we can assume it is connected to the network,

otherwise, the channel is closed at some point and is not viable.

III. RESULTS

Figure 3 shows a photograph of the phantom after the

phantom production process. The photograph shows the end

result from the top side. This phantom contained the soldered

network with one tumor model on it, placed just above the

silicon skin layer that was produced according to the protocol

in [23], [24]. A second soldered network is placed on top

of the PVCP fat MM layer. The phantom is finally topped off

with fibroglandular tissue mimicking PVCP. The phantom was

then imaged with US (Figure 4) and MRI (Figure 5) to check

the viability and connectivity of the channels.

Fig. 3. Final semi-anthropomorphic photoacoustic breast phantom embedded
with blood vessel mimics.

IV. DISCUSSION AND OUTLOOK

The US image shows some of the air-filled channels (red

arrows) and both of the tumors (yellow circles), one in

the fat layer, more superficial; and the second one in the

fibroglandular layer, more deep. The boundary between the fat

(darker) and fibroglandular (lighter) layer can also be observed

due to the difference in speckle contrast.

To further study the channels and their connectivity, the

MR scan in Figure 5 show a transverse view of the phantom

(left). With the used imaging sequence, water lights up white.

The sagittal plane (right), shows longitudinal white channels,

including a channel that goes through the tumor (darker circle

in the outer layer). The presence of water in the channels

implies that they are connected. One of the channels was seen

as black, meaning that it is not connected to the network.

Within the visible tumor in the MR image, just the big channel

(1.5 mm) is seen as white, this can imply that the smaller

channels (0.5 mm) are not present, not connected or not

filled. If they are not filled, it can be explained by the low

water pressure, that will prevent it from going inside smaller

channels when bigger ones are present.

These images show the viability of most of the blood vessels

included in the breast phantom, they also confirm that the

tumors and the different layers can be seen with US imaging.

Future experiments will image the phantom with QPAT while

flushing pig blood through the channels and changing the

blood oxygenation.

Fig. 4. Ultrasound scan of breast phantom. Red arrows point towards blood
channels and yellow circles mark the tumors.
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Fig. 5. 3D slices of the MR scan of the breast phantom, white areas represent
the water inside the hollow channels. Left is the transverse view and right
sagittal view.
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