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ABSTRACT

We present the Twente Photoacoustic Mammoscope 2 (PAM 2) based on a 3D tomographic geometry. A functional
optical contrast map of breast vascularization can be obtained in a noninvasive, radiation-free and painless manner. A
woman lies prone on a bed with one breast pendant in an imaging tank with water, where 12 curved ultrasound arrays are
mounted. Each array extends from chest wall towards the nipple following the contour of the pendant breast, and carries
32 detector elements. The detectors’ center frequency is | MHz. The breast is illuminated from multiple directions: the
ventral side of the breast from the bottom and the areas close to the chest wall from the sides. The excitation wavelengths
are 755 nm and 1064 nm. By rotating the imaging tank in between measurements, multiple projections can be obtained,
providing a 3D image of the breast after reconstruction by means of a filtered backprojection. So far, breasts of healthy
volunteers were imaged. Three-dimensional images of the breast contour, the nipple and blood vessel networks within
the breast could be observed with high contrast and unprecedented detail.
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1. INTRODUCTION

Breast cancer is the most frequently diagnosed cancer type, resulting in the highest number of cancer deaths among
women worldwide'. For detection, diagnosis, treatment and follow-up of breast cancer, imaging techniques are of great
importance’. The use of photoacoustics (PA) for breast imaging is being investigated around the world, in various
imaging geometries and for various applications within the area of breast cancer care. The use of handheld photoacoustic
probes for breast cancer diagnosis is investigated by multiple research groups, mostly combined with conventional
ultrasound imaging®”’. Other research groups are working in the field of PA tomographic breast imaging, where a woman
lies prone on a bed with one breast inside an imaging chamber. For example, the Kyoto-Canon system has a
hemispherical detector array® and uses a spiral scanning pattern to image the breast. They recently added the acquisition
of ultrasonic B-mode images to their system’. The group of Oraevsky'® also have a hemispherical array where they co-
register anatomical US images with functional PA images in their LOUISA-3D system. Further, Lin ef al.'' recently
showed a ring array of detectors which scans the pendant breast along the elevational axis within a single-breath-hold.
We have presented the PAM 1 system'?, where a woman also lay prone on a bed and one breast was imaged. It employed
a planar geometry in forward mode, where the breast was illuminated from the cranial side and photoacoustic signals
were detected from the caudal side with a 2D ultrasound detector array. With the PAM 1 system, we have shown
visualization of breast malignancies in vivo'>'. Here we present the Twente Photoacoustic Mammoscope 2 (PAM 2)
based on a 3D tomographic geometry, and demonstrate its capability on the breast of a healthy volunteer.
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2. MATERIALS AND METHODS
2.1 PAM 2 system

The ultrasound detector system consists of 384 single elements, divided over 12 arrays (Imasonic SAS, Voray sur
1’Ognon, France). One array consists of 32 piezocomposite elements, placed on an arc with a radius of 120 mm. The 12
arrays were placed inside the imaging tank, following the curvature of the pendant breast. The detectors’ center
frequency is | MHz.

The PAM 2 system employs an Nd:YAG (1064 nm) and Alexandrite (755 nm) combined Q-switched laser to illuminate
the breast (Qcombo, Quanta System, Milan, Italy). The breast is illuminated with a large diverging laser beam to the
nipple side of the breast (called bottom illumination), but also by discrete illumination via 9 optical fiber bundles (called
side illumination). The fiber bundles are directed slightly upward to access areas close to the chest wall and also contain
a diverging lens.

During a measurement, a subjects lies prone on a bed with one breast through an aperture (diameter 21 cm), pendant in
the PAM 2 double-walled imaging tank (outer diameter 40.5 cm, inner diameter 35.5 cm). Water inside the tank is
warmed up by circulating externally heated water inside the double wall. The configuration of fiber bundles and acoustic
detector arrays inside the imaging tank is depicted in Figure 1. The bottom illumination beam is directed upwards
through a window in the tank bottom. The imaging tank rotates in steps around the pendant breast, obtaining multiple
projections. The number of projection angles and the number of laser pulses of which an average signal is derived per
projection can be set for each experiment.

TOP VIEW

bottom illumination

fiber bundle (1 of 9)
(side illumination)

detector array (1 of 12)

Figure 1. Top view drawing of the imaging tank. Red depicts illumination, blue depicts detection.

A waterproof stainless steel case encloses a detector array and its integrated preamp (PA Imaging R&D B.V., Enschede,
The Netherlands). Photoacoustic data is acquired through a 12 times 32 channels analog to digital converter (ADC) as
part of the data acquisition (DAQ) system (PA Imaging R&D B.V., Enschede, The Netherlands). Sampling is done with
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a frequency of 25 MHz and a depth of 14 bits. For the reconstruction, a filtered backprojection based on the algorithm of
Haltmeier ez al.'” was implemented. The system was comprehensively characterized for detector response and resolution
using test-objects. Deconvolution of the measured signals before reconstuction is performed to account for the average
frequency response of the detectors. Relative sensitivities of single detector elements are employed to scale the measured
signals before reconstruction.

Instrument safety and hygiene aspects were studied in detail. Laser fluence on the skin is kept below the safety limit of
20 mJ/cm? at all times (NEN-EN-IEC 60825-1:2014). Safety goggles for eye protection are worn by the subject and
operator(s) whenever the laser is emitting.

2.2 Measurement protocol

We will present typical images, obtained with our PAM 2 system at an excitation wavelength of 755 nm, to show the
performance and possibilities of the system in imaging the breast. Measurements were performed on a 29 year old
Caucasian healthy volunteer (random number 154 was assigned). The procedure was explained and informed consent
was obtained according to a protocol approved by the regional Medical Research and Ethics Committee (METC
Twente), and the study has been registered in the Netherlands National Trial Register (NTR) (TC 6508).

The bottom illumination beam accounted for 67% of delivered light energy, the remaining 33% was spread over the 9
side illumination fiber bundles. During all measurements, the temperature of the water bath in which the breast was
pendant was approximately 26 °C. Tomographic scans were obtained. A measurement with 21 projection angles and 100
laser pulses per average was obtained. In between two consecutive projections, the imaging tank was rotated 3°. Imaging
one breast with this measurement protocol took 4 minutes.

Reconstructed images (grid size = 0.4 mm) are presented as maximum intensity projections (MIPs) in three planes
(coronal, sagittal and transverse). Negative reconstructed values were set to zero. Images are also presented in the form
of color-coded local maximum intensity projections (LMIPs)'®. In an LMIP, the first pixel above a set threshold is
plotted (compared to the maximum value pixel in MIP). We color-coded our LMIP images, where white means the pixel
is close to the observer, orange means it is further away.

In the three MIP views, horizontal and vertical lines are indicating coordinates where slices through the volume were
obtained. These slices are plotted separately as MIPs of a sub-volume with a thickness of 1.5 mm. A video of the
reconstructed 3D volume of the measurement was also created and is attached.

3. RESULTS

Figure 2a-c show color-coded LMIPs from images obtained of the left breast of healthy volunteer #154, illuminated with
755 nm. An illustration indicates the orientation of the breast in the various projections. An LMIP in the coronal (XY)
plane, the sagittal (XZ) plane and the transverse plane (YZ) are shown. We clearly see a vascular network as well as the
nipple and the breast contour (the latter in the sagittal and transverse views). The color-coding gives a sense of depth to
the images.

Figure 3a-c show MIPs from the same measurement. The lines indicate the coordinates at which slices through the 3D
volume were obtained and plotted in Figure 3d-e. For example, the vertical line in Figure 3a results in a transverse (YZ)
view (Figure 2e) at the corresponding x-coordinate. At the cross-section of the lines, a green marker was placed. This
marker indicates the deepest point to which a certain vessel could be traced. This vessels is more clearly visible in the
slices (Figure 3d-¢) than in the MIPs (Figure 3a-c). The depth of this green marker was estimated to be at 20 mm with
respect to the skin surface.

Video 1 shows the reconstructed volume rotating, providing a more intuitive interpretation of the volume compared to
the 2D MIP and LMIP images. The volume is oriented such that the breast is in a supine position. We see the nipple
clearly, and also the outer layer of breast tissue with vascularization. It can be seen that not the entire breast was imaged.
This is also apparent in the transverse views (Figure 2¢ and Figure 3c and 3e). The part caudal of the nipple extending to
the chest wall is not visible.
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local maximum intensity projections

Figure 2. Reconstructed color-coded LMIPs of the left breast of healthy volunteer #154. a) Coronal (XY view). b) Sagittal (XZ)
view). ¢) Transverse (YZ) view.

PAM2_154L_755nm.avi

Video 1. Screenshot of video of rotating reconstructed 3D volume of the right breast of healthy volunteer #154 (21 projection
angles, 100 laser pulses per average, excitation with 755 nm). File can be found at http://dx.doi.org/10.1117/12.2507448.1
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Figure 3. Reconstructed MIPs of the left breast of healthy volunteer #154. Lines indicate the coordinates where slices (with
thickness = 1.5 mm) were obtained from. a) Coronal (XY view). b) Sagittal (XZ) view). c¢) Transverse (YZ) view. d) Sagittal
(XZ) slice. e) Transverse (YZ) slice.

4. DISCUSSION & CONCLUSION

The Twente Photoacoustic Mammoscope 2 (PAM 2) has been developed to acquire high quality images of the breast.
The contrast and detail of blood vessels in the images is highly promising. The images presented here reveal blood
vessels down to approximately 20 mm. Nipple and breast contour are distinguishable both in projected views (MIPs and
LMIPs) as well as a video (Video 1) where the reconstructed volume is rotating.

So far, detailed images of vascularization in healthy breasts have been obtained with PAM 2. Given the altered
vascularization in and around breast tumors'” °, we expect that a photoacoustic image of (a breast with) a tumor will
reveal abnormalities compared to that of a healthy breast. In future we will report on breast images acquired from highly
suspect breasts.

Here we showed images obtained with an illumination wavelength of 755 nm. A comparison of images obtained with
755 nm and 1064 nm show a good overlap of visualization of structures (not shown here, to be reported in a future
publication), opening up possibilities for a functional analysis of the relative contributions of oxy- and deoxy-
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hemoglobin to the absorption contrast. This is a clinically relevant parameter in assessing malignancy of breast tumors™"
2

As mentioned, the system in its current form is not always capable of imaging the full breast. Firstly, due to the fact that
the breast is hanging freely inside the imaging tank, it is possible to misalign it. This results in images where a portion of
the breast is not visualized (for example the absence of the caudal part of the breast in Figure 2c). Therefore, we are
working on a way to immobilize the breast during a measurement. This will position the breast inside the imaging tank
and will reduce the effects of motion artifacts (observed in other measurements). Secondly, due to limited depth
visualization, the inside of the breast is not visualized. Efforts are on to implement more sophisticated image
reconstruction algorithms based on iterative methods™. We are optimistic that the PAM 2 system, with the intended
improvements, has a good chance of visualizing abnormalities in the female breast.
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