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ABSTRACT   

The PAM3 system is a hybrid photoacoustic-ultrasound system for imaging the breast. The ultrasound mode enables 
extraction of speed-of-sound (SOS) maps that can be used to improve photoacoustic (PA) reconstruction. SOS holds 
information that can be used potentially for tissue characterization and discrimination. PA computed tomography images 
were reconstructed using an iterative model-based optimization framework. An image analysis pipeline has been developed 
to analyze the PA/US images and compare them with contrast-enhanced Magnetic Resonance (ceMR) images. We imaged 
patients using PAM3 in a study approved by the Medical Ethics Review Board. Patients with a tumor suspicious for 
malignancy, based on conventional diagnostic imaging, were asked to participate. All patients received X-ray 
mammography, ultrasound imaging and ceMR imaging. The preliminary results on a patient with a fibroadenoma 
demonstrate that combining multi-wavelength PA and sound speed imaging is potentially valuable for visualizing breast 
cancer. From PA we obtain functional information with sound speed providing structural information. 
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INTRODUCTION  
Breast cancer is a heterogeneous disease with diverse characteristics and clinical manifestations. For this reason, through 
the clinical pathway, patients undergo different imaging examinations, such as X-ray Mammography (MMG), Ultrasound 
(US) and Contrast-enhanced Magnetic Resonance (ceMR) imaging, leading to exposure to ionizing radiations, use of 
contrast agents, therefore high patient burden and clinical costs [1]. In the context of breast cancer, Photoacoustic 
Tomography (PAT)  has shown promising results, being a fast, relatively cheap, and contrast-agent-free functional imaging 
technique which allows to accurately depict blood vessels [2]. In photoacoustic (PA) imaging, tissue is illuminated with 
short light pulses in the near-infrared range. With the absorption of light by tissue chromophores, the PA effect takes place 
which consists of local temperature rise, thermoelastic expansion, pressure build-up and generation of ultrasound waves 
[3]. In the last decade, multiple PAT systems with different US detection geometries (arc-shaped, ring and hemispherical 
arrays) and light delivery systems (one or multiple light sources) have been proposed [4], and some of them tested in 
patients with breast malignancies [2], [5], [6]. 

The University of Twente, PA Imaging R&D BV, and various partners, were responsible for developing the first three-
dimensional (3D) hybrid photoacoustic-ultrasound imaging system (PAM3) [7]. The combination of multispectral PAT 
and US tomography (UST) allows to obtain a multimodal 3D image of the breast, depicting both anatomical description 
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of the breast (adipose and fibroglandular tissue) and functional information (vascularization and potentially oxygen 
saturation of blood). The performance of the PAM3 system was evaluated on a set of test objects and in human volunteers 
which showed the ability of tracking vessels up to 48 mm with an isotropic sub-mm resolution [7]. The PAM3 system has 
been installed in a Dutch hospital (Medisch Spectrum Twente, Oldenzaal, The Netherlands) and a clinical study is currently 
being conducted to validate the performance of the system on patients. In this work, we present the methodological 
approach implemented to analyze patient data and the first preliminary results on a breast lesion. 

 

METHODS 
PAM3 system 

Figure 1 shows a graphical illustration of the PAM3 system and its main compartments. The entire system is embedded in 
a custom-designed frame with bed-top on which the woman can lie on prone. The breast is inserted through the imaging 
aperture into a water-filled imaging bowl. The imaging bowl (26 cm inner diameter) is equipped with 512 US transducers 
for the detection and transmission of US and 40 optical fiber bundle terminations to homogeneously illuminate the breast. 
The bowl is embedded in a core which contain data acquisition systems and electronics to service the US transducers and 
produce pulses to trigger the US transmission. During a measurement, the core can rotate around its central axis to acquire 
multiple projections. Finally, a polyvinylchloride (PVC) cup is used to centralize and stabilize the breast during the 
measurement [7].  

 
Figure 1. Illustration of the PAM3 system. The systems consists of three main compartments: i) the laser system, ii) rotating 
core and iii) temperature control unit. The recording aperture is an hemispherical imaging bowl (top-view on the right-hand 
side of the figure) containing 512 US transducers and 40 optical fiber bundle terminations. Adapted from [7]. 

 

Initial clinical demonstration 

The system is installed in the Medisch Spectrum Twente hospital in Oldenzaal (Twente, The Netherlands). Figure 2(a) 
shows a photograph of the device. After informed consent and approved protocol study, a total number of 18 patients were 
acquired. The imaging protocol takes 5 minutes to acquire PA at five different wavelengths (720, 755, 797, 833, 870 nm) 
and UST data for a breast. The chosen imaging protocol was fixed after experiments on phantoms and volunteers [7]. PA 
data and UST data were processed offline to reconstruct the 3D PA images and 3D Speed-of-Sound (SOS) maps.  Other 
conventional images were acquired according to the standard clinical routine: MMG, US and ceMR. Particular attention 
was given to ceMR, since the use of contrast agent and the volumetric nature of the image allows us to visualize vascular 
structures in 3D and correlate our PA images to it as reference. 

Image reconstruction 

PA images were reconstructed using an iterative, model-based reconstruction method [8]. In order to compensate wave 
aberrations in the acoustic wave propagation model, the measured 3D SOS map of the breast is used in the PA inversion. 
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The 3D SOS maps were reconstructed from the UST data using for the first time a three-dimensional full-waveform 
inversion (FWI) algorithm [9]. 

 
Figure 2. (a) Photograph of the PAM3 system installed in MST hospital in Oldenzaal (Twente, The Netherlands) during a 
demonstration conducted by an operator (R.F.G.B.) on a volunteer. Snapshot from video available online 
(https://www.pammoth-2020.eu/symposium2021.html). (b) Output of a patient measurement: five wavelengths PA 
reconstructions (720, 755, 797, 833 and 870 nm) and SOS map. The PA images shown are maximum intensity projections of 
the reconstructed PA images. A single slice of the SOS map is shown. Reconstructions were computed offline. The acquisition 
of the data takes 5 minutes for each breast. 

 

Image analysis 

An image analysis pipeline was designed and developed to analyze the PA and SOS images. The pipeline consists of the 
following steps: 

• Data preparation - MATLAB files of the PA reconstructions and the SOS reconstruction were converted into 
Neuroimaging Informatics Technology Initiative (NIFTI) file format. The header of the NIFTI files included also 
information about the image-to-world geometric transformation to allow accurate and user-friendly visualization 
with available medical imaging software. 

• Tissue segmentation - Fibroglandular and adipose tissue of the breast were segmented from the 3D SOS maps 
using a K-means clustering (𝑘𝑘 = 3) on the SOS values. Voxels belonging to the cluster with highest average 
intensity were classified as fibroglandular tissue, the remaining voxels confined inside the breast were classified 
as adipose tissue. The skin layer was defined as the most superficial (0.5 mm) layer of the cup mask (a binary 
mask representing the cup used during the measurement). 3DSlicer was used to fix small errors in the 
segmentations [10].  

• Optical fluence compensation - Average optical properties were assigned to each of the segmented 
compartments (skin, fibroglandular and adipose tissue) [11]. The Monte Carlo eXtreme (MCX) for MATLAB 
(MCXLAB) toolbox [12] was used to perform the photon transport simulations using a digital twin of the PAM3 
light delivery system (modeling the light sources position, the beam geometry and opening angle). Optical fluence 
maps at the 5 different wavelengths were used to compensate the corresponding PA reconstructions. 

• Data visualization and correlation with ceMR – An interactive graphical-user-interface was developed on 
MeVisLab [13] to allow visualization of the PA, SOS and ceMR volumes in form of 3D rendering, 2D slices 
scrolling, maximum intensity projections, and allows also the annotation of relevant landmarks and regions of 
interests in the images.  

RESULTS 
In this proceeding a single case will be shown. After self-examination, the patient went to the hospital. X-ray MMG 
imaging showed a dense and oval mass of 1.4 cm diameter located at 9 o’clock. US evaluation showed a slightly 
hypoechoic lesion with defined margins. According to the Breast Imaging Reporting and Data System, the lesion was 
classified as BIRADS 3. In the post contrast T1w MR image, the lesion appeared as an enhanced mass with regular margins 
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with vasculature associated to it [indicated by the green arrows V1 and V2 in Figure 3(a)]. Diagnosis was made that the 
lesion was a fibroadenoma. In Figure 3(b), a local coronal maximum intensity projection of the PA image of a 5 mm thick 
slab of tissue around the tumor is plotted where the same vascular structures pointed in the MR are visible (V1 and V2). 
Interestingly, what appear to be as capsular vessels which surround the fibroadenoma are seen in the PA image but not on 
the MR (V3 and V4). Figure 3(c) shows the overlay of SOS and PA images where one can appreciate both morphological 
and functional information of the lesion. 

 
Figure 3. Comparison of ceMR, PA and SOS images of the analyzed patient case. (a) The local maximum intensity projection 
(coronal view) of a 5 mm thick slab of tissue centered in the tumor of the T1w post contrast MR image shows an enhanced 
mass with regular margins and the presence of associated vasculature (V1 and V2, green arrows). (b) Local maximum intensity 
projection of the PA image at 720 nm shows the same associated vascular structures present in MR (V1 and V2, green arrows) 
and also capsular vessels surrounding the fibroadenoma (V3 and V4, black arrows). (c) The central slice of the SOS map 
shows higher SOS value than adipose tissue in the region but does not clearly show the shape of the lesion. (d) The overlay 
of PA and SOS can potentially show both morphological and functional information about the lesion. 

DISCUSSION AND CONCLUSIONS 
We demonstrated the use of a 3D hybrid photoacoustic/ultrasound system in a clinical case. PA was able to show the 
associated tumor vasculature (similarly to what shown in previous studies [5]). The first 3D full-wave-inversion SOS 
reconstructions are highly promising as they clearly show the location of the lesion. The PA image shows a rim signal 
surrounding the fibroadenoma which is not observed in the ceMR image. The fibroadenoma also appears as high contrast 
region in contrast-enhanced MR. The rim signal may be an imaging feature in PA presentation of fibroadenoma. The next 
steps are to identify a well-defined set of PA imaging biomarkers associated with various types of breast abnormalities. 
More patient data is being analyzed with the image analysis pipeline in order to gain more insights. In the near future, new 
patient results will be finalized and published. 
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