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ABSTRACT

Photoacoustic tomography (PAT) is capable of imaging optical absorption in depths beyond the diffusion limit.
As blood is one of the main absorbers in tissue, one important application is the visualization of vasculature, which
can provide important clues for diagnosing diseases like cancer. While the state-of-the-art work in photoacoustic
3D angiography has focused on computed tomography systems involving complex setups, we propose an approach
based on optically tracking a freehand linear ultrasound probe that can be smoothly integrated into the clinical
workflow. To this end, we present a method for calibration of a PAT system using an N-wire phantom specifically
designed for PAT and show how to use local gradient information in the 3D reconstructed volume to significantly
enhance the signal. According to experiments performed with a tissue mimicking intralipid phantom, the signal-
to-noise ratio, contrast and contrast-to-noise ratio measured in the full field of view of the linear probe can
be improved by factors of 1.7 ± 0.7, 14.6 ± 5.8 and 2.8 ± 1.2 respectively, when comparing the post envelope
detection reconstructed 3D volume with the processed one. Qualitative validation performed in tissue mimicking
gelatin phantoms further showed good agreement of the reconstructed vasculature with corresponding structures
extracted from X-ray computed tomographies. As our method provides high contrast 3D images of the vasculature
despite a low hardware complexity its potential for clinical application is high.

Keywords: Photoacoustic Tomography, Freehand, Vasculature, Vesselness, Calibration, Angiography, 3D Re-
construction, PAUS

1. INTRODUCTION

Photoacoustic tomography (PAT) is a versatile biomedical imaging modality utilizing illumination of tissue with
short laser pulses, which where absorbed, give rise to ultrasonic waves. It is thereby capable of imaging optical
absorption in depths beyond the diffusion limit. One application of PAT is the imaging of vasculature.1 While
photoacoustic (PA) imaging is ideally suited to image blood vessels with intrinsic hemoglobin contrast or to
image lymph vessels with exogenous contrast agents, challenges in this context include (1) the 3D reconstruction
of a PAT volume without complex hardware setups and (2) the detection and localization of vessels in the
reconstructed volume despite noise and artifacts in the image. In this paper, we take first steps to address these
issues by adapting methods originally introduced for ultrasound (US) image processing. Firstly, we present a
concept for reconstructing 3D PAT data from 2D PAT slice images, which is based on optical tracking and
hand-eye calibration of a freehand PAT probe. Secondly, we propose a method using local gradient information
to enhance vessel-like structures in PAT volumes and validate its performance on tissue mimicking vasculature
phantoms.

2. MATERIALS & METHODS

The materials part of this section describes the PAT system and the characteristics of the PA phantoms as well
as instructions on how to create these phantoms. The second part focuses on the calibration of PAT systems,
while experiments for qualitative and quantitative evaluation as well as for signal enhancement are presented in
section 3.
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Figure 1. Tracked freehand PAT system: (a) Stereo camera for optical tracking, (b) control panel and interface for the
US system and tracking, (c) laser control panel, (d) tracker mounted to the linear probe, (e) stylus used in phantom
calibration, (f) reference marker used for phantom calibration, (g) PAT linear probe and mounted fiber bundles with
indicated (red) laser output.

2.1 Materials

2.1.1 Setup

The freehand combined photoacoustic ultrasound (PAUS) system used for this work is a modified DiPhAS system
(Fraunhofer IBMT, St. Ingbert, Germany, see fig. 1). A Nd:YAG laser operating at a wavelength of 1064 nm is used
for PA signal generation. US imaging with the system is possible with a frame rate of up to 150Hz, the PA imaging
frame rate is limited to 20Hz by the pulse repetition rate of the laser. The probe is a 128-element linear transducer with
a 7.5MHz center frequency and is tracked using an optical tracking system (Polaris Spectra, NDI Medical, Waterloo,
Canada). For this purpose, a passive marker is attached to the linear probe; an additional reference marker mounted to
the calibration phantom and a stylus are used for probe calibration as detailed in section 2.2.1.

The PAUS system is capable of live PA and US imaging. In addition to visualizing these image steams, radio frequency
(rf) data is recorded for more involved off line data processing as described in sec 2.2.2. The Medical Imaging Interaction
Toolkit (MITK)∗2 and its extension for image guided therapy MITK-IGT3 in combination with the Public Software
Library for Ultrasound Imaging Research (PLUS)4 toolkit are used for that purpose.

2.1.2 Vasculature Mimicking Phantom

To assess the PAT system’s capability to image vasculature, phantoms with realistic acoustic and optical properties for
vasculature as well as the surrounding tissue are needed. For this purpose we use gelatine as a base material (following
Cook et. al.5), which can yield these properties for US as well as PA imaging.

The phantom is prepared according to the following procedure: An acrylic glass box (constructed by the research
and development workshop of the German Cancer Research Center (DKFZ)) featuring grids with 5mm spacing on two
opposing sides (see figure 2 a and b) holds the phantoms. Silicon tubing of 1.8mm outer and 1mm inner diameter is
arranged through boreholes in the grid to mimic vasculature. After arranging the tubing, the phantom box is filled either
with a gelatine mixture or for initial tests only with an intralipid-water mixture. The tubing is arranged in such a way
to allow the injection of india ink, as suggested by Pouge et al. as the only readily available chromophore with suitable
absorption in near infrared (NIR).6 India ink has an absorption coefficient of very approximately 4000 cm−1 at 1064 nm.
For use in the phantoms, it is diluted incrementally until arriving at the desired absorption (i. e. fully oxygenated whole
blood, µa(1064 nm) ≈ 4 cm−1), which is measured using a spectrometer (HR2000+, Ocean Optics, Inc., Dunedin, USA).
The main issue with using heavily diluted india ink is its unstable nature – it is only emulsified in water and will clump
in a matter of hours. Freshly diluted india ink should therefore be injected directly prior to experiments.

For the gelatine mixture, de-mineralized water mixed with 1 g l−1 of formaldehyde (37% by weight) is heated to 30 ◦C
using a heater with a magnetic stirrer. 80 g l−1 of granular gelatine is slowly added under permanent stirring, while starting
to heat the mixture to 50 ◦C, where the temperature is then held constant for 45min while the mixture is continuously

∗http://mitk.org/



Figure 2. (a) Phantom holder with silicon tubing and diluted india ink as described in sec. 2.1.2. (b) Quantification
phantom setup as described in the Vessel evaluation Experiment. (c) N-wire phantom modified for freehand PAT probe
calibration as described in sec 2.2.1.

stirred at a rate slow enough that no new air bubbles are introduced. The mixture is then cooled to 40 ◦C before the
addition of 50 g l−1 intralipid (20% fat emulsion) (Santa Cruz Biotechnology, Inc. Dallas, Texas). Using the continuous
magnetic stirring in concert with the low gelatin content through the use of formaldehyde eliminates air enclosures with
simple means. After pouring the gelatine into any desired phantom form, phantoms are placed in cold-storage at 3 ◦C for
a minimum of ten hours, to harden.

Phantoms produced in that way are very durable6 (more than one week) if fresh ink is injected before every experi-
ment. After initial cooling, they can endure higher temperatures without decay or deformation due to the cross linking
formaldehyde. This is especially important for the PA signal intensity in phantoms due to the temperature dependent
Grüneisen coefficient.7

2.2 Methods

For the volume reconstruction of PAT images, a synchronization and spatial calibration is necessary. Synchronization is
necessary between tracking and imaging data for matching the correct position data to the recorded image slice. The
spatial calibration is a prerequisite for volume reconstruction. The first part of this section describes the entire calibration
process and the volume reconstruction (sec. 2.2.1), the second part (sec. 2.2.2) presents a method to enhance the contrast
of vasculature.

2.2.1 Calibration and Volume Reconstruction

A temporal calibration or synchronization is necessary to account for delays in the data acquisition and processing of the
probe and the recorded tracking data. To that end, we adapted a well-known technique for US synchronization,8 where a
probe is placed in a water tank and moved up-and-down in a sinusoidal fashion: For synchronization using the PA signal,
a strongly absorbing, anodized aluminum foil is fixed to the bottom of the water tank to generate a PAT signal at the
bottom.

For spatial calibration of the freehand PAUS system, we adapted a semi-automatic method with a modified triple
layer N-wire phantom.9 The phantom uses blackened nylon wiring, 0.6mm in diameter, as shown in figure 2 c; the black
coloring is neede to facilitate PA signal generation. The phantom is placed in a water tank and fixed to the tank by 2 cm
blocks formed of a thermoplastic†.

In an initial step, a stylus (fig. 1 e) is calibrated using the pivot algorithm of the PLUS toolkit. This stylus is then
used for a point based registration to determine the pose of the reference tracker (fig. 1 f) relative to the coordinate system
of the N-wire phantom, again using the PLUS toolkit(phantom registration). The tank holding the N-wire phantom is
then filled with de-mineralized water of 5 cm depth. After ensuring that no air bubbles formed, 5ml of intralipid 20% is
added to the water and mixed. This is done to homogenize light fluence at the edges of the imaging plane. The intralipid
is another addition to adapt the US method for PAT imaging. The setup then rests half an hour for suspended dust
particles to drop to the tanks bottom. During the final step, the actual spatial calibration of the probe, the PAUS probe
is supported by a loose metal arm to facilitate a slow and steady motion whilst acquiring calibration data with a slow
sweep over the N-wire phantom. The recorded image data is matched to the temporal nearest neighbor tracking data
– taking the offset, ascertained by the synchronization, into account. The PLUS toolkit is then used to automatically
perform the calibration.

†Polycaprolactone; useful for rapid prototyping due to its melting point of 60 ◦C



A pixel nearest neighbor (PNN) algorithm with pixel trilinear interpolation10 implemented in PLUS is used for 3D
reconstruction to receive volumetric imaging data. One main concern for the used 3D reconstruction algorithm is runtime
for real-time imaging. The runtime for an algorithm has to be smaller than 50ms per slice, to enable video frame rate
imaging. PNN with pixel trilinear interpolation had been reported to take 50ms per 320 × 240 pixels images on high
end 2002 hardware,10 while yielding high-quality results.11 The time to add one slice to a reconstructed volume using
the PLUS toolkit and the PNN algorithm only, has lately been reported to be 3ms on 495× 488 8-bit US image frames
running on four threads on a more recent Intel Core i5-2520M laptop.4 These algorithms should therefore be real-time
capable, considering current hardware and our small image size of 303× 200 pixels.

2.2.2 Vessel Enhancement

Imaging vasculature with PAT yields a high contrast due to the high optical absorption of blood, without the need for
contrast agents. However, especially freehand PAT still suffers from a relatively high noise and some imaging artifacts.
We therefore propose enhancing vessel contrast by analyzing local gradient information. For this purpose, we apply the
so-called Vesselness filter, which has already successfully been applied for the enhancement of vasculature contrast in
modalities such as X-ray computed tomography (CT).12,13 In general, this method can be used to enhance curvilinear
structures based on examining local gradient information. In an initial step, a Gaussian smoothing filter is applied to the
image. This already reduces noise but more importantly tunes the responses of the Vesselness filter to an approximate
radius defined by standard deviation σ of the Gaussian. This will result in a lowered response for vessels of different
radius. For that reason, the filter is usually applied on multiple scales σ and the results are integrated. After the
image is Gaussian-smoothed, the Hessian of it is taken. To generalize orientation, the Vesselness filter then takes the
eigenvalues of the Hessian for every voxel – being λ1(~x), λ2(~x) and λ3(~x), their notation order is defined by their magnitude
(λ1(~x) ≥ λ2(~x) ≥ λ3(~x)). The eigenvector ~e1 corresponding to λ1(~x) therefore defines the direction in which the second
derivative is maximum, λ1(~x) being the maximum second derivation value itself. The measure used for the Vesselness of
a voxel is then λc · f with λc = min(−λ2,−λ3) = −λ2 and f(λ1, λc) which decreases with deviation of λ1 from zero and
uses λc for normalization.
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The parameters should obey α1 < α2. Following the recommendation by Sato et. al.,12 we use α1 = 0.5 and α2 = 2,
which have been found suitable for continuous enhancement of curvilinear structures while suppressing noise and other
structures.

3. EXPERIMENTS

Three experiments were conducted to (1) assess the performance of our calibration method (sec. 2.2.1), (2) investigate
qualitatively the reconstructed freehand PAUS volume and vessel enhancement and (3) evaluate the enhancement of
vessels through the vesselness filter quantitatively.

3.1 Calibration

To assess the performance of our calibration method, spatial calibrations were performed after synchronization, using
the methods described in section 2.2.1. For the synchronization, system-time-stamped measurements were taken from the
tracking system using MITK-IGT, tracking the PAT probe only. The tracking system was configured to track at 30Hz
while the PA images were recorded with 20Hz or US images with approximately 80Hz. The temporal evolution of the
elevation detected in the images taken by the probe was compared to the evolution of the probe marker elevation. The
temporal offset of the two sinusoidal signals were measured at every zero-crossing and averaged.

The stylus was calibrated using the 200 tracking data sets taken over 20 seconds of pivoting. This stylus was then
used for an eight point based registration of the phantom to its reference tracker. The rf calibration data was acquired
with six to ten second sweeps of the probe over the calibration phantom. Twelve such data acquisitions were performed
under the same conditions, to establish calibration quality; six with PA data and six with US data.

B-mode images were formed from the acquired US rf data, including the typical logarithmic filter. This filter was
omitted for the PA B-mode image formation, due to sufficient contrast. The N-wire segmentation and calibration of the
PLUS toolkit was performed on all twelve data sets. The segmentation parameters for wire detection were optimized
manually in the PLUS graphical user interface (GUI) at one US and one PA data set. The remaining respective five
segmentations were performed using those same parameters. Using the calibrated system, the segmented wires of the



images were reprojected onto the registered phantom to estimate calibration error. The calibration quality was quantified
using the reprojection error, which is the root-mean-squared distance of all segmented wires to their respective registered
wires. The reprojection errors for each calibration were then averaged.

3.2 Volume Reconstruction

Three different volumes were acquired and reconstructed, to qualitatively investigate the freehand PAUS reconstructed
volumes and PA vessel enhancement: The first volume served to illustrate the complementary value of PA and US on a
straight forward example. The other two, qualitatively assessed the value of vesselness in PA volumes, with the last one
being co-registered to a CT scan. The 3D reconstructions were performed using PNN with pixel trilinear interpolation
and a voxel size of 0.5× 0.5× 0.5mm in the reconstructed volumes.

Hybrid Imaging: First tests to assess the image quality of the 3D volumes reconstructed from freehand PAUS were
performed on paper phantoms in water baths. An example of such paper phantoms is shown in figure 4 a. It was
printed on 80 g m−2 office paper and placed 4 cm deep in a water bath, on top of a foam material to minimize
acoustic reflection. About 20ml condensed milk (20% fat) was added as a scattering agent to approximate minimal
scattering in tissue (µs ≈ 10 cm−1). A slow (≈ 5 s for 50mm) freehand data acquisition sweep over the paper
phantom was performed perpendicular to the surface of the paper and in direction of reading. The 3D volume was
reconstructed as described in section 2.2.1.

Enhanced Vessel Visualization: Two differently configured vasculature mimicking phantoms were constructed and imaged,
both of them used silicon tubing with an inner diameter of 1mm to simulate vasculature. Diluted ink (Kunstschrift-

Tusche, Pelikan, Hannover, Germany) was injected into these vessels to simulate whole blood. The first vasculature
phantom under investigation consisted of three parallel tubes, 5mm apart at the depth of 3 cm. The structure was
placed into a water-milk bath like the paper phantom, for a qualitative test of the Vesselness filter. A gelatine
based phantom was constructed with the mixture described in sec 2.1.2 and a more complex tubing configuration,
as shown in figure 2 a. The simulated vasculature was in a depth of 1 to 6.5 cm and filled with diluted ink with an
absorption of µa(1064 nm) = 4 cm−1.

PAT CT Fusion: In addition, eight small pieces of metal, painted black, were inserted into the gelatine phantom after it
hardened to enable co-registration of the reconstructed PAT volumes and an additionally acquired high resolution
CT scan.

PAT and tracking data were acquired with slow 8 s sweeps over the phantoms, using a water film on top of the gelatine
phantom for optimal acoustic coupling.

3.3 Vesselness Evaluation

To quantify the enhancement of vasculature by the Vesselness filter, an additional vasculature mimicking phantom was
specially designed to determine signal-to-noise ratio (SNR), contrast and contrast-to-noise ratio (CNR) at varying depths.
The phantom vasculature consisted of eight parallel tubes, arranged with 5mm spacing as an inclined plane and fixed on
both sides of the phantom holder to depths of 0.5mm and 7mm respectively. A similar phantom can be seen in figure 2 b,
before the box was filled with the gelatine mixture and the tubes injected with diluted ink. The data for 3D reconstructed
PAT volume was acquired by a 10 s sweep along the tubes with the goal of imaging the tubes in depths of 1 cm to 5 cm.
A metal arm was used to fix the elevation of the transducer. The Vesselness filter was applied to the reconstruction with
σ = 0.5mm.

Tubes directly visible in the PAT volume were detected manually in 21 parallel slices with original B-mode image
orientation featuring tubes in depths of 11mm to 34mm. Automatic detection was very unreliable due to noise and
artifacts close to the tubes. Signal intensity measurements for 129 tube intersection coordinates were manually measurable.
The signal at the same coordinates in the Vesselness volume was also recorded. Values for the noise were acquired via the
MITK statistics plugin by taking the average and standard deviation for the voxel intensities in large areas 5mm below
and above the signal, to exclude imaging artifacts.

The SNR, contrast and CNR of 3D freehand PAT volumes were investigated as image quality benchmarks. Those
values can be defined as follows,14

SNR =
S

σ(N)
, contrast =

|S − 〈N〉|

〈N〉
, CNR =

|S − 〈N〉|

σ(N)
(2)

with S being the signal intensity, 〈N〉 the average noise intensity and σ(N) the standard deviation of the noise.



4. RESULTS

4.1 Calibration

The synchronization of tracking and image data, yielded a delay of 27ms ± 8ms (calculated from 22 zero-crossings).
The calibration of the stylus had an error of 0.4mm in stylus tip position, according to PLUS, the phantom registration
yielded a 0.7mm error. The deviations from the 3D reprojection errors for each of the twelve calibrations performed are
consistently 0.2± 0.1mm for both US and PAT and are plotted in figure 3.

Figure 3. 3D reprojection errors with standard deviations as calculated by PLUS after calibration. The N-wire segmen-
tation parameters were optimized for PA and US separately using the first (greyed out) data sets and then repeated five
times for each modality.

4.2 Image and Volume Reconstruction

dcba

Figure 4. (a) The logo of the German Cancer Research Center printed on paper in a milk and water mixture. (b) The
volume rendered 3D reconstruction of the US scan. (c) The volume rendered 3D reconstruction of the photoacoustic
scan. (d) Superposition of the volume rendered 3D reconstructions.

On mid-size consumer hardware‡, the processing time for 2D reconstruction per B-mode image was measured to be
27±1ms on 1024×256×16 bit raw data images. Down-sampling the resulting B-mode image by a factor of three took an
additional 9ms. Adding one slice of 303× 200× 8 bit size to the 3D volume took an average of 5ms§. The reconstructed
3D volume of the paper phantom was volume rendered with MITK. The results can be seen in figure 4 b - d.

The volume renderings of the 3D reconstructed tubes can be seen in figure 5 a, alongside figure 5 b which shows the
result of the Vesselness filter with σ = 0.5mm. The measured spacing of the tubes in the reconstruction as well as their
depth were consistent with the phantom.

‡2009, Intel Core i7 CPU 870
§here, using a Intel Core i7 3610-QE CPU



a b

c d

Figure 5. Vesselness comparison: Volume renderings of (a) a simple reconstructed vasculature phantom, (b) the Vesselness
of volume (a), (c) the Vesselness of complex gelatine based phantom, (d) the manually rigid registered (c) in red to a CT
volume in green. Small structures in (c) and (d) show metal wires used as landmarks for image registration.

The volume rendered result of the Vesselness filter on the PAT volume and the manual registration to the CT volume
can be seen in figure 5 c and 5 d. The performed point based registration with eight manually set points on markers and
landmark structures, yielded a registration error of 1.1mm, only considering these eight points.

4.3 Vesselness Enhancement

SNR, contrast and CNR were calculated for each of the 2×129 positions. In figure 6, these values are plotted against their
depth and lateral position in the original B-mode images, using a thin plate spline fit and a jet color map for visualization.

The vesselness enhancement factors SNR, contrast and CNR for 2 × 127 values are visualized with violin plots in
figure 7 (two pairs of values were truncated because they resulted in a division by zero). Contrast was found to be
enhanced by a factor of 14.6± 5.8. For SNR the enhancement factor was 1.7± 0.7, for CNR 2.8± 1.2.

5. DISCUSSION

In this paper, we presented a concept for 3D visualization of vascular structures using freehand 3D PAT. Our contribution
is based on previously introduced methods for US image processing and comprises a method for 3D PAT reconstruction
from 2D slices based on a tracked and calibrated PAT probe as well as a method for enhancing vasculature in PAT
volumes. According to experiments in tissue mimicking phantoms, the proposed concept is well suited for freehand 3D
PA angiography and yields an enhancement of contrast by an order of magnitude.

One of the main advantages of our approach is that it is based on a handheld device and can thus be smoothly
integrated into the clinical workflow. Previous concepts were mainly based on complex hardware setups such as fixed



Figure 6. Spatial dependence of PAT image quality in terms of SNR, contrast and CNR for phantom vasculature before
(left) and after (right) application of the Vesselness filter. The dots mark the measurements – interpolation was performed
using a thin plate spline fit. This also visualizes the relative optical fluence in the image plane.

PA tomographs for mammographies.15,16 Note that recent publications17,18 have used freehand 3D reconstruction, but
details on the methods were not provided or the methods are not real-time capable.19

The laser wavelength we used is not optimal for blood vessel imaging due to the comparably low absorption of blood
at 1064 nm. While the use of tunable lasers is planned for future work, the current laser, which was chosen for its wide
availability and simple handling, is sufficient for these initial tests. Another issue is the absorption of scattered laser light
on the surface of the PAT probe in acoustic contact with the phantom or tissue. This is problematic because it yields a
PA wave emanating from the probe, causing a weak conventional US image overlay with an offset to the PAT image. An
attached reflective foil on top of the transducer minimized the artifact but the problem persists. A reflective coating over
every part of the probe that comes in contact with the tissue should solve this problem.

Our system’s synchronization of tracking and image data was relatively stable and the limited tracking frame rate
was the main cause of fluctuations in the temporal offset. Synchronization should be integrated into an automatic
calibration workflow, so that measurements can be easily taken prior to every experiment to account for varying system





improved by inserting the marker during the cooling process of the gelatine and by better defined markers. First tests
with graphite (pencil lead) looked promising, commercially available CT markers should work as well.

The quantification phantom experiment (sec. 3.3), in addition to providing a good validation for the vessel enhance-
ment using the Vesselness filter on PAT volumes, also gives a good illustration of our system’s effective laser fluence in the
imaging plane. Contrast is enhanced most by the Vesselness filter. It should be noted that the assumption of a standard
distributed noise, which is made implicitly by using standard deviation of noise, is not valid for Vesselness which has
bimodal noise, caused by many zero-voxels. Even with that in mind, the enhancement of contrast is not dependent on
this assumption and the SNR and CNR measures are still meaningful. In addition, all vessels in this paper were of the
same size. The parameter σ = 0.5mm was well chosen for this case but in more realistic settings, a multi scaled σ will be
necessary, which will result in a reduction of contrast with respect to the reported value.

The Vesselness filter can be useful in a diagnostic or off line planning capacity, its interventional usefulness is limited
to visualization after the acquisition of a full image volume due to its computing time in the order of ten seconds, using
current high-end hardware.

In conclusion, the freehand PAT concept presented in this paper can be developed to be a potentially valuable
diagnostic and interventional tool, providing enhanced contrast for angiography. Future work on a translational approach
could also focus on the use of the method in lymph vessel visualization with exogenous PA contrast, as recent clinical
studies have reported progress in that area.17,18
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