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Hybrid optoacoustic and pulse-echo ultrasound imaging is an attractive multi-modal combination

owing to the highly complementary contrast of the two techniques. Efficient hybridization is often

hampered by significant dissimilarities between their optimal data acquisition and image formation

strategies. Herein, we introduce an approach for combined optoacoustic and ultrasound imaging

based on a plano-concave detector array design with a non-uniform pitch distribution. The hybrid

design optimized for both modalities allows for maintaining an extended field of view for efficient

ultrasound navigation while simultaneously providing broad tomographic coverage for optimal

optoacoustic imaging performance. Imaging sessions performed in tissue-mimicking phantoms and

healthy volunteers demonstrate that the suggested approach renders an enhanced imaging perfor-

mance as compared with the previously reported hybrid optoacoustic and ultrasound imaging

approaches. Thus, it can greatly facilitate clinical translation of the optoacoustic imaging technol-

ogy by means of its efficient combination with ultrasonography, a well-established clinical imaging

modality. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4983462]

Optoacoustic (OA) and ultrasound (US) imaging share

key advantages for biomedical applications such as the use of

non-ionizing radiation, real-time imaging capability, high spa-

tial resolution, and portable use.1 Efficient combination of the

two modalities may lead to important advantages as US ena-

bles easy anatomical navigation and localization of structures,

while OA can provide additional functional information, which

translates into a better applicability in a clinical setting. As

both the modalities are based on ultrasound detection, they can

be, in principle, readily combined into a highly complementary

hybrid imaging system. However, the conventional data acqui-

sition and image formation strategies of B-mode ultrasound2

fundamentally differ from the tomographic approaches that

render optimal optoacoustic image quality.3 This may often

impose contradicting requirements when considering efficient

hybridization of the two modalities.

B-mode US imaging is conventionally done with linear

array transducers, enabling direct contact with the tissue in the

hand-held operation mode.2 Standard image formation meth-

ods are based on steering the incident US beam and capturing

the corresponding echoes over the desired field of view. The

inter-element distance (pitch) of the array must preferably be

kept below half the minimum acoustic wavelength in order to

avoid the deterioration of image quality due to grating lobes

and resolution loss.4 Inter-element isolation in ultrasound

arrays must be carefully taken into account in the manufactur-

ing process of the array to avoid cross-coupling between ele-

ments.5 On the other hand, large-area detection elements are

typically employed in OA imaging systems in order to detect

the generally weak and ultra-wideband responses induced by

the transient absorption of pulsed laser radiation.3

Furthermore, the speckle-free nature of time-resolved OA

signals commonly leads to a reduced visibility of structures

when employing standard ultrasonography arrays.6 Indeed, OA

imaging is inherently a tomographic modality that highly

depends upon sufficient angular tomographic coverage for

accurate image reconstruction. Thus, a concave array geometry

is generally preferred in order to maximize the tomographic

coverage around the imaged sample.7

Hybrid optoacoustic and ultrasound (OPUS) imaging

was first achieved with linear arrays including optical illumi-

nation components that capitalize on the well-established

structural imaging capacity of B-mode US,8,9 with multi-

modal imaging enabled using dedicated synchronization

electronics.10,11 In order to overcome the generally unsatis-

factory OA imaging performance obtained with linear and

planar ultrasound arrays, especially designed concave arrays

have been developed to achieve better image quality and

quantification in hand-held (portable) OA imaging.1,12 One

simple way of achieving simultaneous US imaging was by

capturing echoes of US waves that were generated optoa-

coustically (passively) by illuminating optical absorbers

placed outside the imaged sample.13 A similar approach was

also implemented in the transmission mode for the speed of

sound mapping in small animals.14,15 Alternatively, the ele-

ments of concave arrays can be actively driven with high

voltage pulses for achieving conventional pulse-echo US

imaging.16 However, the large angular aperture of the con-

vex array geometries necessitated an extended number of

individual elements for maintaining a reasonable inter-

element pitch and avoiding significant grating lobe artifacts

in the US images while providing sufficient tomographic

coverage for accurate OA imaging.17

Herein, we suggest an approach for hybrid OPUS imag-

ing based on a multi-segment (plano-concave) detection

array supporting optimal performance in both the modesa)Author to whom correspondence should be addressed: dr@tum.de
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(Imasonic SaS, Voray, France). Figure 1 shows the suggested

configuration of the hybrid optoacoustic-ultrasound (OPUS)

imaging probe consisting of a plano-concave array of cylin-

drically focused elements. While optimal pulse-echo US

imaging performance is achieved with the central (linear)

segment of the array, the OA responses are additionally

collected by the two concave segments ensuring a broad

tomographic coverage of 180� in the OA imaging mode. The

linear array segment consists of 128 piezocomposite ele-

ments with a 0.25 mm (1.25 k) inter-element pitch, whereas

each concave segment has 64 piezocomposite elements sepa-

rated by a 0.6 mm (3 k) pitch. The concave segments lie on a

40 mm radius arc, and all the elements are cylindrically

focused at a distance of 38 mm within the imaging plane.

The elements of the linear segment are focused at a distance

of 34 mm from the active aperture. All the elements have at

least 70% detection bandwidth around a central frequency of

7.5 MHz. OA excitation is provided using an optical para-

metric oscillator (OPO)-based laser (Innolas Laser GmbH,

Krailling, Germany) whose beam is guided through a

custom-made fiber bundle (Ceramoptec GmbH, Bonn,

Germany). The output of the fiber bundle, located at the

lateral side of the array, is oriented with an angle of �17� so

that the illumination beam intersects the cross-sectional

imaging plane roughly at the tissue surface. The per-pulse

fluence at the skin surface was estimated to be 12 mJ/cm2,

which conformed with the laser exposure safety standards.18

The US imaging protocol is defined as follows. The

custom-made ultrasound imaging platform consolidates

pulser-receiver boards and the function of triggered acquisi-

tion for synchronizing the US and OA data streams.16,17 The

transmitted bi-polar US pulses at a frequency of 8 MHz have

a peak-to-peak voltage of 20 V. The US images are recon-

structed from the reflected signals detected by the linear seg-

ment of the array (128 channels) using a synthetic aperture

technique19 in a field of view of 40� 40 mm2 with a pixel

size of 0.18 mm. The OA images are rendered using a tomo-

graphic reconstruction algorithm considering signals

collected by all the 256 array elements. A field of view of

40� 40 mm2 with a pixel size of 0.1 mm was used. The OA

signal acquisition was done using separate custom-made

acquisition electronics that was synchronized to the laser-

initiated trigger signal. Each laser pulse triggers the simulta-

neous acquisition of the generated optoacoustic signals by all

the 256 transducer elements. Subsequently, each transducer

element of the linear part of the array is sequentially excited

and all the remaining elements collect the ultrasound echoes

from the tissue. The imaging frame rate was determined by

the pulse repetition frequency of the laser (10 Hz), and no

signal averaging was performed.

Imaging performance of the hybrid array was first char-

acterized in an agar phantom containing �95 lm diameter

polyethylene microspheres (Cospheric BKPMS 90–106,

Santa Barbara, USA). For comparison, the same phantom

was also imaged using a cylindrically focused concave array

commonly employed for cross-sectional tomographic OA

imaging that has a uniform curvature and an inter-element

pitch. The concave array has very similar geometrical char-

acteristics to the plano-concave array, i.e., the same radius of

curvature of 40 mm and a total of 256 detection elements

covering an angle of 180� with an inter-element pitch of

0.47 mm (1.6k). All the elements have at least 70% detection

bandwidth around a central frequency of 5 MHz. Figure 2

presents the phantom images acquired with the two arrays in

both the OA and US modes. Figure 2(a) shows the US image

obtained with the linear part of the plano-concave array hav-

ing a small inter-element pitch. The particles and the upper

and lower boundaries of the phantom are clearly visible,

while no significant artefacts are present in the entire recon-

structed field of view of 40� 40 mm2. On the other hand, the

US image rendered by using all 256 elements of the plano-

concave array [Fig. 2(b)] exhibits background artifacts,

which are mainly attributed to the grating lobes generated by

the concave parts of the array having a large inter-element

pitch. Note that even stronger artifacts are observed in the

US image obtained with the concave array having a large

pitch between all its elements [Fig. 2(c)], which exhibits

only a narrow effective field-of-view free of grating lobe

artifacts. The corresponding OA images of the phantom are

shown in Figs. 2(d)–2(f). Here, a standard back-projection

algorithm was employed for the tomographic optoacoustic

reconstructions.20 As expected, significant distortions of the

particle shape are manifested in the OA image obtained with

the linear array segment due to its limited angular coverage.

On the other hand, the OA images obtained with all 256 ele-

ments of the plano-concave and concave arrays [Figs. 2(e)

and 2(f)] have similar image quality. This is generally

expected as both the arrays provide approximately the same

angular coverage. Note that the inferior resolution for the

concave array is due its lower detection bandwidth. Thus, it

can be readily seen that the concave segments of the plano-

concave array are mainly responsible for restoring the cor-

rect shape of the particles in the reconstructed images. It is

also observed that the plano-concave design also achieves a

larger effective field of view in the OA mode as compared

with the concave array geometry [compare the areas with

resolvable contrast from the particles shown in Figs. 2(e) and

2(f)], which represents an additional advantage of the

suggested approach.

The spatial resolution of the hybrid imaging system was

estimated in a separate experiment with a phantom contain-

ing a single �95 lm polyethylene microsphere. Specifically,

the particle was positioned in the center of the array and

scanned along the elevational (z) direction for 10 positions

with a step size of 200 lm. 100 signal averages were done

FIG. 1. Suggested plano-concave configuration of the hybrid optoacoustic-

ultrasound (OPUS) imaging probe. (a) Distribution of the array elements in

the imaging plane. (b) 3D rendering of the hybrid imaging probe, including

the illumination fiber bundle.
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for each scanning position. The out-of-plane resolution along

the z direction was then estimated as the full width at half

maximum (FWHM) of the reconstructed values for the

scanned positions, resulting in approximate values of 0.9 and

1 mm for the OA and US scans, respectively. The in-plane

resolution was finally estimated as the FWHM of the recon-

structed cross-sectional images with the particle located at

the center of the imaged plane, resulting in US and OA reso-

lutions of �250 lm and �110 lm, respectively.

In vivo imaging performance was subsequently tested

by imaging a wrist of a healthy volunteer. The wavelength of

the OPO laser was tuned to 800 nm, and its pulse repetition

frequency was kept at 25 Hz. An example of the OA image

obtained for a representative position of the wrist is shown in

Fig. 3(a). In this case, the OA reconstruction was performed

using an iterative model-based algorithm incorporating a

non-negative constraint21 for better image quality. The corre-

sponding US image is displayed in Fig. 3(b), while Fig. 3(c)

shows a superposition of both the images. Some anatomical

information, such as the skin surface, is visible in both the

OA and US images. However, the two modalities appear to

be highly synergistic with OA contrast mainly emphasizing

the vasculature while US images providing highly comple-

mentary structural information on other soft tissues. The

strong blood-related contrast of optoacoustics aids in clear

differentiation of the vascular structures that may have a sim-

ilar structural appearance to other anechoic structures (e.g.,

tendons) in the US images. Note that, as opposed to previ-

ously reported hybrid imaging systems based on linear

arrays,8,9,22 good anatomical imaging performance was also

achieved for the OA modality, which can be mainly attrib-

uted to the large tomographic coverage of the hybrid array.

On the other hand, the US images rendered with the linear

segment of the plano-concave array are equivalent to those

obtained with the conventional B-mode arrays, making them

easy to interpret by trained personnel.

The showcased results indicate the superior imaging

performance of the suggested approach for hybrid OPUS

imaging. The multi-segment design with a non-uniform pitch

enables reducing the number of elements required for attain-

ing optimal image quality, thus also reducing the complexity

and cost of the data acquisition electronics. For instance,

achieving similar US imaging performance with a standard

concave geometry17 would necessitate at least double the

number of elements if the pitch size is kept uniform. In addi-

tion, the linear segment with dense element distribution

ensures artifact-free US imaging and a large field of view,

the latter not achievable with a pure concave array design.

The hybrid concept is thus poised to significantly accelerate

the clinical acceptance of the OA technology. This is

because the US images obtained with the linear part of the

multi-segment array are equivalent to those rendered using

standard US scanners, whereas the co-registered high quality

OA images can add key functional information on blood per-

fusion and oxygenation, of great importance in many clinical

diagnostic applications related to e.g., cardiovascular dis-

eases, breast oncology, skin malignancies, arthritis, inflam-

mation, or peripheral vascular diseases.23–27 The hybrid

OPUS probe introduced herein is then poised to impact

clinical applications by providing an otherwise unattainable

combination between anatomical and functional information.

FIG. 2. Comparison of the US and OA

images obtained with the different

array configurations. (a) US image ren-

dered with the linear part of the multi-

segment (hybrid) array. (b) Ultrasound

image rendered with all the elements

of the hybrid array. (c) Ultrasound

image rendered with the concave array.

(d) OA image rendered with the linear

part of the hybrid array. (e)

Optoacoustic image rendered with all

the elements of the hybrid array. (f)

Optoacoustic image rendered with the

concave array. Scale bars—10 mm.

FIG. 3. Hybrid optoacoustic-ultrasound (OPUS) imaging in a wrist of a

healthy volunteer. (a) OA image acquired at 800 nm. (b) The corresponding

US image captured simultaneously with the same probe. (c) A hybrid

(OPUS) image. Scale bar—10 mm.
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Accurately registered OA and US images may provide

an additional value if image formation is complemented with

prior information provided by the other modality. For exam-

ple, strong acoustic scatterers easily recognizable with pulse-

echo US are known to generate arc-type artefacts in OA

images.28 Such deficiencies can be minimized if, e.g., the

location of the acoustic scatterers is identified from the US

images29 or, alternatively, signals emitted by strong optical

absorbers are emulated via proper excitation of the US

array.30 The speckle reduction techniques commonly used

for enhancing imaging performance in medical US31 may

equally benefit from the high contrast information available

in the OA images.

More generally, the proposed concept of hybrid OPUS

imaging based on a non-uniform pitch and shape of the array

segments optimized for both OA and US imaging can be

further adapted to fit specific applications. Of particular rele-

vance is the effective field of view, which is mainly affected

by the size and the number of detection elements in OA

imaging and by the number of acquired A-lines and beam

steering parameters in standard US. The latter further

depends on whether the array is curved, whereas convex

arrays typically cover a larger field of view as compared

with linear array geometries at the expense of inferior image

quality. Thereby, a convex-concave array geometry may turn

preferable in some cases of hybrid OPUS imaging. An array

with a uniform (concave) curvature may also serve for

hybrid imaging purposes if some of its segments are made

suitable for pulse-echo US in terms of the inter-element

pitch. Efficient hybrid OPUS imaging in three dimensions

can also potentially be enabled by implementing the sug-

gested multi-segment concept with hybrid matrix arrays,

e.g., consisting of concave spherical parts optimized for 3D

OA imaging combined with planar or convex segments

tailored for 3D ultrasound. A similar strategy may similarly be

implemented in other hybrid imaging systems, e.g., for endo-

scopic or whole-body small animal imaging applications.

In conclusion, the hybrid-array-based imaging approach

introduced in this letter can greatly facilitate the clinical

translation of the OA imaging technology by means of its

efficient combination with the well-established US imaging

modality. OA and US imaging are natural partners, both

using information delivered by acoustic waves for image for-

mation. Their efficient hybrid combination provides a clear

added value as compared with standalone approaches, hence

holding promise of becoming a major imaging tool in bio-

medical discovery and the clinics.
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