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Abstract. For photoacoustic imaging, usually point-like detectors are
used. As a special sensing technology for photoacoustic imaging, in-
tegrating detectors have been investigated that integrate the acoustic
pressure over an area or line that is larger than the imaged object.
Different kinds of optical fiber–based detectors are compared regard-
ing their sensitivity and resolution in three-dimensional photoacoustic
tomography. In the same type of interferometer, polymer optical fibers
yielded much higher sensitivity than glass fibers. Fabry-Pérot glass-
fiber interferometers in turn gave higher sensitivity than Mach-
Zehnder-type interferometers. Regarding imaging resolution, the
single-mode glass fiber showed the best performance. Last, three-
dimensional images of phantoms and insects using a glass-fiber-based
Fabry-Pérot interferometer as integrating line detector are
presented. © 2010 Society of Photo-Optical Instrumentation Engineers.
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Introduction
hotoacoustic imaging is an emerging technology in the field
f biological and medical imaging.1 Early breast cancer de-
ection is only one example for a promising medical applica-
ion, as reported, e.g., by Manohar et al.2 A short pulse of
lectromagnetic radiation, e.g., a short laser pulse, illuminates
semitransparent sample. Depending on the local specific ab-

orption rates �SARs� in the object, the electromagnetic en-
rgy is absorbed and causes thermoelastic expansion. This is
he photoacoustic effect that was investigated by Alexander
raham Bell in 1880.3 Thereby broadband ultrasonic waves—
hotoacoustic signals—are launched and propagate through
he sample. Due to the nonuniform distribution of absorbed
nergy in different areas of the object, these photoacoustic
ignals contain information about light absorption at ultra-
onic resolution and hence combine the advantages of pure
ptical imaging �high contrast� and ultrasonic imaging �high
patial resolution�.

Once the photoacoustic signals have propagated to the sur-
ace of the sample, they can be measured using, e.g., conven-
ional point-like piezoelectric detectors or integrating detec-
ors. Integrating detectors were introduced by Haltmeier et al.4

n 2004. Meanwhile, several types of integrating detectors
ave been realized, and measurement results were shown,
.g., by Burgholzer et al.5 using integrating area detectors and
altauf et al.6 using a free-beam Mach-Zehnder interferometer
s implementation of an integrating line detector. Another ap-
roach for integrating line detectors are fiber-based interfer-
meters, which are described in detail in Sec. 2.

ddress all correspondence to: Hubert Grün, RECENDT GmbH, Hafenstrasse
7-51, Linz, Austria 4020. Tel: 43-732-90155642; Fax: 43-732-90155618;
-mail: hubert.gruen@recendt.at
ournal of Biomedical Optics 021306-
Measuring the temporal pressure variations at various po-
sitions outside the sample allows reconstruction of the initial
pressure distribution. For point-like detectors, reconstruction
methods are given, e.g., by Xu and Wang.7 Using integrating
line detectors requires alternative reconstruction procedures.
These algorithms mostly consist of two parts. In the first part,
2-D projection images of the initial pressure distribution are
reconstructed. In the second part, the 3-D pressure distribution
is calculated by a subsequent inverse Radon transform.8 For
the first part of photoacoustic image reconstruction, we use a
time-reversal reconstruction method,8,9 which is known from
other applications.10 The reconstruction based on time rever-
sal is briefly described in Sec. 3.

In the last section, we present the first 3-D photoacoustic
images obtained with the combination of integrating fiber-
based line detectors and a time-reversal reconstruction
method. Compared to earlier work, where images obtained
with a free-beam interferometer were presented �Holotta et
al.11�, the results shown in this paper are measured with fiber-
based integrating line detectors. The fundamental idea of in-
tegrating line detectors for detecting photoacoustic signals is
the same in both approaches, but the realization of the detec-
tor is quite different. The fiber-based approach is more sophis-
ticated and allows better handling of the detector. Results of
3-D imaging of a bristle knot and an ant are given, and also
the results concerning reproduction of shape and dimensions
are discussed. Last, future improvements and developments to
gain a higher sensitivity and allow faster imaging with fiber-
based line detectors are discussed.

1083-3668/2010/15�2�/021306/8/$25.00 © 2010 SPIE
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Integrating Line Detectors
sually for photoacoustic imaging, point-like detectors for

cquiring photoacoustic signals are used. These point-like de-
ectors are typically realized by piezoelectric sensors, but also
ptical point detectors have been reported, e.g., by Zhang et
l.12 In 2004, Haltmeier et al.4 introduced integrating detectors
hat integrate the pressure at least along one dimension. Pos-
ible detector geometries are planes, lines, or more complex
eometries.13,14 For tomographic applications, integrating line
etectors are more convenient than integrating plane detec-
ors, as reported by Burgholzer et al.15 In practice, it is easier
o build a setup with only one rotation axis. Therefore, it was
roposed to fragment the planar detector into an array of line
etectors. Signals received by such line detectors at time t are
ntegrals of pressure distribution over cylinders with radius
· t, where c is the speed of sound. Due to the integration of

he pressure field along the line detector, the dimensionality of
he 3-D wave propagation is reduced to a 2-D problem, and
he corresponding equation can be written as

� �2

�t2 − c2�x,y�p̄�x,y,t� = 0, �1�

here p̄ is the pressure integrated in the z direction along the
ine detector. This 2-D wave equation can be solved using the
nitial conditions

p̄�x,y,t = 0� =� p0�x,y,z�dz and
�p̄�x,y,t = 0�

�t
= 0, �2�

ith p0 as initial pressure distribution.
Integrating line detectors can be made, for example, from

tripes of a piezoelectric material �PVDF� or by use of optical
etectors. A laser beam that is part of an interferometer has
een utilized as an integrating line detector.6 The interferom-
ter measures variations of the refractive index induced by the
coustic pressure �elasto-optic effect�. Implementations of in-
erferometric detectors as integrating line detectors can be
ased on either free or guided light beams. Our group has
tudied all these types of integrating line detectors and com-
ared their sensitivity as reported by Nuster et al.16 The direc-
ivity of piezo line detectors was investigated and described
y Paltauf et al.17 However, no tomography using piezo line
etectors has been done so far. Free-beam Mach-Zehnder in-
erferometers have been used for photoacoustic tomography,
nd results have been published by Paltauf et al.6,18 Fiber-
ased interferometers have been studied using either glass
bers19 or polymer fibers.13,20

A free laser beam as acoustic detector is completely trans-
arent, both optically and acoustically. It can therefore disturb
either the incoming excitation light pulse nor the outgoing
coustic wave.21 A major drawback of free-beam detection is
hat the high resolution can be achieved only in the focal
ange of the laser beam. For photoacoustic microtomography
�-PAT�, a free-beam detector can be focused to permit high
esolution. Paltauf et al.22 investigated the influence of the
eam width and the varying beam diameter for focused line
etectors. For small objects �in the range of mm up to a few
m�, the varying beam diameter does not have an influence on
he resolution, as long as the object is located within the focal
ournal of Biomedical Optics 021306-
depth of the lens. For larger samples, fiber-based detectors are
more appropriate. Due to the constant diameter of the fiber
core along the whole fiber, the resolution does not depend on
the position. Theoretically, the resolution is limited by the
9-�m core diameter of single-mode fibers. For medical im-
aging, e.g., breast imaging, a constant high resolution along
the whole detector is important. Thus, focused free-beam de-
tectors are not the best choice in this application. Fiber-based
detectors have another advantage: they can be moved around
a sample quite easily, whereas moving free-beam detectors
are more difficult to build because of the more complex opti-
cal setup. Therefore, fiber-based detectors are dedicated for
medical imaging of bigger volumes with high resolution. An-
other important issue for medical applications is the laser
safety: using a fiber-based detector, the laser is guided in the
fiber, and therefore no laser-induced injury can happen. Up to
now, the lower sensitivity of fiber-based detectors compared
to free-beam detectors has been a severe disadvantage.16

Strategies for increasing the sensitivity of fiber-based detec-
tors will be discussed later in this section. For medical appli-
cation, both types of interferometric line detectors have con-
siderable advantages compared to standard piezoelectrical
detectors. Both detectors not only are insensitive against elec-
trical interference but also show a better broadband frequency
response compared to standard piezoelectrical detectors. Fur-
thermore, optical line detectors have no electrical connection
between sensor and measurement device—there is only an
optical connection. Standards for medical devices require also
an electrical insulation in the case of a technical failure to
protect patients against electric shocks. Therefore, optical in-
tegrating line detectors are promising detectors for medical
applications.

Fiber-based detectors were realized using two different
types of optical fibers: with glass optical fibers �GOFs� and
with polymer optical fibers �POFs�. Both provide different
advantages and disadvantages. One of the important param-
eters affecting the spatial resolution is the core diameter. The
core diameter divided by the speed of sound of the core ma-
terial limits the theoretically achievable temporal resolution.
Therefore, in general, a smaller core diameter is better for
achieving high spatial resolution. Single-mode glass fibers ex-
hibit a 9-�m core diameter, whereas conventionally available
perfluorinated polymer fibers provide a core diameter of
50 �m and more. Any interferometric acoustic detector re-
quires some kind of active stabilization for maintaining the
optimum operation point, even in the presence of ambient
vibrations. In a conventional free-beam interferometer, the
distance between the mirrors can be adjusted. For the fiber-
based interferometers, where the mirrors are usually fiber
Bragg gratings �FBGs�, we need a wavelength-adjustable la-
ser for this purpose. Such a tunable single-frequency fiber
laser for interferometry was available only at a wavelength of
1550 nm, at which conventional POF �e.g., PMMA fibers�
with smaller diameters than 50 �m exhibit strong damping.
Therefore, we used perfluorinated POFs, which provide less
damping at 1550 nm. Another criterion is the sensitivity of
the fibers. Due to the much better impedance matching of
polymer fibers to the surrounding water, their sensitivity is
higher than for glass fibers, where approximately 2 /3 of the
incoming signal is reflected before reaching the core. Addi-
March/April 2010 � Vol. 15�2�2
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ionally, the Young’s modulus is much lower in POFs than in
OFs. Therefore, deformation of a POF is bigger than of a
OF applying the same pressure wave. As the strain optic

oefficients are in the same order, this results in an enhanced
hange of refractive index and thus to higher signal ampli-
udes in the polymer fiber.23

Nuster et al.16 compared different types of integrating line
etectors, concluding that the amplitude of a glass-fiber
ach-Zehnder interferometer is about 20 times smaller than

he signal from the polymer-fiber Mach-Zehnder interferom-
ter. The latter in turn has a slightly higher sensitivity than the
sed glass fiber–based Fabry-Pérot interferometer �FPI� with
finesse of approximately 18. The sensitivity depends on the
nesse—therefore, the glass-fiber FPI could be improved by
nother finesse. A Fabry-Pérot detector is sensitive only be-
ween the fiber Bragg gratings, which act as mirrors �see Fig.
�. Based on these findings, we decided to realize an integrat-
ng line detector with a fiber-based Fabry-Pérot interferometer
ith an FBG reflectivity of 81% and a distance between the
BGs of 11.5 cm, resulting in a finesse of approximately 18.
scheme of the setup can be seen in Fig. 1. Combining the

dvantages of the polymer fibers �higher sensitivity due to
ewer losses� and the Fabry-Pérot interferometer �higher sen-
itivity due to the multibeam interferometer character� would
mprove the sensitivity tremendously. Future work will focus
n realizing such a detector.

As described by Haltmeier et al.4 the length of the line
etector �i.e., the distance between the FBGs� influences the
imensions of the objects that can be imaged. The length of
he line detector has to be at least �8·D, where D is the
iameter of a sphere that completely encloses the object and
ouches the detector. Using the described line detector, it is
herefore possible to image objects that are smaller than 4 cm
ith this setup.

As mentioned earlier, the core diameter of the fiber �9 �m
or single-mode glass fibers� is the theoretical resolution limit.
ence, the detection setup was designed for frequencies up to
40 MHz to match this limit. This is only the theoretical es-
imation, disregarding factors like frequency-dependent at-
enuation or the resolution limit in dependence on the number
f detectors and the increment between the detector positions.
p to now, no detailed studies about the frequency response
f such glass-fiber-based Fabry-Pérot sensors as integrating
ine detectors have been carried out.

ig. 1 A fiber-based Fabry-Pérot interferometer as integrating line de-
ector for photoacoustic imaging. Two fiber Bragg gratings �FBGs� act
s mirrors. The pressure waves are detected in the region between the
ber Bragg gratings.
ournal of Biomedical Optics 021306-
3 Image Reconstruction
The inverse photoacoustic problem aims to reconstruct the
absorption density inside the sample from the acoustic pres-
sure measured outside the illuminated sample. Using integrat-
ing line detectors, image reconstruction is a two-step process.
Due to the integration of the pressure along the line detector,
the imaging problem is reduced to a 2-D problem. The first
step of reconstruction involves the calculation of a 2-D pro-
jection image, which could be done using different algo-
rithms, e.g., back projection,24 Fourier transform,25 or time-
reversal reconstruction.8 After calculating a set of 2-D
projection images from a range of directions, the inverse Ra-
don transform is performed to reconstruct the initial 3-D pres-
sure distribution. Kak and Slaney26 established an estimation
stating that the number of projections should be roughly equal
to the number of detector positions in each projection. Due to
the long acquisition time for each projection image �approxi-
mately 20 min�, with our current setup only 25 projections
�instead of 100� were measured for the images presented in
this paper.

The results shown in this paper are calculated using the
time-reversal reconstruction method, which is described in de-
tail by Burgholzer et al.8 The idea of time reversal is to “re-
wind” the wave propagation. The pressure on the arbitrarily
shaped detection surface is set to coincide with the measured
data in temporal order. Time-reversal reconstruction is based
on the invariance of the homogeneous wave equation under
the transformation t→−t, which is known from many other
practical applications like material analysis, hydrodynamics,
undersea communications, and medicine.27 Using this recon-
struction method, the time-reversed field is directly calculated
with a second-order embedded boundary method by retrans-
mitting the measured pressure on the detector positions in
reversed temporal order. This second-order embedded bound-
ary method is described in detail also in Ref. 8.

For our 2-D imaging problem, this results in a simple re-
construction algorithm. A 2-D matrix is defined, and for each
detector position around the sample, an element in this matrix
is assigned. For every time step, the detected pressure is fed
back in a time-reversed order at each detector position. The
wave propagation is calculated, and after a certain time T, the
initial pressure distribution is achieved. One advantage of this
method is the possibility to compensate spatially varying
speed of sound, e.g., bones embedded in tissue. A preliminary
approach, first simulations, and a simple experiment were re-
ported by Grün et al.28 for heterogeneous media. The speed of
sound was assumed to be constant for the reconstruction of
the presented results in this paper.

4 Two-Dimensional and Three-Dimensional
Imaging Results

Since the first fiber-based setup was described,9 a semiauto-
matic setup has been developed. First, 2-D projection images
were obtained using a bristle knot as simple phantom. Two-
dimensional projection images using the glass-fiber Fabry-
Pérot detector19 and the polymer-fiber Mach-Zehnder
interferometer20 were presented. In Sec. 4.1, the setup, illumi-
nation conditions, and detector positions are described in de-
tail. For these 2-D images of the bristle knot, only one pro-
jection at an angle of 0 deg was acquired. In Fig. 2, the
March/April 2010 � Vol. 15�2�3
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econstructed 2-D projection image measured with the glass-
ber Fabry-Pérot detector can be seen. For comparison, the
ame object was measured with a polymer-fiber Mach-
ehnder interferometer �Fig. 3�. One can recognize that the

mage taken with the glass fiber is slightly sharper than the
mage acquired with the polymer fiber. This may be due to the

uch bigger core diameter of the polymer fiber—as described
n Sec. 2, a bigger core diameter influences the spatial reso-
ution negatively. Looking closer at Fig. 2, some artifacts can
e identified. These artifacts have the same shape as the im-
ged object and might be caused by reflections inside the
lass fiber. These reflections arise from the acoustic imped-
nce mismatch of the fiber core and cladding made of glass
nd the surrounding coating made of polymer. Reflections
ould be minimized by the use of matching layers between
lass and the polymer coating. Another difference between
oth images is the contrast. Using the polymer fiber–based
ntegrating detector, the contrast of the reconstructed image is
igher than using the glass fiber–based detector. This might be
ue to the slightly better sensitivity of the polymer Mach-
ehnder line detector.

Both fiber-based detector types are well suited as integrat-
ng line detectors for photoacoustic imaging. Due to its easier
andling and higher stability, we chose the glass-fiber Fabry-
érot detector for the first 3-D photoacoustic imaging experi-
ents.

.1 Three-Dimensional Imaging of a Bristle Knot
irst, 3-D measurements on a bristle knot �similar to Refs. 19
nd 20� were made. The diameter of such a bristle varies
etween 150 �m and 250 �m due to its slightly conical
hape. Because of the almost black color, the bristle is a good

ig. 2 Two-dimensional projection image of a bristle knot measured
ith a glass-fiber Fabry-Pérot interferometer. Some artifacts with the

ame shape of the object arise around the object. These artifacts are
ttributed to reflections in the glass fiber, as described in the text.
ournal of Biomedical Optics 021306-
absorber at the used excitation wavelength �532 nm�. Before
mounting on the sample holder, the bristle was formed into a
knot �or loop� with a diameter of approximately 800 �m, as
can be seen later in Fig. 6 on the left side. The bare bristle
knot was fixed in a clamp on the sample holder with no ad-
ditional immobilization and immersed in a tank filled with
water without any scattering medium.

For excitation, a frequency-doubled Nd:YAG �532 nm�
pulse laser �pulse duration: 6 ns, repetition rate: 20 Hz� was
used. The laser beam was split into two paths to excite the
sample from two sides at an angle of about 80 deg, as de-
picted in Fig. 4. After splitting, the two beams were expanded
to a diameter of approximately 20 mm to excite the whole
sample at once. The pulse energy was adjusted to keep the
radiant exposure below the allowed maximum value for bio-
logical tissue �20 mJ /cm2 for using 532 nm� to show the ap-
plicability for medical purposes.

A total of 262 detector positions arranged in a circle
around the object �see Fig. 5� were used for collecting pho-
toacoustic signals for calculating the 2-D projection. The di-
ameter of the detection curve was 20 mm. Thus, the distance
between the object and the detector was in the range of
3 to 8 mm, depending on the relative detector position. Ac-
cording to Kak and Slaney,26 the estimated spatial resolution
in the 2-D projection—for this amount of detector positions
and this radius of the detection curve—is approximately
110 �m, which is sufficient for the bristle knot. This showed
that not all 262 detector positions are necessary, and therefore
we reduced the amount of detector positions to 200 for imag-
ing the ant. For a 2-D projection image, the fiber-based line
detector was moved around the object. For calculating the 3-D

Fig. 3 A 2-D projection image acquired with the polymer-fiber Mach-
Zehnder detector. Compared to Fig. 2 this image appears more
blurred and the structures are broadened, but the contrast is higher
than in Fig. 2.
March/April 2010 � Vol. 15�2�4
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mage, 25 such projections with an angle increment of
.2 deg were scanned. As mentioned in Sec. 3, these are
uch fewer projections than necessary—but due to the long

cquisition time per projection, this compromise had to be
ade. For acquiring 2-D projections at different angles, the

bject was moved around the rotation axis, as depicted in Fig.
. Due to the low sensitivity as described earlier, we averaged
he signals 64 times at each detector position, hence the aver-
ged acquisition time per projection angle was about 20 min,
ncluding the time where the line detector moves from one
osition to the next.

As mentioned in Sec. 2, Haltmeier et al.4 described a geo-
etrical criterion requiring that the minimal length of the in-

egrating line detector has to be �8·D, where D is the diam-
ter of a sphere that completely encloses the object and
ouches the detector. The fiber-based line detector used had a
ensitive length of 11.5 cm. Therefore, objects with a size up
o 4 cm could be imaged with this sensor. This is also the

ig. 4 Schematic of the sample illumination �top view�. Illumination
s done from two sides to achieve a homogeneous excitation. By using
�transparent� fiber-based line detector, it is possible to illuminate the

ample through the detector.

ig. 5 Several detector positions arranged in a circle around the ob-
ect for acquiring data for one projection image. 262 detector posi-
ions were used for imaging the bristle knot.
ournal of Biomedical Optics 021306-
maximum object size in the current lab scanner. But the glass-
fiber-based line detectors can be easily scaled up for imaging
bigger volumes, e.g., breast imaging, where a detector with a
length of approximately 50 cm will be satisfactory.

The reconstructed volume of the bristle knot is depicted in
Fig. 6. Although only 25 projections were used for the recon-
struction of the volume, the shape and dimensions are repro-
duced well. Some deformations arise in the reconstructed
volume—at the loop, a dent, and at the bootleg, a knob can be
seen. These artifacts should vanish if more than 25 projections
are used for reconstruction. Also, readjusting the sound veloc-
ity during reconstruction of the individual 2-D projection im-
ages might reduce this artifact. Due to long measurement
times, the water temperature increased during data acquisi-
tion. Since the speed of sound depends on the water tempera-
ture, it is necessary to adjust the speed of sound for the re-
construction of each 2-D projection image.

4.2 Three-Dimensional Imaging of an Ant
For demonstrating the ability of imaging small objects and to
show the spatial resolution of the integrating fiber-based line
detectors, we chose a dead ant for tomography. Due to the
ant’s dark color, the excitation laser at a wavelength 532 nm
is strongly absorbed. The body of the ant has a length of
approximately 6 mm and varying diameter between 2 mm
�metasoma� down to less than 1 mm �between caput and me-
sosoma�. The length of the trotters varies between 3 mm and
5 mm, with diameters of approximately 200 �m to 350 �m.
The smaller feelers have a length of 4 mm and diameters
between 160 �m and 200 �m. For clarification, a photograph
of the ant next to a ruler can be seen in Fig. 7�a�, and a
scheme of the anatomy of an ant is depicted in Fig. 7�b�.

Fig. 6 A photograph of the bristle knot can be seen on the left. The
diameter of the slightly conical bristle varies between 150 and
250 �m. The diameter of the loop is approximately 800 �m. Right:
The 3-D reconstruction of the bristle knot from 25 projection images,
each reconstructed from signals at 262 detector positions. The shape
and the dimensions are reproduced well. Few artifacts occur because
of the low number of projections used.
March/April 2010 � Vol. 15�2�5
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The ant was mounted on a nylon rod, because nylon does
ot generate photoacoustic signals at the excitation wave-
ength. To avoid movement of the ant during imaging �e.g.,
ending of feelers or trotters�, we covered it with five layers
f water-resistant liquid band-aid �spray plaster�. The trotters
nfortunately were glued together, as can be seen in the pho-
ograph of the sample �see Fig. 7�. Subsequently, the object
as immersed in a water-filled tank without any scattering
edium.
Excitation parameters �wavelength, pulse duration, repeti-

ion rate, laser beam diameter, and energy density� were the
ame as used for imaging the bristle knot, as described earlier
see Sec. 4.1�.

Since we estimated an achievable resolution of 110 �m
sing 262 detector positions, to save time, we decided to use
nly 200 detector positions for imaging the ant. This amount
f detector positions on a circle with a radius of 10 mm re-
ults in an estimated resolution of approximately 140 �m,
hich is adequate for the ant with structures of 160 �m and
ore. For the same reasons as mentioned for the bristle knot,

nly 25 projections with an angle increment of 7.2 deg were
cquired to calculate the initial energy distribution. A time-
eversal reconstruction algorithm �see Sec. 3� was used to
erive the projection images at each angle.

In Fig. 8, a projection image of the ant taken at 0 deg can
e seen. For reconstruction, we used original data without any
ignal processing—no filtering or smoothing was applied. The
right spot in the center and the somewhat lower contrast at
he regions away from the center attract attention. The pho-
oacoustic signal is proportional to the local energy density
imes the Grüneisen coefficient.7 Thus, absorption should be
pproximately the same at all parts of the ant. But due to the
aussian intensity profile of the excitation laser, regions away

rom the center create weaker signals. All the light �at the
xcitation wavelength of 532 nm� is absorbed in the outer
urface, and no penetration of light into the ant occurs. Thus,
nly imaging of the outer contour of the ant is possible. To
cquire information from the inner structure of the ant, it
ould be necessary to change the excitation wavelength to the
ear infrared.7 Nevertheless, one is able to distinguish be-
ween the head �caput�, body �mesosoma and metasoma�, trot-
ers, and feelers.

Although the 3-D image is calculated from only 25 projec-
ions, the ant is well-resolved, as depicted in Fig. 9. For visu-

B)A)

ig. 7 On the left, a photograph of the ant can be seen. For clarifica-
ion of proportions, the ant was photographed next to a ruler. The ant
s mounted on a nylon rod and fixed by spraying a liquid band-aid
spray plaster� onto the surface. On the right, a schematic of the
natomy of an ant is depicted. The essential parts of the body are
abeled.
ournal of Biomedical Optics 021306-
alization purposes, only half of the ant is displayed. Because
of the shallow penetration depth of light at the excitation
wavelength, only the surface of the ant can be reconstructed.
Stripe artifacts in the reconstructed volume, as shown in Fig.
10, arise from the low number of projections used. Figure 10
shows a transverse slice of the ant at a height where the caput
and the feelers can be recognized. Increasing the amount of
2-D projection images would reduce the stripe artifacts26 sig-
nificantly but would prolong the measurement time.

From the 3-D reconstruction of the ant, one can see that we
were able to reconstruct the fine feelers with a diameter vary-

Fig. 8 Two-dimensional projection image of the ant at 0 deg. Photoa-
coustic signals were acquired at 200 detector positions arranged in a
circle around the ant, as depicted in Fig. 5.

Fig. 9 Three-dimensional reconstruction of the ant from 25 projec-
tions, each consisting of 200 detector positions. The volume is sliced
in approximately the middle of the ant. The head �caput� with one
feeler, the body �mesosoma� with two superposed trotters and the
metasoma can be seen clearly. The black slice indicates the height at
which the transverse transection in Fig. 10 is taken.
March/April 2010 � Vol. 15�2�6
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ng between 160 and 200 �m and trotters with a diameter
arying between 200 and 350 �m quite well. Compared to
ther detection approaches used for photoacoustic imaging,
his is a good value. Due to the nonuniform illumination, the
ower part of the ant �metasoma� is not well reconstructed.
his can be improved by using a beam homogenizer or a
cattering medium to embed the object. Preliminary measure-
ents of simple objects cast in polyvinyl alcohol �PVA�

howed promising results.20 Because of problems casting the
nt into PVA �air bubbles adhering between the body and the
rotters�, we carried out the first measurements using the bare
nt without the advantage of a scattering medium.

Conclusion and Outlook
e presented first 3-D photoacoustic images measured with

ber-based line detectors. By using this type of detector, we
ere able to measure not only simple objects like a bristle
not but also more complex objects such as an ant. The res-
lution was high enough to reconstruct fine structures of the
nt like the feelers �varying between 160 and 200 �m� or the
rotters �varying between 200 and 350 �m�. Thus, we could
how the capability of this novel type of detectors for photoa-
oustic imaging in biology and medicine. These first three-
imensional measurements showed the potential for future de-
elopments. For example, the illumination can be improved
y using beam homogenizers. A flat beam instead of a Gauss-
an beam profile should lead to better image quality. Also the
se of scattering media such as polyvinyl alcohol or Intralipid
or embedding the sample should homogenize the illumina-
ion and therefore lead to better resolved structures. By com-
ining the advantages of a GOF Fabry-Pérot detector �small

ig. 10 Due to fewer projection images stripe artifacts occur in the
econstructed volume, as can be seen in the transverse section of the
nt. Increasing the amount of projection images would reduce stripe
rtifacts and increase the spatial resolution. This transverse section
as taken at a height as indicated in Fig. 9.
ournal of Biomedical Optics 021306-
core diameter, increased sensitivity because of the Bragg grat-
ings� and a POF Mach-Zehnder interferometer �better imped-
ance matching, lower Young’s modulus�, one could increase
the sensitivity considerably. One goal is to realize fiber Bragg
gratings in a perfluorinated polymer fiber with a small core
diameter. This would increase the sensitivity while keeping
the resolution high.

Imaging of other biological samples will be a subsequent
step for fiber-based line detectors for photoacoustic imaging.
For that purpose, it will be necessary to accelerate the mea-
surement time. This can be done either by using more sensi-
tive detectors, which would reduce the need for averaging, or
by using multiple detectors. It also turned out that not as many
detector positions as used in the experiments are necessary.
Instead of the large amount of detector positions, more pro-
jections should be measured to reduce stripe artifacts.
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