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Abstract. A photoacoustic double-ring sensor, featuring a narrow an-
gular aperture, is developed for laser-induced photoacoustic imaging
of blood vessels. An integrated optical fiber enables reflection-mode
detection of ultrasonic waves. By using the cross-correlation between
the signals detected by the two rings, the angular aperture of the sen-
sor is reduced by a factor of 1.9, from 1.5 to 0.8 deg. Consequently,
photoacoustic images could be obtained in a manner analogous to the
ultrasound B-scan mode. Next, the cross section of artificial blood
vessels is visualized by reconstruction of the absorbed energy distri-
bution. Finally, in vivo imaging and the subsequent reconstruction of
the absorbed energy distribution is demonstrated for superficial blood

vessels in the human wrist. © 2004 Society of Photo-Optical Instrumentation Engi-
neers. [DOI: 10.1117/1.1805556]
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1 Introduction Schmidt-Kloibef), or determination of optical properties of
Biomedical photoacoustic imaging is a hybrid imaging tech- soft tiss_ye .in the1 near infrared using photoacoustic spectros-
nique that uses pulsed light to generate acoustic waves incOPY (Kostli et al®). be d db

tissue. When this pulsed light is absorbed in the tissue, a small Acoustic waves n tissue can be etected by measurement
temperature rise will occur that causes thermal expansion. Asof the pressure transient or d|splacem§nt at thg tlssye surfacg.
a result, a thermoelastic pressure transient is generated, Whosyleasurer_nentthof thes$ pressureltran3|e dnts U?Lngd p!ezoer:e;:tnc
amplitude is dependent on the amount of absorbed light, de-SENSOrs 51'15,15 € most commonly used method n photo-
termined by the local energy flueng@/n?] and the optical acoustics: Although optical methods for detection of

. - acoustic waves have been developed as et piezoelec-
absorption coefficient of the target. The advantage of photoa- _ . : .
S . ; . . tric sensors have the advantage that broadband piezoelectric
coustic imaging over purely optical techniques is that the pre-

. T sensors are easier to construct and have a slightly better sen-
ceding path of the light is not relevant. Furthermore, the reso- _... . . ;
lutionis_ dependent on the geometrv of the ultrasound. SV than optical detection systenisThe shape and size of

. P 9 y .~ the piezoelectric element determine the characteristics, such
detection system together with the image reconstruction

: . e . as the angular aperture and the frequency response of the
2|fgl?g;g?m’tiasnsi§ not limited by the large amount of scattering sensor. Here, “angular aperture” denotes the arctan of half-

. width at half maximum{HWHM) of the directional sensitivity
Hoelen_ etal ShOV.VEd that_phot_oacoustlgs_ can be used to curve over the depth of the detector. Sensors with a small
perfo.rm hlgh-resolutlon S-Q imaging of artificial blpod VeS-  Llement sizépoint sensorshave a very large angular aperture
sels in a tissue phantom with20-um depth _resolutlc;n and  and thus are able to detect acoustic signals originating from a
~200-um resolution in a lateral direction. Pilatou et“ahp- large volume in the tissue" Consequently, time domait??
plied this method to image a vascular tree from a Wistairrat

! . S or frequency domafi?*reconstruction algorithms are needed
vitro. Photoacoustics is also used to perfamvivotomogra- 1 reconstruct the image. In contrast, for sensors with a nar-

phic imaging on small animals. Kruger et al. reported 2-D |4, angular aperture, e.g., ring-shaped or annular sef%&rs,
photoacoustic imagésas well as slices of a 3-D photoacoustic  he time traces can be regarded as 1-D depth impayegli-

imagé of sacrificed mice. Wang et &f developed a system g (A) scang of photoacoustic sources inside the measure-

capable of performing photoacoustic structural and functional ment volume. Comparable to an echographic B scan, imaging
imaging in a rat brain. Other applications of photoacoustics with such a ring-shaped sensor is carried out by scanning the
include, e.g., the development of a laser optoacoustic imagingsensor over the tissue surface, permitting real-time reconstruc-

system(LOIS) for breast cancer detectig®raevsky et al), tion of the corresponding part of the image without the need
the development of a photoacoustic probe for port-wine stain of information of adjacent sensor positions.
depth measuremeniiator et al?), the characterization of Recently, we have imaged the joining of two human pal-

layered tissue structures in the near- and far-filatauf and mar veinsin vivo using a double-ring sensbrin this work
the characteristics of this double-ring sensor together with a
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presented. Imaging in 2-D with this sensor is demonstrated in I
phantoms as well a& vivo.

2 Theory

In this section, the theoretically expected directional sensitiv-
ity of a double-ring photoacoustic sensor, consisting of two
concentric ring-shaped sensor areas, is calculated. The inner
ring of this sensor has an inner radius of 2 mm and a width of
0.17 mm. The outer ring has an inner radius of 3.5 mm and a
width of 0.1 mm, so the detection area of both rings is equal.

The response of the sensor was characterized by calculat-
ing the voltage response of a piezoelectphoto) acoustic
sensor to a pressure transiéhr,t) [Eq. (1)]. This equation
holds for piezoelectric sensors for which only the thickness
mode is relevantonly taking into account pressure contribu-
tions into the poling directionand when the thickness of

the piezo is small compared to the acoustic wavelength Fig. 1 Schematic overview of time delay for a photoacoustic (PA) sig-
(i.e.,d<<1/4ny). nal, traveling from a source located on-axis to the inner and outer

rings.

VpiezcﬂF%J P(r,t)Ta(r)cog 6,(r)]JdA, (1)
g [(v1)?- R

where g553[ V/(Pam)] is the piezoelectric voltage constant = - 4, (4)

(describing the magnitude of the component of the electric

field normal to the piezo surface generated by the normal Where R; is the radius to the center of the inner or outer

component of the stress incident on the piezo material fing-shaped detection area ands the velocity of sound. This

A[m?] is the sensor surface areds a position on the sensor ~ Procedure is comparable to dynamic focusing in ultrasound

surface, 6, is the incidence angle of the transmitted acoustic imaging. Since now the time axes of both rings are corre-

wave inside the piezoelectric material, afg is the ampli-  Sponding to the depth of the photoacoustic source, the signals
tude transmission coefficient given BY: of both rings can be processéelg., adding the signals
The directional sensitivity of the sensor was determined
2Z iez0 theoretically .by calculating the maximum amplitude of the
Cos6. sum pf the signals detected by _the two rings as a fu_nctlon of
TA:—‘; 2 the distance of the photoacoustic source to the midline of the
Zpiezo | Ziissue sensor, while the source was located at a depth of 10 mm.
cosf; cosf, As depicted in Fig. 2, the double-ring sensor has an angu-

lar aperture, which is defined as the arctan of HWHM over
depth, of 1.5 deg for photoacoustic signals with a peak-to-
peak time of 67 ns, compared to an angular aperture of 2.1
deg for a single(innen ring. Furthermore, the double-ring
Fensor shows a detected amplitude generated by sources lo-

whereg, is the angle of incidence of the acoustic wave, @nd

is the acoustic impedance of the piezo material or tissue.
Numerical evaluation of Eq(1l) yields the voltage re-

sponse of the sensor to a pressure transi{mtt). In our

calculations the pressure transient generated by a spherica

photoacoustic source, as described by Sigrist and Kitétfbu

and Hoelen and de MdaP, was used. This bipolar pressure

transient is characterized by its peak-to-peak tigg (time — 104 A :g‘c’rﬁéfeg”gg
difference between the occurrence of the positive and nega- =
tive peal, the zero-crossing time=r/v (r is the distance E 081 {
from source to detecthrand amplitudeP ;. § 06 / \
3 \
P(r t)= \/— 1 t-7 3 %0_4. /- -
()=~ Prafr) Wex 2\ 2ry) | @ 3 o —
Before the signals detected by the two ring-shaped sensor % 021 / \
areas can be processed, they have to be corrected for their Z 40 : '
mutual time delay. -5 -10 0.0 10 15
Figure 1 shows the time delayst;, andAt,, which ap- Lateral Dlsplaoernent [mm]

pear when a signal travels from a source located on-axis to the _ ) o o

inner and outer ring, respectively. By applying this time delay, Fis- 2 Theoretically calculated directional sensitivity of the double-
. , LY . . 7’ ring sensor together with the directional sensitivity of a single ring

the timet” at which the signals are .deteCted by the rings is (inner ring) for a photoacoustic point source located at a depth of 10

corrected such that the corrected timeorresponds to the mm producing a photoacoustic signal with a peak-to-peak time of 67

depthz of the photoacoustic sour¢e=2z/v): ns.
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Fig. 3 Setup used to detect photoacoustic signals from absorbing v
structures (e.g., artificial blood vessels) in a container filled with water \/
or a fluid mimicking optical and acoustic properties of tissue. The —
container can also be replaced with real tissue (e.g., a human arm) to 28 mm
perform in vivo experiments. The photoacoustic (PA) sensor can be
scanned in the xyz direction with respect to the object. Fig. 4 Schematic drawing of photoacoustic double-ring sensor, with a

fiber for illumination integrated in the sensor. The piezo-film (PVdF) is
glued to the PCB with two ring-shaped, copper electrodes on it. The
top surface of the PVdF is metallized and connected to ground. The

cated at a position 1-mm off-axis that is half the amplitude of pre- and post-amplifiers are mounted inside the brass housing.

the photoacoustidPA) signals detected by a single ring,
which means that the double-ring sensor is less sensitive to

sources located off-axis. surface(e.g., human arinto obtainin vivo photoacoustic im-

ages. Acoustic coupling between the tissue surface and pho-
3 Materials and Methods toacoustic sensor is in this case obtained by using an optical
3.1 Setup transparent ultrasound contact g8bnoge?, Germany. The
. ) . photoacoustic signals were collected by a dual-channel, digi-
To generate pho_toacoustlc signals, a pulsed I|ght SOUTCE 1Sta oscilloscopeg TDS220, Tektronix, 1 G sample/s, 100-MHz
required. If this light source generates pulses with a pulse- bandwidth at a sample rate of 250 Msamples/s, and synchro-

duration shorter than the acoustic transit tiiwed/v) of the nized (triggered on the Q-switch trigger generated by the
acoustic sourcév is the acoustic velocityg is the optical laser.

absorption depth of laser energy, assuming that the beam di- A schematic drawing of the sensor is shown in Fig. 4. The
ameter is much larger thad), the condition of stress confine-  pome pyilt double-ring sensor consisted of two concentric
ment is fulfilled. When stress confinement is preserved, the \jing shaped electrodes with equal area. The piezoelectric ma-
maximum pOSS|bIe_ thermoelastic pressure transient will be tqriq (25-um-thick PVdF, biaxially stretched, electrically po-
generated. A Q-switched Nd:YAG laseBrilliant B, Quantel, 4764, with one side metallized Au/Pt, Piezotech SA, France
France was used together Wlth an optical Pparametric o_scnla- was glued to the electrodes by applying a pressure of about
tor (OPO, Opotek, USA which generates light pulses with a 5 5 \ipa during the few seconds directly after gluing to mini-
dur_atlon of about 6 ns, and a repetition rate of 10 Hz. The \i-a the thickness of the glue layer. The two ring-shaped
tuning range of th.e OPO ranged from 690 to 950 nm. The glectrodes were connected to amplifiers. The sensor was em-
pulse duration fulfils the requirements of stress confinement poy4ed in a brass housing to shield the electronics for elec-
when using photoacoustics to localize blood vessels in thetromagnetic noise. An optical fibetore diameter 60Qum,

visible and near-infrared wavelength range. The light was NA=0.22 was placed in the center of the sensor to deliver
coupled into a glass fiber, which was integrated in the photoa- light pulses to the tissue.

coustic sensor. A schematic overview of the setup is shown in
Fig. 3.

As the sensor has a narrow angular aperture, the measure
time traces can be regarded as 1-D depth imagewplitude .
(A) scang of photoacoustic sources inside the measurement 3+2-1 Cross-correlation
volume. A 2-D imagéscan direction versus deptis obtained Figure 2 shows that the double-ring sensor detects sources
by scanning the sensor over the tissue surface and by plottinglocated 1-mm off-axis with amplitude of about 10% compared
all A scans next to each other in a 2-D image plane. This to the amplitude of sources located on-axis, which is already a
procedure is comparable to an echographic B scan. factor of 2 less compared to a single ring. The contribution of

The samplele.g., artificial blood vessewas placed in a  these off-axis sources can be further suppressed by using the
container filled with water or a fluid mimicking optical and zero-time cross correlatioB(At=0)=C, [Eq. (5)] between
acoustic properties of tissue. Instead of using a container with the signals detected by the inner ril,(t) and outer ring
a sample inside, the sensor can also be scanned over a tissuB,,(t) as a weight factor.

32 Signal Analysis
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10 3.2.2  Absorption imaging
0 .
/”\ The output voltage of the photoacoustic sensor is a represen-
= 0.8 * e tation of the photoacoustic pressure transient. In fact, one is
S not interested in this pressure transient but in the photoacous-
O 0.64 tic source generating this pressure transient. In this section,
3 0.4] . & the algorithm to reconstruct the absorption distribution of the
T / \ photoacoustic source from the measured pressure transient
E 0.24 | 4 will be described.
/./ \.\ In the case of a spherical photoacoustic source with a 3-D
0.915 ‘_1.0‘ 35 00 os o o 15 Gaussian absorption distribution, the initial Gaussian tem-
' ' e | : ' perature distribution, directly after heating by the laser pulse,
(a) Lateral Displacement [mm] R
is given by
—&— Directional Sensitivity
—a— Directional Sensitivity x C(t =0) 1 X 2
101 A AT(X,t=0)=Tmaexg — 5| 55—/ | 6
z J¢ (=0 =Tmax® = 3| 127, ©
=
E 08 /j K\ with x being the distance from the center of the photoacoustic
§ 0.6 o 14 source, and o=1/2/27,,v being the 1/e radius of the initial
g / \ Gaussian heat distribution. This initial temperature distribu-
7 0.4 2 " tion represents the absorbed energy profile. The resulting
E pressure transiefit?® is described by Eq(3), in which the
g0 / \ pressure is given in the form of an amplitude facR,
2 0.0 N N N - ' times a normalized function. This function is equivalent to the
15 10 05 00 05 10 15 first derivative of a Gaussian function with the retarded time
(b) Lateral Displacement [mm] (t—7) as variable. Integrating this functioiq. (3)] over the
retarded timgEq. (6)] will yield a Gaussian function whose
Fig. 5 (a) Theoretically calculated zero- time cross-correlation of the shape appears to be equal to the initial Gaussian temperature

signals detected by the inner and outer ring, as a function of the lateral
position of a photoacoustic point source, located at a depth of 10 mm,
which generates a signal with a peak-to-peak time of 67 ns. (b) Theo-

distribution, i.e., the absorbed energy profile. The tinrethe
expression for the pressure transigfg. (3)] now has to be

retically calculated directional sensitivity of the double-ring sensor interpreted in terms of position (depth), measured from the
with and without multiplication by the zero-time cross-correlation sensor surface, by multiplying time with the speed of sound
function as shown in (a). (~1500 m/$ in tissue. Thus, the absorbed energy profile,

along the axis of the sensor, is given by

zZlv—1
A(Z)OCJ’0 P(t—n)d(t—17)

C(At)=f Pin(t)Pou(t + At)dt. (5 1

=1/2P /€70 ex;{ -5 7)

z—vr \?
1/2v Top

When the photoacoustic source is located on-axis, and whenThis absorption distributiorA(z) is a Gaussian function,
the photoacoustic signals are corrected for the time déky which is characterized by its standard deviation or flex paint
dynamic focusinyg the cross correlatiorC, will be maxi- (square root of the variance of the distributipmvhich is
mum, since the corrected signals of both rings will be identi- equal to1/27,,, with 7,, the peak-to-peak time of the de-
cal in shape and temporal behavior. When the source is lo-tected bipolar pressure transient. Comparison of this equation
cated off-axis, the signals detected by the inner and outer ringwith the initial Gaussian temperature distributipag. (6)],
will be different in shape and temporal behavior, due to dif- shows that the Gaussian distributions of these functions have
ferent interference at the inner and outer ring. This difference identical dimensions. It has to be noted that in Ef). (z
in temporal behavior and shape, which even can be multipolar —v 7)=(z—r), with r being the distance from the source to
instead of bipolar, will cause a decrease of the cross correla-the sensor surface, argl a point on the axis of the sensor
tion valueC,. measured from the sensor surface, is equad which is the
The theoretically calculated zero-time cross correla€@ign distance measured from the center of the photoacoustic
of the signals detected by the inner and outer ring, as a func-source.
tion of lateral position of the photoacoustic source, after cor-  In this study, the acoustic signals generated by a blood
rection for the time delay is shown in Fig(é. Using the vessel will be approximated by the previously mentioned
cross correlation values as a weight factor suppresses the ammodel of a spherical photoacoustic source. It is obvious that
plitude of signals generated off-axis, as is shown in Fi).5 this is a simple approximation of a blood vessel that is a
The plotted theoretical response of the sensor as a function ofcylindrical rather than a spherical photoacoustic source. Fur-
source translation, with and without multiplication by the thermore, a blood vessel will have a uniform absorption dis-
zero-time cross correlation values, clearly shows a reduction tribution instead of a Gaussian distribution. However, it will
of the angular aperture by a factor 1.9, from 1.5 to 0.8 deg. be shown that in spite of these shortcomings in our approxi-
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mation, satisfactorily reconstructed images of the cross sec-to the computer. A scan perpendicular to the tukiBgscarn

tions of blood vessels are obtained. The only requirement is was made by 51 subsequent A scans equidistantly positioned
that the radius of the blood vessel has to be smaller than thewith 0.1 mm spacing.

absorption mean free pafhk= 1/, piood, With 4 piood the op-

tical absorption coefficient of bloogmm™)]. For larger radii 3.3.3 In vivo imaging

of the blood vessels, the light-intensity decays too much in-

side the vessel and only the outer shell of the blood vessel will was performed by makina B scan consisting of 101 A scans

contibue 10 he pracacousic s I 1ese caoes S\ 2 gaingof 02 . To o an A can at cach psr-
fic signals. If(neay infrared light is used~700 to 1100 n tion 16 photoacoustic time traces were averaged, resulting in a

the absorption of blood will be less than 0.7 minwhich total B-scan time of 5 min. A gap of about 6 mm between the

. . ; : : . skin and sensor was filled with ultrasound contact gel
results in a maximum vessel radius, for which this approxi- (Sonoge?, Germany to ensure good acoustic coupling
[E?qtl?g){vtlg ?r?(lad}nfai?ﬁg;tﬁoTorZQ:ngjtgt?g ttirrfer?%?:zlsfl;iitl?nrle- Acoustic signals were generated by illuminating the tissue

. o . . . with 1 mJ/pulse at a wavelength of 1064 nm. The energy
grating this fitted function over tim@epth yields the absorp- density at the skin was about 20 mJfcm
tion distribution of the vessel. In this way the cross section of
a blood vessel is reconstructed.
To suppress the contribution of sources located off-axis 4 Results
and to achieve a narrower angular aperture, the zero-time-4 4
shift cross correlation values of the two signals of the separateTh directional itivity of the phot tic double-ri
ring-shaped electrodes were used as weight factors in the im-' "€ @irectional sensitivity ot theé photoacoustic double-ring
age, which implies that each 1-D depth imagescan was sensor was me_asured and compared with the theore_tlcally cal-
multiplied by its own weight factor. culated curvdFig. 6(a)]. The zero-time cross correlation val-
In case that multiple structures were present in the same AUES were caIcngted_from the _rr_1e_asured c[Eig_. @b)] and
scan, the fitting procedure was applied to multiple time win- the measured_ d|rect|onallsen5|t|V|ty was multiplied by. these
dows of the A scan. cross correlation valueFig. 6(c)]. By using the zero-time
cross correlation as a weight factor, the forward sensitivity of
the sensor is more pronounced, i.e., a narrower angular aper-
3.3 Experiments ture. Furthermore, the contribution of sources located off-axis
is suppressed when the cross correlation values are used as
weight factors.

An in vivo experiment on blood vessels in the human wrist

Sensor Characteristics

3.3.1 Sensor characteristics

The directional sensitivity of the sensor and the cross corre- 492 | ine Artificial Blood Vessel
lation technique was verified experimentally. A 2263-diam, : maging Artificial Blood vesse

black horse-tail hair, iluminated by a 1Q@m-diam fiber(: The photoacoustic image of the artificial blood vedsay.
=690 nm, acted as a photoacoustic point source, generating a/(&)] was obtained by plotting the absolute values of the pho-
bipolar photoacoustic signal with a peak-to-peak time of 40 toacoustic time trace& scang as 1-D depth images next to

ns. The hair was illuminated from the bottom side, along a €ach other. The horizontal broadening of the image of the
length of about 20Qum. The directional sensitivity was mea-  vessel, clearly identified by the lip-like structure in the center
sured by laterally displacing the sensor with respect to the Of the image, was corrected by using the calculated zero-time
source, while the source was located at a depth of 10 mm. At Cross correlation values from the measured ¢iaig. 7(b)] as

each measurement position the photoacoustic time traces weraveight factors to suppress the photoacoustic signals generated
averaged 16 times. The maximum amplitude of the photoa- Off-axis [Fig. 7(c)].

coustic signal was taken as a measure for the directional sen- The cross section of the photoacoustic source and thus the
sitivity. artificial blood vessel was reconstructed from the measured

photoacoustic time traces. First, the bipolar signal was fitted

) o to the measurement, and next, the fit was multiplied by the
3.3.2  Imaging artificial blood vessel zero-time correlation value to reduce lateral broadening of the
To demonstrate photoacoustic imaging with the double-ring image[Fig. 8@)]. Please note that the absolute value of the
sensor, an artificial blood vessel in a tissue-like medium was bipolar fit is plotted, which facilitates positive and negative
imaged. A silicone rubber tube filled with flowing undiluted peaks being depicted in white in the image. By integrating the
human blood(anticoagulated with lithium hepaniracted as fitted function over timddepth, the corresponding absorption
an artificial blood vessel. This vessel was immersed in a 7.5% distribution was calculate@Fig. 8(c)]. Again, the zero-time
Intralipid-10% dilution, resulting in a reduced scattering co- cross correlation was used as a weight factor. As the size of
efficient of 0.75 mm* at a wavelength of 800 ni. The the vessel was known, the threshold in the image was chosen
internal diameter of the tube was 1 mm, with a wall thickness such that the size of the vessel appearing in the image corre-
of 0.5 mm. The tubing was positioned at a depth of 7 mm with sponded to the real size, i.e., this image was used to calibrate
respect to the sensor and was illuminated by the fiber in the our future images. In Fig.(8) the upper limit of the grayscale
center of the photoacoustic sensor. A pulse energy of 1 mJwas set to 25% of the maximum value, making everything
was applied, with a pulse duration of 8 ns, at a wavelength of above this value appear white in the image. To allow compari-
800 nm and a repetition rate of 10 Hz. The signals detected by son of the size of vessels in the images with their actual size,
the sensor were averaged 128 times before being transferredhis upper threshold was maintained in all future images. In
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Fig. 6 (a) Measured directional sensitivity defined as the maximum
amplitude of the sum of both ring signals, compared with the direc-
tional sensitivity calculated from theory, for a point source with a
peak-to-peak time of 40 ns, located at 10 mm depth. (b) Cross-
correlation values calculated from the measured data as shown in (a),
together with the cross-correlation values calculated from theory. (c)
Directional sensitivity curve multiplied by the zero-time cross-
correlation values resulting from an experiment and resulting from the
theoretical calculation.

Figs. 8b) and 8d) cross sectiongin depth of the images in
Figs. 8a) and &c) are visualized at positions=2.2 mmand
X=2.5mm.

4.3 In Vivo Imaging

Photoacoustic images of &mvivo scan over the human wrist
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Fig. 7 Photoacoustic image reconstruction of the cross section of a
1-mm-diam silicone rubber tube, filled with human blood, sur-
rounded by 7.5% Intralipid-10% dilution. (a) Photoacoustic image, by
plotting the rectified measured time traces (A scans) next to each
other. (c) Image after multiplication with the zero-time cross-
correlation values shown in graph (b).

between the ultrasound contact gesed as an acoustic cou-
pling medium between the skin and the sensord the skin,

the skin also produced a photoacoustic signal. Below the skin,
three superficial blood vessels can be identified in the photoa-
coustic image. Below these observed vessels, the underlying
bone can be recognized. Using the cross-correlation together
with the fitting procedure resulted in better visualization of
the cross-section of the blood vessHRg. 9b)]. However,

(Fig. 9 revealed, next to the targeted blood vessels, the skin while the three blood vessels are clearly present, the skin has
and bone as well. Due to the difference in optical absorption almost disappeared.
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Fig. 8 (a) Photoacoustic image consisting of the bipolar fit to the mea-
surement (Fig. 7), including multiplication with the weight factors
based on the zero-time cross-correlation. In the image, the absolute
value of the fit is plotted, which facilitates that positive and negative
peaks are depicted in white in the image. (c) Image of the absorption
distribution after integration of the bipolar fit. Cross-sections (in depth)
of images (a) and (c) at positions X=2.2 mm and X=2.5mm are
shown in graphs (b) and (d), respectively.
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Fig. 9 Photoacoustic image of blood vessels in the wrist of a human
volunteer. The image consists of 101 measurement positions along a
line (B scan) with a spacing of 0.2 mm. At each measurement position
(A scan) the photoacoustic time traces were averaged 16 times. (a)
Photoacoustic image before image enhancement; and (b) photoacous-
tic image after the use of the cross-correlations as weight factors and
image enhancement (fitting).

5 Discussion

In this work, the use of a novel double-ring photoacoustic
sensor for photoacoustic imaging is demonstrated. This sensor
features a narrow angular aperture, which means that the mea-
sured time traces can be regarded as individual A scans of the
tissue. Performig a B scan with this sensor provides us with
2-D images of optically absorbing structures inside the tissue.
Since our sensor operates in reflection mode, it can be applied
to various sites of the body to image absorbing structures like
blood vessels or tumors. Furthermore, a method to reconstruct
the optical-absorption distribution of the photoacoustic
sources from single A scans has been applied. As our sensor
has a narrow angular aperture, no information of adjacent
sensor positions is needed to reconstruct the image, which is
in contrast to other photoacoustic image reconstruction
algorithms21=24

Both measurements of the directional sensitivity of the
double-ring sensor and application of the cross-correlation
method showed a good correspondence with theoretical cal-
culations(Fig. 6). However, a decrease in amplitude could be
observed for some points in the centexactly above the hair
of the directional sensitivity curve. As the absorption of the
hair was fairly high, only a part, the bottom side, of the hair
acted as a photoacoustic source. Furthermore, the hair had
acoustic properties different from the surrounding water, so it
shielded a part of the sound. Despite these artifacts, our mea-
surements showed that the hair was a good approximation of
a photoacoustic point source.

This work illustrated the various steps of our photoacoustic
imaging approach. At first, lateral broadening of the image
was successfully suppressed by using the cross-correlation
values as weight factors. Secondly, the absorption distribution
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was reconstructed visualizing the cross section of the vessel.total data acquisition time of 2.7 min. The remaining part of
In the final photoacoustic image, the circular shape of the the 5 min was needed for mechanical scanning of the sensor.
artificial vessel is nicely reconstructed without prior knowl- Increasing the repetition rate to 1 kHz will reduce the averag-
edge of the vessel shape. The only assumption was that theng time per measurement position with a factor of 100.
photoacoustic time trace generated by a part of a blood vessel

could be approximated by a bipolar sigralerivative of a 6 Conclusions

Gaussian function, Eq3)]. In our approach, the measure-
ments from different sensor positions of the B scan were
treated as independent, individual A scaisD depth im-
age$, which were plotted as vertical lind$rigs. §b) and

8(d)] in the 2-D image. This permitted real-time reconstruc- . . . S
. . . - . : toacoustic image of absorbing structures hidden in tigsige,
tion of the image without the need of information of adjacent blood vesselsis obtained.

sensor positions, which are needed in other photoacoustic re- It is shown that by using the cross-correlation values be
. . —24 . . _ - =
construction algorithm$&:~2* The lateral resolution is deter tween the signals of the inner and the outer ring, the contri-

mined by the angular aperture of the sensor, and thereforebution of off-axis sources is suppressed, which reduces lateral

detertlioratesr as 6; f(ljJncitrl]on of rdepthr. l'?r trk:ei Cr?tsv?/itcr)]f a pholzia'_broadening of the photoacoustic image. The cross section of
coustic source procucing a pressure transie a peax-o, 544 vessels is reconstructed by fitting a model function to

peak time of 67 n§Fig. 5(b)], the lateral resolution at a depth the measured data. Integrating over tifie., depth yields

of _1|_?] mm will b?. 28?#T' h the phot " the absorption distribution. This double-ring photoacoustic
€ assumption that we can approac € pnotoacousliCqgnqqy ig successfully applieditovivo imaging of superficial

S|gngls of a blood vgssel with those from a spherical source blood vessels in the wrist of a human volunteer.
requires that the radius of the blood vessel has to be smaller
than the absorption mean free pgth 1/, piood - If the case

of (neay infrared light(~700 to 1100 nmis used, the maxi- i
mum vessel radius for which this approximation will hold will  This work was supported by the Netherlands Technology
be about 1.5 mm. For larger vessels, the decaying light inten- Foundation STWgrant TTN4661 and the Netherlands Foun-
sity inside the vessel has to be taken into account, for in- dation of Fundamental Research on Matter FQlytant
stance, as described by the model of Hoelen and de?Mul. 00PMT22.

However, in this case no analytical expression is available that

makes the fitting of this model to the measured photoacoustic References

signals more difficult. The reconstructed absorption distribu- 1 ¢ G. A Hoelen, F. F. M. de Mul, R. Pongers, and A. Dekker,
tion can also be used to obtain information about the vessel “Three-dimensional photoacoustic imaging of blood vessels in tis-
diameter. sue,” Opt. Lett.23, 648—650(1998.

The resulting photoacoustic image of the human wrist 2 M. C. Pilatou, N. J. Voogd, F. F. M. de Mul, L. N. A. van Adrichem,
demonstrates that superficial blood vesselsivo can be vi- ﬁggg\i/r\]/é i}e: ngg%?;r’ tr:en ?rl]y\fi'tsroggcrgi}fj:?;?j;%rﬁllgh?lfsgfum
sualized. Besides skin and vessels, the underlying bone is also 4499 (2003. '
identified in Fig. 9a), at a depth of about 3 mm below the 3. R.A.Kruger, W. L. Kiser, D. R. Reinecke, and G. A. Kruger, “Ther-
skin surface. The depth position of the observed vessels was g”u‘)cae‘iogrsrg; f&?dpuéeh(; ;%gosglsrgggyeglegg :;i conventional linear trans-
about 1.5 tq 2 mm below the skin surfa_ce. The maximum , oA Krugér, W. L. Kiser, D. R. Reinecke, G. A. Kruger, and K. D.
depth at which vessels can be detected is dependent on pa-  willer, “Thermoacoustic optical molecular imaging of small ani-
rameters such as the amount of light applied to the tissue, the  mals,” Molecular Imag.2, 113-123(2003.

wavelength used, and the sensitivity of the photoacoustic sen- - X. D. Wang, Y. J. Pang, G. Ku, X. Y. Xie, G. Stoica, and L. V. Wang,
“Noninvasive laser-induced photoacoustic tomography for structural

A novel double-ring photoacoustic sensor is designed and
constructed, featuring a narrow angular aperture. Since a fiber
for illumination is integrated in the sensor, this sensor could

be used in reflection mode. By mafim B scan, a 2-D pho-

Acknowledgment

sar. . i . . . and functional in vivo imaging of the brainNat. Biotechnol.21,
In a future study, the imaging resolution vivo will be 803-806(2003.
determined by comparison with a reference method such as 6. X. D. Wang, Y. J. Pang, G. Ku, G. Stoica, and L. V. Wang, “Three-
Doppler ultrasound. However, in preliminary experiments, us- dimensional laser-induced photoacoustic tomography of mouse brain
. . S . N with the skin and skull intact,Opt. Lett.28(19), 1739-17412003.
ing the_ rt_aconstru_ctlon algorithm for tubes of various diam- 5 A A Oraevsky, A. A. Karabutov, S. V. Solomatin, E. V. Savateeva, V.
eters[similar to Fig. &c)], we observed that the diameter of G. Andreev, Z. Gatalica, H. Singh, and R. D. Fleming, “Laser optoa-
the tubes could be estimated with an accuracy of 0.15 mm. coustic imaging of breast cancer in vivoProc. SPIE4256 6—-15
While our correction algorithms are particularly proper for 8 (JZOAOJi)_ tor G. AL G. Paltauf. S. L. J S A Prahl H. Ren. 7
. . s G P . . J. AL Viator, G, Aud, G, Paltaul, o. L. Jacques, S. A. Pranl, A. Ren, £.
imaging blood Vess,el,s" the Van,IShlng of the Sk,ln, in Fith) 9 . Chen, and J. S. Nelson, “Clinical testing of a photoacoustic probe for
demonstrates_ that it is less suitable for wsuahzmg the skin. port wine stain depth determinatiori, asers Surg. Meds0, 141—148
We hypothesize that these structures, such as skin, generate (2002.
more complicated signals, which cannot be fitted by 3. 9. G. Paltauf and H. Schmidt-Kloiber, “Pulsed optoacoustic character-
) . . _ ization of layered media,J. Appl. Phys88(3), 1624—-1631(2000.
Consequently, such structures are better visible in the uncor 10. K. P. Kastii. M. Frenz, H. P. Weber, G. Paltauf, and H. Schmidt-
rected images. ) ) ) ) Kloiber, “Optoacoustic infrared spectroscopy of soft tissui, Appl.
Currently, the time needed to obtain a 2-D image, consist- Phys.88(3), 1632-16372000.
ing of 101 measurement position& scang, is about 5 min. 11. R. G. M. Kolkman, E. Hondebrink, W. Steenbergen, and F. F. M. de

. _— Mul, “In vivo photoacoustic imaging of blood vessels using an
At each measurement position, the photoacoustic time traces .= = = aperture sensol2EE J. Sel. Top. Quantum Elec-

were averaged 16 times. As the repetition rate of our laser was  (on. 9(2), 343-346(2003.
10 Hz, this took 1.6 s per measurement position, resulting in a 12. C. G. A. Hoelen, A. Dekker, and F. F. M. de Mul, “Detection of

1334 Journal of Biomedical Optics ¢ November/December 2004 < Vol. 9 No. 6



13.

14.

15.

16.

17.

18.

19.

20.

photoacoustic transients originating from microstructures in optically
diffuse media such as biological tissu¢ZEE Trans. Ultrason. Fer-
roelectr. Freq. Controk8(1), 37—47(2002.

A. A. Karabutov, E. V. Savateeva, N. B. Podymova, and A. A. Orae-
vsky, “Backward mode detection of laser-induced wide-band ultra-
sonic transients with optoacoustic transducér,’Appl. Phys87(4),
2003-2014(2000.

V. G. Andreey, A. A. Karabutov, and A. A. Oraevsky, “Detection of
ultrawide-band ultrasound pulses in optoacoustic tomograpBzE
Trans. Ultrason. Ferroelectr. Freq. Controb0(10), 1383-1390
(2003.

A. A. Oraevsky and A. A. Karabutov, “Ultimate sensitivity of time
resolved opto-acoustic detection,Proc. SPIE 3916 228-239
(2000.

G. Paltauf, H. Schmidt-Kloiber, K. P."Iti, and M. Frenz, “Optical
method for two-dimensional ultrasonic detectio\ppl. Phys. Lett.
75(8), 1048—-105011999.

K. P. Kastli, M. Frenz, P. Weber, G. Paltauf, and H. Schmidt-Kloiber,
“Optoacoustic tomography: time-gated measurement of pressure dis-

tributions and image reconstruction&ppl. Opt.40(22), 3800—3809 26.

(2001).

J. J. Niederhauser, D. Frauchiger, H. P. Weber, and M. Frenz, “Real-
time optoacoustic imaging using a Schlieren transdudgpgl. Phys.

Lett. 81, 571-573(2002.

P. C. Beard, F. Perennes, and T. N. Mills, “Transduction mechanisms »g

of the Fabry-Perot polymer film sensing concept, for wideband ultra-
sound detection,IEEE Trans. Ultrason. Ferroelectr. Freq. Control
46(6), 1575-15821999.

P. C. Beard, A. M. Hurrel, and T. N. Mills, “Characterization of a
polymer film optical fiber hydrophone for use in the range 1 to 20

MHz: a comparison with PVDF needle and membrane hydrophones,” 30.

IEEE Trans. Ultrason. Ferroelectr. Freq. Contrel7(1), 256—-264
(2000.

Journal of Biomedical Optics * November/December 2004 < Vol. 9 No. 6

21.

25.

27.

29.

Photoacoustic imaging of blood vessels . . .

C. G. A. Hoelen and F. F. M. de Mul, “Image reconstruction for
photoacoustic scanning of tissue structurefppl. Opt. 3931),
5872-58832000.

M. Xu, Y. Xu, and L. V. Wang, “Time-domain reconstruction algo-
rithms and numerical simulations for thermoacoustic tomography in
various geometries,1IEEE Trans. Biomed. Engb0(9), 1086—1099
(2003.

K. P. Kastli, D. Frauchiger, J. J. Niederhauser, G. Paltauf, H. P. We-
ber, and M. Frenz, “Optoacoustic imaging using a three-dimensional
reconstruction algorithm,/EEE J. Sel. Top. Quantum Electrof(6),
918-923(2001.

K. P. Kastli and P. C. Beard, “Two dimensional photoacoustic imag-
ing by use of Fourier-transform image reconstruction and a detector
with an anisotropic responsefppl. Opt.42(10), 1899-19082003.

R. G. M. Kolkman, M. C. Pilatou, E. Hondebrink, and F. F. M. de
Mul, “Photo-acoustic A-scanning and monitoring of blood content in
tissue,” Proc. SPIE3916 76—83(2000.

K. P. Kastli, M. Frenz, H. P. Weber, G. Paltauf, and H. Schmidt-
Kloiber, “Pulsed optoacoustic tomography of soft tissue with a pi-
ezoelectric ring sensorProc. SPIE3916 67-74(2000.

V. M. Ristic,Principles of Acoustic Deviced. Wiley and Sons, New
York (1983.

M. W. Sigrist and F. K. Kneulhl, “Laser generated stress waves in
liquids,” J. Acoust. Soc. Anf4, 1652—-16631978.

C. G. A. Hoelen and F. F. M. de Mul, “A new theoretical approach to
photoacoustic signal generation]? Acoust. Soc. Anl06(2), 695—
706 (1999.

H. J. van Staveren, C. J. M. Moes, J. van Marle, S. A. Prahl, and M.
J. C. van Gemert, “Light scattering in Intralipid-10% in the wave-
length range of 400—1100 nmA&ppl. Opt.30, 4507-45141997).

1335



