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Photoacoustic imaging of clinical metal needles in tissue
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Abstract. The ability to visualize and track temporarily or perma-
nently implanted metal devices is important in many applications
ranging from diagnosis to therapy. Specifically, reliable imaging of
metal needles is required in today’s clinical settings. Currently, ultra-
sound is utilized to image a needle inserted into tissue in real time.
However, the diagnostic value and tracking ability of these images
depends highly on the orientation of the needle, and also its proximity
to regions of interest in the tissue. We examine the use of photoacous-
tic imaging combined with current ultrasound imaging methods to
obtain high-contrast images of commonly used needles in the body.
Experiments were performed using 21 G and 30 G needles inserted
into ex vivo porcine tissue and tissue-mimicking phantoms. The
needles and surrounding tissue were imaged using an ultrasound im-
aging system interfaced with the pulsed laser source necessary for
photoacoustic imaging. The results suggest that photoacoustic imag-
ing, combined with ultrasound imaging, is capable of real-time, high-
contrast, and high-spatial-resolution visualization of metal implants

within anatomical landmarks of the background tissue. © 2010 Society of
Photo-Optical Instrumentation Engineers. [DOIl: 10.1117/1.3368686]
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1 Introduction

A wide variety of metal implants are used clinically within the
human body. These range from permanently implanted metals
such as orthopedic replacements or coronary arterial stents,
and include temporarily implanted metals such as surgical
staples. Hypodermic needles are one such temporary metal
implant used for a wide variety of clinical applications. Metal
needles are commonly used for localized drug delivery, such
as in cancer therapy, or for tissue collection in biopsy.' In
either case, the ability to visualize both the anatomical sur-
rounding structures and the advancing needle tip is required.2
Accurate imaging is necessary to guide the needle to the tar-
geted location.” Needle deflection and deformation can occur
when inserting needles into soft, nonhomogeneous tissues,4
which can affect the localized accuracy of insertion.” Cur-
rently, the most commonly used clinical strategy to visualize
the direction of the needle shaft in real time is ultrasound
guidance.! However, the needle tip can often be visualized
better than the needle shaft because of the irregular surface of
the machine-cut bevel, which scatters the ultrasound (US)
beam in all directions, reflecting the beam in part back to the
transducer.” However, visibility of the tip alone is not suffi-
cient for the clinician to gauge the insertion angle of the
needle. Visibility of the needle shaft is dependent on the angle
of the needle relative to the transducer” and is best visualized
only when perpendicular and in the plane of the US trans-
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ducer. Needle deflections away from the transducer of only a
few degrees are usually enough to conceal the US signal from
the needle. To overcome these issues, mechanical or optical
needle guides are often used to keep the needle in the trans-
ducer plane.7’8 However, these guides restrict needle move-
ment when fine adjustments are needed by medical operators;
therefore, many clinicians prefer using a freehand technique
during needle insertion and injection.’

US imaging of metal needles also produces an unexpected
echographic pattern resembling the shape of a comet tail.” The
pattern is due to reverberations within the needle and is de-
pendent on the acoustic impedance mismatch between the
needle and its surroundings. In fact, these artifacts are present
in US imaging of any metallic object.10 While these artifacts
can be helpful in determining the presence of foreign metal in
vivo, the existence of the comet tail pattern prevents visibility
of objects directly below and adjacent to the needle.'’ This
effect can detrimentally affect the ability to determine needle
position relative to the background tissue.

In this paper, we demonstrate the ability of combined US
and photoacoustic (PA) imaging to visualize metal needles
inserted into tissue. Briefly, the PA effect results from irradi-
ating an object with a pulsed laser beam to produce a ther-
moacoustic response. Light absorbed in a specific local region
is converted into heat, and then converted into pressure due to
the thermoelastic expansion of the object. An US transducer
detects the produced pressure, which is linearly related to the
optical absorption coefficient u, and the localized laser flu-
ence. Since metal is generally highly absorbing, relative to
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Fig. 1 Experimental setup for imaging metal needles in a porcine tissue sample. An imaging probe consisting of a 7-MHz linear array transducer
and an 18-fiber bundle was positioned on the top of the sample. The pork sample was placed in a water tank for the purposes of acoustic coupling.
The sample was irradiated at a 1064-nm wavelength. Laser fluence was approximately 10 mJ/cm?.

tissue, the PA signal from metal objects should be much
higher relative to the background tissue. Experiments were
performed using common commercially available clinical
metal needles inserted into tissue and tissue-mimicking phan-
toms. The presence of these clinical needles was detected us-
ing combined US and PA imaging. In each experiment, the
acquired PA images outlined the presence of the metal im-
plant, and the US image provided information about the sur-
rounding structure. During postprocessing, the comet tail ar-
tifacts were reduced using a filtering approach, thus enabling
the previously distracted background in PA imaging to be bet-
ter visualized. The combined US and PA imaging enabled
accurate measurements of the needle’s position within the tis-
sue. The accuracy of these measurements demonstrates the
usefulness of PA imaging in visualizing metal needles and
other metal implants in vivo.

2 Methods and Materials

To test the feasibility of US and PA to image metal needles in
tissue, imaging studies were conducted using different sizes of
needles. In the first experiment, a Cortex ultrasound imaging
system (Winprobe Corporation, North Palm Beach, Florida)
was used for rf data acquisition (Fig. 1). This US system was
interfaced with a 7-MHz center frequency, 14-mm-wide,
128-element linear array transducer to image the needles. An
Nd:YAG pump laser output (Vibrant B, Opotek, Inc., Carls-
bad, California) at 1064 nm was used to optically illuminate
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the tissue phantom. Laser fluence in all experiments was mea-
sured to be approximately 10 mJ/cm?. Laser light was deliv-
ered through an 18-fiber optical bundle fixed around the
transducer,'” and the needle sample was placed in the imaging
plane of the US imaging transducer (Fig. 1). This arrangement
enabled both light and sound delivery along the same plane.
Each fiber in the bundle was 0.6 mm in diameter with a nu-
merical apperture (NA) of 0.22. Fiber bundle efficiency was
approximately 60%. In this experiment, a 30-gauge (30 G)
X 1.0-in. hypodermic syringe needle (Fig. 2), made of 305
bulk stainless steel (Becton Dickinson, Franklin Lakes, New
Jersey) was inserted horizontally into a fresh healthy porcine
muscle specimen. The approximately 30X 30X 30 mm? tis-
sue sample was immersed in water for acoustic coupling be-
tween the US transducer and the tissue (Fig. 1). US and PA rf
signals were collected with the needle oriented orthogonal to
the imaging plane, then the transducer was axially rotated

30G: @ 0.3 mm
21G: @ 0.8 mm

=

25.4 mm

Fig. 2 Schematic view of the 30-gauge (30 G) and 21-gauge (21 G)
needles. The 30 G needle was inserted into pork loin tissue perpen-
dicular, and later reinserted at an angle of approximately 15 deg to the
surface of the US transducer. The 21 G needles were inserted at vari-
ous angles relative to the US transducer.

March/April 2010 « Vol. 15(2)



Su et al.: Photoacoustic imaging of clinical metal needles in tissue

Digitizer
) and Motion
Display Processing Controller
Unit
—————

OPO
Laser otor

To Single Element To Light
Ultrasound Transducer Delivery Fiber

Imaging Sample

Fig. 3 Experimental setup for imaging of metal needles positioned at
different angles in water and gelatin phantom. Imaging was performed
with a single element US transducer (7 MHz, f/4). The center fre-
quency of this transducer was similar to the imaging array used in Fig.
1. The imaging sample was irradiated with 800-nm-wavelength light.
Laser fluence was also approximately 10 mJ/cm?.

90 deg, and the imaging procedure repeated, capturing the
length of the needle in the imaging plane.

To investigate the angular dependence of the US and PA
signal, a second experiment was performed using a 7.5-MHz,
f/4, single-element transducer, mechanically scanned across
the axial dimension of a set of needles using both US and PA
imaging"® (Fig. 3). The purpose of this experiment was to
determine the needle angles at which the metal needle would
be visible, both in US and PA imaging and to demonstrate the
effectiveness of PA imaging for detecting needles which are
more often than not inserted angled from the transducer. Five
21 G X 1.0 in. needles made of 305 bulk stainless steel (Bec-
ton Dickinson, Franklin Lakes, New Jersey) were positioned
both in water and in gelatin phantoms at angles of 0, 5, 10, 20,
and 30 deg relative to the horizontal plane, i.e., the surface of
the US transducer. The gelatin phantom was created using 6%
gelatin by weight, and a small amount (less than 1%) of
40-um-size silica particles, which served as optical scatterers.
PA imaging was conducted at 800 nm and light was delivered
using a single optical fiber. The fiber had a diameter of
1.5 mm and an NA of 0.39.

3 Results

In the first experiment, the metal needle, in porcine tissue,
was inserted parallel to the transducer surface and perpendicu-
lar to the imaging plane. Cross-sectional US and PA images of
the needle and tissue were produced [Figs. 4(a) and 4(b)]. The
US image [Fig. 4(a)] shows a bright signal in the middle of
the image where the needle is located. Surrounding the nee-
dle’s signal is the US speckle obtained from the porcine tis-
sue. The PA image at the same position also showed a bright
signal in the center corresponding to the needle cross section.
After obtaining these images, the sample was rotated 90 deg
relative to the transducer, aligning the needle shaft directly in
the imaging plane of the transducer [Figs. 4(c) and 4(d)].
Similarly, the US image [Fig. 4(c)] displays a bright acoustic
reflection from the needle, surrounded by acoustic speckle
from the tissue background. The PA image of the needle shaft
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(b) (c) (d)

Fig. 4 Images of a hypodermic needle inserted perpendicular to the
US transducer. The needle is inserted horizontally through the pork
loin sample. The transducer is located toward the top of the images.
(a) US image of the needle cross section in pork sample; (b) PA image
of needle cross section, where the needle is easily visible; (c) US
image of the needle and tissue in the transducer imaging plane; and
(d) PA image of the needle in the transducer imaging plane, where the
metal needle is clearly visible. The dimensions of the pork loin are
approximately 30X 30X 30 mm?3. US images are displayed at 40 dB,
PA images at 20 dB.

[Fig. 4(d)] also produced a large signal from the needle, but
very little signal from the background, similar to the PA image
in Fig. 4(b). As the metal needle was placed parallel to the
transducer surface in these images, the needle was easily vis-
ible in the US and PA images. At this orientation (i.e., a per-
pendicular angle between the axis of the US beam and longi-
tudinal axis of the needle), the needle produced a strong US
signal due to the high specular reflectivity of the needle. US
comet-tail artifacts were also created behind the needle since
acoustic waves were reflected within the needle, creating ad-
ditional signals that appeared to propagate beyond and around
the needle. The artifacts introduced into the US image, subse-
quently reduced the ability to determine the precise location
of the needle. However, the comet tail made it very easy for
the needle’s presence to be identified in the image. The PA
signals here also confirmed the presence of the highly absorb-
ing metal needle.

US and PA images (Fig. 5) were also obtained with the
needle inserted into the phantom at a slight downward angle.
In these images, the cross section of the needle was once

Fig. 5 Images of the hypodermic needle inserted angled approxi-
mately 15 deg with respect to horizontal. The needle is repositioned
in the same tissue as in Fig. 4. The transducer is oriented at the top of
the images. (a) US image of the tissue containing the needle cross
section; the angled needle is not visible; (b) PA image of same cross
section as (a), the highly absorbing needle appears very clearly; (c)
combined US and PA image showing the exact location of the needle
within the tissue. US images are displayed at 40 dB, PA images at
20 dB. Since US and PA images are obtained at the same position, the
two images are spatially coregistered.
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Fig. 6 Cross-sectional image of five 21 G needles in water. The
needles are angled downward with respect to the horizontal plane.
From left to right, needles are angled at 30, 20, 10, 5, and 0 deg,
respectively.

again located in the center of the images, similar to Figs. 4(a)
and 4(b). However, the needle here was angled away from the
transducer. The US image still showed the background
speckle of the porcine tissue, but the needle in the center of
the image could not be easily visualized [Fig. 5(a)]. A PA
image was also obtained at the same position [Fig. 5(b)]. De-
spite the angled needle being invisible in the US image, the
PA image still showed a bright spot in the center of the image
where the cross section of the needle was located. By com-
bining Figs. 5(a) and 5(b), the coregistered US and PA images
displayed the presence of the angled needle in the tissue back-
ground [Fig. 5(c)].

In the US image, the angled needle reflected the acoustic
pulses away from the transducer, thereby decreasing the sig-
nal intensity from the needle, resulting in decreased visibility
in the resulting image. However, the PA signal was not sig-
nificantly affected by this angular dependence and the needle
remained highly visible within the tissue background even
when it was not perpendicular to the transducer. In general,
the PA response from rounded objects occurs omnidirection-
ally, which enables the signal to be less affected by the needle
angle compared to the US image. Comet-tail artifacts are,
however, directionally dependent, which is why they are not
visible in the image of an angled needle. Furthermore and
more importantly, there is excellent contrast in the PA re-
sponse between the needle and the background tissue.

In the second experiment, cross-sectional US and PA im-
ages of the five angled 21 G needles were obtained (Fig. 6).
From left to right, the needles were inserted into a acrylic
holder at decreasing angles from 30 to 0 deg. The US image
[Fig. 6(a)] shows the cross sections of the needle with de-
creasing visibility as the needle angle was increased. Simi-
larly, the PA image [Fig. 6(b)] shows the needles at the same
position but with less decrease in signal as needle angle was
increased. The addition of the gelatin phantom background in
Fig. 7 shows both the US and PA images of the needles,
similar to Figs. 6(a) and 6(b). The US image of the needles in
the gelatin phantom shows overall decreased visibility of the
needles in the presence of the background speckle. On the
other hand, all the needles were fully visible in the PA image;
the PA signal intensity did not decline with needle orientation
at the angles used in this experiment. Furthermore, the pres-
ence of optical scatterers helped to deliver light within the
phantom. Figure 7(b) shows increased PA signal due to better
light delivery to the needles in the phantom.
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Fig. 7 Cross-sectional image of five 21 G needles inserted into a
tissue-mimicking gelatin phantom containing optical scatterers. From
left to right, needles are angled at 30, 20, 10, 5, and 0 deg downward
with respect to the horizontal plane.

(b)

In both the water (Fig. 6) and the tissue-mimicking phan-
tom (Fig. 7) experiments, the maximum signal intensity came
from the needles that were horizontal from the transducer sur-
face. In water, all the needles were at least dimly visible in the
US image, although the signal intensity and spatial resolution
was severely limited at needles angled greater than 10 deg.
The addition of acoustic scatterers in the phantom background
made the needles less visible under US. Needles at angles
greater than 10 deg were invisible against the background.
The PA signals from the needles remained easily visible in the
gelatin, except for a slight decrease in signal intensity due to
light attenuation from the phantom. This did not adversely
affect the imaging of the needles, as they were still very vis-
ible due to the high absorption coefficient of metal.

4 Discussion and Conclusions

US and PA images of needles are shown in Figs. 4-7. In each
set of images, the PA images showed very high contrast be-
tween the metal and the phantom or tissue backgrounds. In-
deed, the PA signal from the metal is very strong due to the
high optical absorption of metal compared to the gelatin phan-
tom, which has little to no PA response and therefore results
in very high contrast. In tissue, high contrast between the
metal structure and tissue constituents was also found. Optical
absorption of other tissue constituents is generally known to
be far lower than that from the metal in the near-IR spectrum
range. By comparison, the US image visualized the tissue
structure and morphological features. Since the US and PA
images were already spatially coregistered, combining the two
images showed complementary information. The locations of
the metal implants (PA image) were given in relation to the
background tissue (US image).

Both experiments showed strong comet-tail artifacts when
imaged with US and PA imaging. Fast Fourier transforms
(FFTs) of the a-lines containing rf signals showed that the
frequency content of the comet tail was slightly different than
the center frequency of the transducer. Therefore, bandpass
filtering was performed to reduce the artifacts from the PA
image of the needle in Fig. 4. Prior to applying the signal
filter, comet-tail artifacts could be seen emanating from the
position of the needle in the PA image [Fig. 8(a)]. When cor-
rect bandpass filtering was performed (4 to 10 MHz), the
comet tail disappeared from the image [Fig. 8(c)]. However,
specifying the incorrect frequency range (3 to 10 MHz) re-
sulted in an undesired treatment of the image and did not
correctly remove the image artifacts [Fig. 8(b)].
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(a) (b) (c)

Fig. 8 PA image from Fig. 4(d) showing filtering technique to remove
comet-tail artifacts; (a) unfiltered PA image of the horizontal needle,
The FFT of the signal shows one frequency peak at the center fre-
quency of the transducer (7 MHz) and one at a lower frequency
around 3 MHz, representing the signal from the comet tail; (b) result
of bandpass filtering demonstrating incorrect choice of cut-off fre-
quencies (3 to 10 MHz), low-frequency components are still present,
blurring out the artifacts; and (c) correct bandpass filtering
(4 to 10 MHz), which eliminated the comet-tail artifact. Contrast-to-
noise ratios in (a), (b), and (c) were calculated to be 39.3, 38.2, and
32.5 dB, respectively.

Bandpass filtering was able to remove the image artifacts,
albeit at a decrease in the contrast-to-noise ratio' " (CNR).
Without filtering, the CNR of Fig. 8(a) was found to be
39.3 dB. Figure 8(b) was reported to contain a CNR of
38.2 dB, and Fig. 8(c) had a CNR of 32.5 dB.

Attempts to perform the same filtering technique to the US
image were unsuccessful. Examination of the time domain
signal revealed that the comet-tail artifact produced in the US
image contained a discontinuous signal different from the PA
image. While the resulting artifacts in the US and PA signals
were visually similar, the PA comet-tail signal was continu-
ous, decreasing over time, similar to an acoustic reverberation
[Fig. 9(a)]. On the other hand, the US comet tail was discon-
tinuous, having burstlike signals that decreased in amplitude
over time [Fig. 9(b)]. These burstlike signals in the US image
are therefore not easily removed without using more advanced
filtering methods.

The combined US and PA imaging modality was able to
image 1 to 2 cm into tissue, the depth necessary for the im-
aging of metal needles inserted into the body. The current
practice of using US imaging for guidance is ineffective to
image metal in all cases, especially where highly reflective

220 23.0 240 25.0 26.0 220 23.0 24.0 25.0 26.0
Imaging Depth (mm) Imaging Depth (mm)

(a) (b)

Fig. 9 Individual A-lines of the rf signal through the needle, demon-
strating the nature of the comet-tail artifact. Though the images appear
similar, the underlying signals are not. (a) PA A-line, the comet-tail
artifact appears to be a continuous signal that diminishes over time,
and (b) US A-line at the same location. The comet-tail artifact in the
US image appears as a discontinuous train of signal bursts that de-
crease in amplitude over time.
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surfaces redirect US echoes away from the transducer. In most
cases, clinicians are only able to use the US shadows from the
metal to infer the location of the needle. The experimental
results presented here demonstrate that PA imaging is suitable
for imaging metal. Combined with US imaging, the PA signal
from the metal inclusions was visible in relation to its position
to the surrounding tissue/phantom structures, which were vis-
ible in the US signal.

The use of 1064-nm-wavelength light is a huge advantage
for clinical in vivo settings due to the low cost and simplicity
of the Nd:YAG laser, deep penetration of the light into tissue,
and high PA contrast between metal objects and surrounding
tissue. By using a 1064-nm laser, users do not require an
expensive, complex laser system to conduct imaging tests. At
a 1064-nm wavelength, light offers deep penetration into tis-
sue and therefore imaging will require less laser fluence for
the PA signal, while still preserving SNR, CNR, and safety.
The imaging studies conducted here used laser energies well
below the maximum permissible exposure level set by the
ANSI standard. These laser energies coupled with an array-
based imaging transducer make it possible to image PA sig-
nals in real time. Our setup in this experiment was limited to
a repetition rate of 10 Hz, but inexpensive lasers operating at
30 Hz or higher could be used for real-time imaging. The PA
contrast in the tissue studies demonstrated that at 1064 nm,
metal was more highly absorbing than the surrounding tissue,
therefore showing that 1064 nm is an effective wavelength
choice for imaging metal in the body.

Though the first PA imaging experiment in this paper was
conducted at 1064 nm, the second experiment was conducted
at 800 nm, suggesting that multiple wavelengths could be
used for spectroscopic PA imaging, which could be utilized to
further differentiate between metal and tissue.'® Since the PA
effect is directly related to optical absorption, PA data from
multiple wavelengths could be used to calculate absorption
spectra in the resulting image. Tissue constituents, having a
unique optical absorption spectrum from metal, could then be
differentiated from the metal, identifying the composition of
tissue with respect to the location of metal implants.

Our previous work showed that PA imaging of metal in the
body is not limited to needles. A host of metal devices are
used in the human body, either temporarily or permanently,
many of which must be identified or monitored.'”"® Com-
bined intravascular US (IVUS) and PA imaging (IVPA) has
been shown to image arterial stents and their positioning
within the arterial wall."® The combination of IVUS and IVPA
was found to give complementary information as the US im-
age gave structural/morphological information of the arterial
wall, while the IVPA image could hypothetically show the
location of the stent, its position within the wall, and also the
location of arterial plaques. It has also been proposed that this
combined US and PA imaging could be used to image brachy-
therapy seeds during and after implantation into the body.
Brachytherapy seeds are implanted to locally treat prostate
cancer. However, the seeds have been found to migrate
throughout the body, which can cause problems as they lodge
themselves in other areas of the body such as the lungs.® PA
imaging could be used to detect the location of the seeds as
they shift around in the prostate. The imaging could be per-
formed tomographically, reconstructing multiple slices of US
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and PA data to create a 3-D image of a localized region.

It can also be possible to treat metal with substances that
have strong absorption peaks at specific wavelengths. This
would enable the metal absorption peaks to be tuned toward
or away from wavelengths where tissue shows strong PA sig-
nal, making the metal components easier to identify alongside
other tissue constituents such as cancerous lesions. These
coatings could be used concurrently with multiwavelength PA
im21gingl3’16 to differentiate implants from tissue as unique
absorption peaks can be expected from the coated metal. Cur-
rently, echogenic needle polymer coatings exist that make the
needle tip and shaft highly visible’" under US. Similar coat-
ings with optically absorbing properties could also be coated
onto the metal to make metal implants even more visible at
other wavelengths in PA imaging. Various molecularly sensi-
tive coatings could also be used so that the absorption prop-
erties of the coated metal would change depending on the
tissue background in contact with the metal. These metals
could quite possibly also be used for specific tissue detection.

Identification of metal in the body requires the visualiza-
tion of landmarks in the body. The combination of US and PA
imaging offers the high contrast of metal implants in PA im-
aging with the coregistered anatomical positioning of US.
Used in real time, this combination can offer a very powerful
tool not only for identifying metal implants, but also for iden-
tifying their relative location to other structures in the body
such as tumors and plaques. This ability to identify metal
implants and surroundings is highly necessary in image-
guided therapy.
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