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Clinical translation of photoacoustic (PA) imaging can be facilitated by integration with
commercial ultrasound (US) scanners to enable dual-modality imaging. An array-based
US scanner was modiﬁed for hand-held PA imaging. The performance was benchmarked
in terms of signal-to-noise ratio (SNR), axial spatial resolution and sensitivity. PA images
of a tube, ﬁlled with methylene blue (MB; approx. 30 mM) and placed at various depths
in chicken tissue, were acquired. A 5 cm penetration depth was achieved with an 18.6 dB
SNR using a laser ﬂuence of 3 mJ cm−2 , only one-seventh of the safety limit (20 mJ cm−2 ).
An axial resolution of approximately 400 mm was maintained at all imaging depths. The
PA sensitivity to MB placed 2.3 cm deep in chicken tissue was less than 100 mM. Further,
after intradermal injection of MB (approx. 30 mM), a rat sentinel lymph node was
clearly identiﬁed in vivo, beneath a 3.8 cm thick layer of chicken breast. The accumulated
concentration of MB in the node was estimated to be approximately 7 mM. The noiseequivalent sensitivities (approx. 2 cm depth) were 17 and 85 mM, ex vivo and in vivo,
respectively. These results support the use of this PA system for non-invasive mapping
and image-guided needle biopsy of sentinel nodes in breast cancer patients.
Keywords: photoacoustic imaging; clinical ultrasound array system; sentinel lymph node
biopsy; image-guided needle biopsy

1. Introduction
Photoacoustic (PA) imaging represents an emerging, non-invasive, non-ionizing
hybrid modality combining both optical excitation and ultrasonic detection.
It can provide high resolution, deep penetration and high optical absorption
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sensitivity [1]. Owing to its unique ultrasonic detection, PA imaging can
overcome the fundamental issues of pure optical imaging, such as shallow
penetration depth or poor spatial resolution [2,3]. Using either intrinsic (e.g.
haemoglobin and melanin) or extrinsic (e.g. organic dyes and nanoparticles)
contrast, high-resolution PA imaging can provide highly sensitive morphological,
functional and molecular information about biological tissues [4–6]. Further,
conventional ultrasonic scanners can serve as PA wave receivers, thus combining
the high contrast of optical imaging and the high resolution of ultrasound (US)
imaging [7–10].
We have previously reported in vivo PA and US mapping of rat sentinel lymph
nodes (SLNs) using a hand-held probe adapted from a clinical US imaging system
[10–12]. Clinically used dyes, including methylene blue (MB) and indocyanine
green, have been successfully tested with this hand-held probe. In the work
reported in this paper, we quantiﬁed signal-to-noise ratio (SNR), axial spatial
resolution and sensitivity of the hand-held PA probe by measuring both chicken
tissues ex vivo and rats in vivo.

2. Method and materials
The combined PA and US imaging system was developed around a commercial
clinical US scanner (iU22, Philips Healthcare) and has been described previously
[10–12]. In brief, a tunable dye laser (PrecisionScan-P, Sirah), pumped by a
Q-switched Nd : YAG laser (PRO-350-10, Newport), produced 6.5 ns laser pulses
at a repetition rate of 10 Hz, which illuminated tissue via bifurcated ﬁbre bundles
(CB18043, Fiberguide). An optical wavelength of 650 nm, close to the peak optical
absorption wavelength of MB (667 nm), was used. Light ﬂuence on the surface
was approximately 3 mJ cm−2 , only one-seventh of the ANSI [13] safety limit
(20 mJ cm−2 ). Generated PA waves were detected by a linear array US probe
(L8-4, Philips Healthcare) with a nominal bandwidth of 4–8 MHz. PA images
were reconstructed using a Fourier beam-forming algorithm [14] and displayed at
approximately 1 frame per second.
A plastic tube (7 mm in diameter × 25 mm in length) ﬁlled with MB was
embedded in chicken breast tissues. The diameter of the tube is comparable in size
with human axillary lymph nodes. By layering additional chicken breast tissue,
we increased the imaging depth, as measured by US imaging. In addition, the PA
sensitivity for detecting MB was measured by varying the concentration of MB
within the tube placed at a depth of approximately 2.3 cm in chicken breast tissue
from 0.1 to 30 mM. Ex vivo chicken breast experiments were used to quantify
the SNR, noise-equivalent sensitivity and axial spatial resolution. The SNR was
deﬁned as the mean of PA signals obtained from the tube ﬁlled with MB divided
by the standard deviation of the background PA signals. The noise-equivalent
sensitivity was deﬁned as the ratio between MB dye concentration and SNR. The
axial spatial resolution at various imaging depths in chicken breast tissue was
measured as the full width at half maximum of the one-dimensional proﬁle taken
across the tube boundary.
Animal care and use were in accordance with approved guidelines at
Washington University in St Louis. We imaged Sprague Dawley rats (approx.
200 g) under anaesthesia after injection of a mixture of ketamine (80 mg kg−1 ) and
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Figure 1. Photoacoustic (PA) imaging of methylene blue (MB) in biological tissues. Photographs
of (a) the tube ﬁlled with MB as positioned (b) within a stack of chicken breast tissue. Overlaid
PA (pseudocolour) and US (greyscale) images of the tube containing MB at depths of (c) 1.4 cm,
(d) 2.5 cm, (e) 3.4 cm, (f ) 4.2 cm and (g) 5 cm. Pseudocolour represents the optical absorption in
laboratory units. (Online version in colour.)

xylazine (8 mg kg−1 ). For in vivo imaging, we placed chicken breast tissue atop the
rats to increase the imaging depth. Clear US coupling gel was applied between
layers of chicken breast and the rat skin surface to maintain effective acoustic
coupling. A control PA image was acquired before intradermal injection of MB
into the left forepaw. After injection of MB (0.1 ml, 30 mM), a series of PA images
were acquired to identify SLNs enhanced by MB. Further, MB accumulation was
visually conﬁrmed in SLNs during post-mortem dissection.

3. Results and discussion
The SNR and axial spatial resolution of the PA imaging system were quantiﬁed
by embedding a plastic tube ﬁlled with MB dye at various depths within
chicken breast tissue (ﬁgure 1a). As shown in ﬁgure 1b, the imaging depth was
incremented by stacking approximately 1 cm thick chicken breast slices. Note that
for all imaging depths measured, the tube was surrounded by approximately 5 cm
Phil. Trans. R. Soc. A (2011)
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Figure 2. Plots of (a) signal-to-noise ratio (SNR) in decibels and (b) axial resolution as a function
of depth of the tube containing approximately 30 mM of methylene blue. (Online version in colour.)

of chicken breast tissue on each side and the bottom. To improve the SNR, PA
signals were averaged 80 times. Figure 1c–g shows overlaid PA and US images of
the blue dye-containing tube embedded at various depths within the surrounding
chicken tissues. All US images are displayed in greyscale with the same dynamic
range, whereas all PA images are in pseudocolour with different dynamic ranges.
The pseudocolour in each PA image represents optical absorption, deﬁned as the
product of local optical ﬂuence and the optical absorption coefﬁcient of the blue
dye-ﬁlled tube, in laboratory units. Structural US images helped us to conﬁrm
the origins of received PA signals.
Figure 2a is a plot of the SNR as a function of the depth of the tube.
The SNR in decibels decreased linearly with increasing depth. The measured
penetration depth for 1/e decay in chicken breast tissue is approximately 1.16 cm,
which matches well with the value reported in the literature (approx. 1.13 cm)
at an optical wavelength of 650 nm [15]. The 5 cm penetration depth (approx.
4.3 times the 1/e optical penetration depth) was achieved with an SNR of
18.6 dB, corresponding to an 18.7 dB attenuation from the skin surface. The
1/e penetration depth in human breast is 0.78 cm at 656 nm [16]. Note that
the 5 cm penetration depth, the distance between the top surface of the
chicken breast tissue (measured by US imaging) and the top surface of the
MB-containing tube (measured by PA imaging), was achieved with a laser
ﬂuence of 3 mJ cm−2 (only one-seventh of the ANSI safety limit). Using a
laser ﬂuence of 20 mJ cm−2 (the ANSI safety limit), the penetration depth
can theoretically be increased to approximately 7.4 cm. The axial resolutions
measured from the tube boundaries at all imaging depths in chicken breast tissue
were approximately 400 mm (ﬁgure 2b), which was close to the theoretical axial
resolution (approx. 385 mm, for a nominal bandwidth of 4–8 MHz).
To investigate the PA sensitivity for detecting MB, we imaged a tube
positioned approximately 2.3 cm deep within the chicken breast tissue. The
mean depth of the top surface of human SLNs is 1.2 ± 0.5 cm. Thus, our
imaging depth was greater than the depths of most SLNs encountered clinically.
The concentration of MB varied from 0.1 to 30 mM (ﬁgure 3a). As shown
in ﬁgure 3b, the SNR increased with increasing concentrations approximately
linearly. PA signals were detected at a concentration of 100 mM (13 × 10−12 mol
with 0.4 × 0.4 × 1 mm3 voxel size) with an SNR of 15.7 dB. Therefore, the
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Figure 3. (a) Photograph showing the tubes ﬁlled with varying concentrations of methylene blue
(MB). (b) Plot of photoacoustic signal-to-noise ratio (SNR) as a function of MB concentration at
a depth of 2.3 cm. (Online version in colour.)
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Figure 4. In vivo photoacoustic (PA) mapping of rat sentinel lymph nodes (SLNs). (a) Control
PA image acquired before methylene blue (MB) injection. (b) PA image taken after MB injection.
(c) Overlaid post-injection PA (pseudocolour) and US (greyscale) images. Pseudocolour represents
the optical absorption in laboratory units. (Online version in colour.)

noise-equivalent sensitivity is 17 mM at a depth of 2.3 cm in chicken breast tissues.
Figure 4 shows in vivo PA and US mapping of rat SLNs with MB. We imaged the
left axillary region in a rat before (ﬁgure 4a) and after (ﬁgure 4b) MB injection.
Soon after injection (within 5 min), MB ﬂowed through lymphatic vessels near the
injection site in the left forepaw and accumulated in the SLN (approx. 1 cm deep),
which was identiﬁed photoacoustically. The structural US image (grey colour)
and functional PA image (pseudocolour, MB uptake in the SLN) are overlaid in
ﬁgure 4c. Moreover, we overlaid additional chicken breast tissue atop the targets
to increase the imaging depth. The SLN containing MB was clearly seen at all
measured depths, as shown in Figure 5a–d, achieving an in vivo 3.8 cm SLN
imaging depth with an SNR of 21 dB. This penetration depth was approximately
50 per cent greater than the previously reported depth (2.5 cm) [11]. The SNR
(dB) was plotted as a function of the imaging depth (ﬁgure 5e). The measured
in vivo penetration depth for 1/e decay is 1.06 cm, which matches well with the
above-mentioned ex vivo 1/e penetration depth (1.16 cm). Further, we estimated
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Figure 5. In vivo photoacoustic (PA) mapping of rat sentinel lymph nodes (SLNs) and ultrasound
(US) mapping of surrounding anatomical structure. The depth of the SLN from the imaging surface
was varied to (a) 1.1 cm, (b) 2 cm, (c) 3 cm and (d) 3.8 cm by overlaying chicken tissue atop the
rat. Pseudocolour represents the optical absorption in laboratory units. (e) Plot of PA SNR as a
function of depth of the SLN. (Online version in colour.)

the actual concentration of MB in the SLN using curve ﬁtting in ﬁgure 3 to be
approximately 7 mM (0.3 mmol with 3 × 3 × 3 mm3 lymph node size). Therefore,
the in vivo noise-equivalent sensitivities were 85 and 592 mM at depths of 2 and
3.8 cm, respectively.

4. Conclusions
The capabilities—including SNR, axial resolution and sensitivity—of the handheld PA imaging probe were quantiﬁed in biological tissues. The maximum
penetration depth reached approximately 5 cm, and the sensitivity was better
than 100 mM at a depth of 2.3 cm.
The noise-equivalent sensitivities were 17 and 85 mM ex vivo (2.3 cm deep)
and in vivo (2 cm deep), respectively. The axial resolution was maintained over
the imaging depths observed. Further, the estimated optical property (effective
attenuation coefﬁcient) of chicken breast tissue matched well with previously
reported values. Moreover, in vivo PA and US mapping of rat SLNs at an
imaging depth of approximately 3.8 cm was successfully accomplished following
MB injection.
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