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Simultaneous dual-wavelength photoacoustic radar

imaging using waveform engineering with
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The spectroscopic imaging capability of photoacoustics (PA) without the depth limitations of optical methods
offers a major advantage in preclinical and clinical applications. Consecutive PA measurements with properly
chosen wavelengths allow composition related information about blood or tissue. In this work, we propose and
experimentally introduce modulation waveform engineering through the use of mismatched (uncorrelated or
weakly correlated) linear frequency modulated signals for PA characterization and imaging. The feasibility of
the method was tested on oxygen saturated hemoglobin and deoxygenated hemoglobin ¢n vitro in a blood circulat-
ing rig. The method was also employed for ¢n vivo imaging of a neck carcinoma tumor grown in a mouse thigh. The
proposed method can increase the accuracy and speed of functional imaging by simultaneous PA probing with two
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wavelengths using portable laser-diode based PA imaging systems.
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Frequency-domain photoacoustic (FD-PA) imaging is an
alternative method to conventional pulsed laser PA [1].
The availability of compact and inexpensive high power
diode lasers is a major motivator for employing FD-PA in
biomedical PA [1]. FD-PA can be performed using either
single frequency (depth integrated) [2] or a coded exci-
tation waveform (depth resolved) and has some unique
features, such as providing phase information which can
be used for image SNR enhancement [3] or tomographic
reconstruction [4].

The dependence of the absorption coefficient of mate-
rials on irradiation wavelength provides an effective tool
for PA functional imaging. This feature has been studied
widely for detection of angiogenesis and hypermetabo-
lism, as well as tissue characterization applications
such as lipid-rich plaques in the vascular system [5-8].
Typically, the difference in the absorption coefficient of
dominant components, such as oxyhemoglobin (HbO,)
and deoxyhemoglobin (HbR) at two wavelengths, is used
to reveal each component’s concentration which leads
to clinically meaningful information regarding hemoglo-
bin oxygen saturation and total hemoglobin concentra-
tion. It should be mentioned that it is possible to
perform functional imaging using FD-PA and the process
is very similar to the conventional pulsed method [9].

In many cases, in vivo functional imaging involves
moving fluids, such as blood or moving body parts, be-
cause of heart beating or breathing. These types of move-
ments introduce errors to sequential PA measurements
supposed to be performed at the same tissue or blood
vessel location. Furthermore, sequential multi-spectral
imaging of tissues has been introduced as a means to
enhance contrast and improve the diagnosis of tumors
[10,11]. For similar reasons, simultaneous multi-spectral
imaging is a desirable goal toward improved stability and
target image reliability. For blood-related diagnosis, to
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ensure the accuracy of concentration estimation, it is
important to perform the PA measurements with two
laser wavelengths in a very short time and, ideally, simul-
taneously. Related work reported by Mienkina et al.
explored the feasibility of using orthogonal Golay codes
for simultaneous multi-spectral PA imaging [12]. Quasi-
simultaneous (rapid sequential) functional pulsed laser
PA imaging was also performed with two lasers (as well
as an ultrasonic pulse) emitting with an inter-laser delay
time as short as ~30 ps [13] and, recently in another
work, a delay as short as 17 ps, between the two laser
pulses [14].

In this Letter, we show that, by using coded excitation,
it is possible to perform simultaneous PA probing with
two wavelengths. Using mismatched codes enables
the receiver to differentiate between various PA signal
sources. Ideal mismatched codes are those that generate
a very strong autocorrelation and very weak cross-
correlation between themselves. In this work, long linear
frequency modulation (LFM) chirps were employed to
maximize the signal-to-noise ratio (SNR).

The simplest method to generate two mismatched
coded excitations is to use two LFM chirps, one of which
is up-sweeping and the other is down-sweeping the fre-
quency range [15]. Since the slopes of these frequency
sweeps are equal with opposite signs, they create the
highest mismatched factor [15]. It should be added that
the use of mismatched coded excitations is not limited
to two codes. It has been shown that it is possible to gen-
erate multiple mismatched coded excitation signals with
identical bandwidth and code length [16]. Thus, while
sharing the same signal (image) resolution, each wave-
length generates its own PA response.

To demonstrate the feasibility of simultaneous dual-
wavelength PA probing, the proposed method was applied
to oxygen-saturated and deoxygenated sheep blood. Two
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CW lasers were employed: an 805 nm diode laser (Laser
Light Solutions, New Jersey, USA) and a 680 nm diode
(LDX Optronics Inc., Maryville, Tennessee, USA). The
680 nm diode laser was modulated by a high-frequency
driver VFM5-25 (MESSTEC, Germany), and the 805 nm
diode laser was equipped with its own driver. A dual-
channel arbitrary waveform generator (33500B, Agilent
Technologies, Inc., Loveland, Colorado, USA) was used
to control the drivers. The experiment was performed
on a blood circulating rig. A peristaltic pump (Heidolph
Instruments GmbH & Co., Germany) was used to circulate
heparinized sheep blood (Caderlane Labs, Burlington,
Ontario, Canada) continuously from a sealed blood bag
to a convertible flow cell (CFCAS0004, IBI Scientific,
Peosta, Iowa, USA) and back to the blood bag through
plastic tubing (Fig. 1). The output fibers of the two diode
lasers were connected to two identical 0.8 mm collimators
(F230SMA-B, Thorlabs, New Jersey, USA) which were
directed toward the same point on the surface of the
measurement unit. The area of the 805 nm laser beam
was adjusted with a lens to cover approximately the same
area on the surface as the 680 nm laser beam (~15 mm
diameter). A focused ultrasonic transducer with 1 MHz
center frequency V314 (Olympus NDT Inc., Panametrics,
USA) was placed in front of the measurement cell at its
focal distance, 1.9 in. The output signal of the transducer
was amplified 40 dB (preamplifier 5676, Panametrics,
Olympus, USA) before being digitized by a data acquisition
card. Signal acquisition and synchronization were per-
formed through a National Instruments system.

First, the blood was exposed to ambient air to become
fully oxygen saturated. The laser powers were set to
900 mW (680 nm) and 600 mW (805 nm). The driver of
the 680 nm laser was set to an up-sweeping chirp from
300 kHz to 1.3 MHz, and the 805 nm laser was set to
down-sweeping the same frequency range. The chirp
duration was set to 1 ms and the received signals were
averaged over 50 measurements. Thus, the total expo-
sure time for each measurement was 50 ms. The rationale
for choosing the specific chirp bandwidth is discussed
elsewhere [17]. Both channels of the waveform generator
were synchronized with an external trigger generated by
the National Instruments system. The PA measurement
was subsequently performed three times, once with each
laser and the third time with both lasers operating simul-
taneously. Figures 2(a)-2(c) show the envelope cross-
correlation signals of three measurements: (a) 680 nm
irradiation only, (b) 805 nm irradiation only, and (c) both
lasers emitting together. A comparison between the peak
values in the dual-waveform case with each individual
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Fig. 1. Blood circulation rig and PA measurement setup.
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Fig. 2. FD-PA cross-correlation (CC) signals from oxygen
saturated blood with irradiation of (a) 680 nm, (b) 805 nm,
and (c) both wavelengths. Also shown are cross-correlation sig-
nals from deoxygenated blood with irradiation at (d) 680 nm,
(e) 805 nm, and (f) both wavelengths. When one laser is off,
its corresponding CC in the figure shows the cross-correlation
of the associated (up- or down-swept) chirp with the detected
signal. These CCs experimentally demonstrate the correlation
of the two mismatched chirps.

waveform (when the other laser was off) shows that each
signal operates independently of the other signal with
minor interaction between them. The variation of peak
values in the dual-waveform case compared with the
single waveform measurements is -36.8 dB and -43.8 dB
for 805 nm and 680 nm wavelengths, respectively. This
variation is smaller than the noise level in each single
wavelength measurement. On the other hand, the cross-
correlation of each signal with the other LFM chirp gen-
erates a baseline less than -22 dB [Figs. 2(a), 2(b)]. It
should be noticed that this baseline resulting from the
cross-correlation between the two waveforms depends
on bandwidth and chirp duration. With these parameters
increasing, it is possible to decrease the baseline level.
Using the molar extinction coefficients of hemoglobin in
the employed wavelengths [18], the measured data can
readily reveal the hemoglobin oxygen saturation.

By adding sodium dithionite to the oxygenated
hemoglobin, we can increase the level of deoxygenation
in the blood [19]. We added about 0.4 g of sodium dithion-
ite powder (Sigma-Aldrich, St. Louis, Missouri, USA)
to 150 ml of the blood in the container which is enough
to completely deoxygenate the blood [19]. After 20 min of
blood circulation through the tube loop, we repeated the
experiments. The laser power, chirp duration, and num-
ber of data acquired for averaging were the same as
above. The envelope cross-correlation signals are shown
in Figs. 2(d)-2(f) for 680, 805 nm, and simultaneous
operation of both lasers, respectively. The variation of



peak values in the simultaneous and single wavelength
measurements is —24.6 dB and -28.2 dB for 805 nm and
680 nm operation, respectively. The baselines resulting
from cross-correlation with the other chirp are seen
in Figs. 2(d) and 2(e) and are -28.7 dB and -27.4 dB, re-
spectively. These small variations confirm that the
simultaneously transmitted mismatched codes generated
independent responses that were accurately measured.

The percentage of HbO, (oxyhemoglobin) and HbR
(deoxyhemoglobin) can be obtained from the results
presented in Fig. 2. The absorption coefficient in each
case can be assumed to be [5]

Ha(A;) = empr(4))[HDR] + empo, (4;)[HbO,], €Y

where ¢ is the molar extinction coefficient of the corre-
sponding component, and [...] denotes the molar concen-
tration of the component. A key physiological parameter
is the blood oxygen saturation (sO5) which is the percent-
age of [HbO,] in the total hemoglobin concentration
([HbR] + [HbO,])[5]. It is well known that the PA pressure
signal is proportional to the Griineisen parameter (I"),
the laser light fluence (®), and the absorption coefficient
[6,9]. Therefore, the FD-PA signal should be normalized
with the laser intensity in each case. In Eq. (1), the ab-
sorption coefficient in each case is proportional to the
PA peak divided by the laser intensity. Table 1 shows
concentration estimations obtained by substituting the
sheep hemoglobin extinction coefficients [18].

In the oxygen saturated case, a blood gas analyzer
(CCA_TS, OPTI Medical System, Inc, Roswell, Georgia,
USA) was used to measure hemoglobin concentrations
independently, and gave the sheep oxyhemoglobin value
sOy = 99.5%, which means a 6.5% error in the estimates
shown in Table 1. In another case, the oxyhemoglobin
percentage was less than 60%, a value outside the gas
analyzer range. Errors in the foregoing FD-PA blood
characterization could have been caused by the follow-
ing: (1) approximate laser power measurements; (2) noise
in the FD-PA measurements even with one wavelength,
which may have caused some errors in the estimation
of the FD-PA peaks; and (3) the reported values for
hemoglobin extinction coefficients may be inaccurate
by factors dependent on animal breed, age, gender, and
biology.

In another experiment aiming at extending the proof
of the validity of the line scan results of Fig. 2 to full
multi-wavelength PA images, dual-wavelength PA prob-
ing was applied for in vivo imaging of a cancerous tumor
in a mouse thigh. A nude mouse was purchased from
Charles River Laboratories Inc. (Massachusetts, USA).
Cultured FaDu cells (human hypopharyngeal head-and-
neck squamous cell carcinoma) were injected 21 days
prior to the experiment in the right thigh of the mouse.

Table 1. Estimated Oxy- and Deoxy-Hemoglobin

Levels

Sheep Hemoglobin [18]

Hemoglobin Situation sO, (HbOy%) HbR %
Oxygen saturated, Fig. 2(c) 93% 7%
Deoxygenated, Fig. 2(f) 22% 78%
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This experiment was performed under the guidelines of
animal protocol 20010465 approved by the Division of
Comparative Medicine (DCM) of the Faculty of Medicine
at the University of Toronto. Animal handling was
performed according to the guidelines for care and
use in the laboratory. The animal was anesthetized using
isoflurane gas, and full anesthesia was maintained
throughout the experiment by administrating 1.4 L/min
oxygen and 1 L/min isoflurane.

The PA imaging of the mouse thigh was first performed
by an in-house imaging system described elsewhere [20].
A 64-element phased array ultrasonic transducer SA4
2/24 (Ultrasonix, British Columbia, Canada) was used.
The same laser diodes emitting at 680 and 805 nm were
employed with respective powers of 1.3 and 3 W and up-
and down-swept chirps in the 300 kHz—4 MHz frequency
range. The chirp duration of 1 ms was employed, and
each full-chirp signal was averaged 40 times. The mouse
leg and the transducer surface were fully submerged
in water for acoustic coupling [Fig. 3(a)]. PA imaging
was first performed using the 805 nm laser alone and
then using both wavelengths emitted simultaneously.
After PA imaging as the transducer was fixed in the
water tank, its interface was detached from the PA
imager and was connected to a commercial ultrasound
system (Ultrasonix, British Columbia, Canada) to perform

2 0 2 - 0 2
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Fig. 3. FD-PA imaging of cancerous tumor in a mouse thigh:
(a) the mouse leg and transducer are placed inside the
water tank and the laser beams emit from the top. (b) Ultrasonic
image of the mouse thigh using a commercial ultrasonic
system. (c¢) FD-PA image obtained with the 805 nm laser only.
(d) FD-PA image based on the 805 nm laser modulation
waveform with both lasers emitting simultaneously. (e) FD-
PA image based on the 680 nm waveform with both lasers
emitting simultaneously.
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Fig. 4. Scans from one array element corresponding to the
maximum FD-PA signal in (a) 805 nm laser and (b) 680 nm laser
with both lasers emitting simultaneously.

ultrasonic imaging for comparison. The PA images were
reconstructed using a phased-array reconstruction algo-
rithm modified for PA [21]. The ultrasonic image of the
mouse thigh and tumor, as well as PA images with
805 nm (emitted alone) are shown in Figs. 3(b) and
3(c), respectively. Figures 3(d) and 3(e) show the PA im-
ages using 805 nm and 680 nm wavelengths, respectively,
while being emitted simultaneously. Similar to Fig. 2, here
the comparison between Figs. 3(c) and 3(d) shows the ef-
fect on the generated image of adding another laser with
mismatched modulation. The ultrasound image, Fig. 3(b),
shows the location of the tumor (highlighted). The photo-
acoustic images exhibited the tumor vascularization area
with much superior contrast. Figure 4 shows the PA cross-
correlation signal from one element (out of 64) of the
transducer. By normalizing the signal peaks with their cor-
responding laser fluences, sO, can be estimated (similar to
the previous experiment) to be 71% in the tumor location.
No compensation for light fluence variations was per-
formed here, as the tumor was not located in deep tissue.
In general, the proposed method does not generate any
advantage or disadvantage in this regard.

In summary, in this work we demonstrated the feasibil-
ity of performing simultaneous multi-spectral PA imaging
with multiple mismatched excitation chirp waveforms
operating simultaneously. Using waveform engineering
in the form of two laser modulations with mismatched
coded excitations, we could distinguish the PA response
at each wavelength separately with minimum or no inter-
ference from the other laser. This is a unique feature
of FD-PA that can facilitate speed and accuracy of PA
functional imaging using multi-spectral methods.
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