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Photoacoustic (PA) can distinguish oxygenated main chromophores which are hemoglobin (HbO,)
and deoxygenated hemoglobin (Hb) in blood by the optical absorption at multiple optical
wavelengths. In this study, a noninvasive PA system with a double-ring sensor was used for
fixed-point measurement of hemoglobin oxygen saturation (SO,) continually. The double-ring
sensor is an ultrasonic Fresnel zone plate ultrasonic transducer. It has two-zone negative zone plate
piezoelectric material pattern with good focusing effect for fixed-point detection of SO,. Three
specific optical absorbed wavelengths (760, 805, and 850 nm) of HbO, and Hb were employed
sequentially to obtain PA signals and calculate the SO, at each blood oxygen level. The capability
and accuracy of the system were tested by phantom samples and in vitro blood samples, and the
results of the PA detection were in excellent agreement with the data of the control group by the
blood-gas analyzer. In in vivo studies, the SO, of the artery and the vein in a rabbit ear were
noninvasively detected. Furthermore, changes in the SO, from normal to hypoxia and to hyperoxia
due to the changed inhale gas were dynamically recorded by the PA system. The experimental
results demonstrate that this PA SO, measurement system has the potential for fixed-point detection
and dynamic monitoring of blood oxygen saturation. © 2009 American Institute of Physics.

[DOLI: 10.1063/1.3160297]

I. INTRODUCTION

Hemoglobin oxygen saturation (SO,) is an important
physiological index in clinical diagnosis. It reflects the effi-
ciency of cardiopulmonary function since oxygenation level
in the circulatory system provides an estimate of tissue oxy-
genation. Any increase in oxygen consumption of brain or
decrease in the oxygen supply can result in changes in jugu-
lar venous oxygen saturation. Therefore, in therapy of head
injury or digging skull operation, a continuous measurement
of jugular venous oxygen saturation is a key index in reflect-
ing the brain’s oxygen supply and demand balance.'™ Tradi-
tional techniques for monitoring of jugular venous oxygen
saturation are invasive, maybe take the patients into danger.
Therefore, noninvasive and real-time measurement of the
blood oxygen saturation is invaluable, especially in extensive
surgery.

A current technique for noninvasive monitoring of SO,
is near-infrared spectroscopy (NIRS).** NIRS measures SO,
by the spectroscopic difference between oxygenated hemo-
globin and deoxygenated hemoglobin. Pulse oximetry based
on NIRS is most widely used on clinic for this purpose.
However, pulse oximetry has low spatial resolution for the
strong optical scattering in biological tissues, and the detec-
tion of oxygen saturation that depends on the pulse can only
reflect averaged arterial blood oxygen saturation in certain
region at subcutaneous.

Photoacoustic (PA) signal is a result of short duration
and localized energy absorption. Such energy deposition can
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be supplied by visible, infrared, or microwave radiation. PA
waves travel through the target and can be detected by an
ultrasonic transducer.®’ Therefore, this noninvasive measure-
ment technology combines the excellences of optics and ul-
trasonics and has high optical contrast and high ultrasonic
resolution. It can map the absorbed optical energy deposit in
tissues and reflect excellent detailed anatomic blood images
of tumor, brain, and other diseases.® !¢

PA measurement of blood SO, relies on the spectro-
scopic difference of HbO, and Hb, which are mainly the
absorbing compounds in blood."™"® In this study, three opti-
cal wavelengths are employed to explode PA signals to ac-
curately quantify these two chromophores. We constructed a
PA system with double-ring sensor, which has two-zone
negative zone plate piezoelectric material pattern with good
focusing effect for fixed-point SO, measurement. In contrast
with NIRS which measures diffuse light, our system has high
spatial resolution and can measure SO, at one single vessel.
Phantom sample and in vitro blood samples were first per-
formed to confirm the accuracy and the stability of this sys-
tem. The potential application of the system was also dem-
onstrated by successfully monitoring of SO, variations in
localized vessel in vivo.

Il. MATERIALS AND METHODS
A. Measurement principle

If the laser pulse is sufficiently short, this means that
there is insignificant heat relaxation in the irradiated volume
during the optical pulse. The relationship of the PA signal
p(r,) and the heating source H(r,t) can be expressed as
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In general, the solution of Eq. (1) in the time domain can be
expressed as
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When the irradiation source is symmetrical, the heating func-
tion H(r,7) can be written as the product of a spatial absorp-
tion function A(r) and a temporal function I(z),

H(r,t) = A(r)I(7). (3)

1(¢) can be considered as a Dirac delta function &(r) for a
short excitated light pulse. A(r) describes the optical energy
deposition which depends on optical absorption coefficient
u* and light density at position 7.

Thus, Eq. (3) can be written as!??

pr,0) = Kpte(o), (4)

where K is the Griineisen parameter and ¢(7) describes the
optical energy deposition at position r. If the irradiation op-
tical energy density and the structure of the absorbing object
are fixed, the optical absorption coefficient u* of the object
is proportional to the amplitude of PA signal p(r,?) at posi-
tion r.

PA measurement of SO, is similar to NIRS. HbO, and
Hb are two dominant absorbing compounds in blood at near-
infrared band. Because of the spectroscopic difference be-
tween hemoglobin and deoxygenated hemoglobin, we can
calculate the SO, through Lambert—Beer law."? It is ex-

pressed as
p
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where SH'{) is the known molar extlnctlon coefficients
(cm™'/M™1) of Hb at wavelength \,;>?* u is the absorp-
tion coefficient (cm™') of the whole blood at different wave-
length; Asﬁbzsl};boz—sﬁb.

Therefore, SO, can be calculated using the measured PA
signal according to Eq. (5). In all of our experiments, PA
measurements were conducted at 760, 805, and 850 nm, re-
spectively, for reducing measurement error.

B. Experimental system

The schematic of the experimental system is given in
Fig. 1. An OPO laser (VIBRANT B 5321, OPOTEK, USA)
provides irradiation pulses to excite intrinsic PA signals. The
laser pulse has a full width at half maximum of 10 ns and a
repetition of 10 Hz. The tuning range of the OPO ranged
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FIG. 1. (a) Experimental setup of PA system based on a double-ring PA
sensor for monitoring of SO,. (b) The PA double-ring sensor: cross section
along the axis and the piezoelectric (PZT) zone plate pattern of the sensor.

from 680 to 950 nm. A hollow double-ring sensor was em-
ployed to collect PA signal. The laser beam was focused by a
convex lens through the small hole in the central of double-
ring sensor. A digital oscilloscope (TDS3032, Tektronix,
USA) received the amplified PA signals from the double-ring
sensor at a sampling rate of 500 M samples/s and transferred
the digitized signals to a computer for subsequent data pro-
cessing. At each sampling position, the PA signals were av-
eraged for 16 traces. An X-Y-Z scanning stage is driven by
computer-controlled stepper motors.

The double-ring sensor employed in this system had a
two-zone negative zone plate piezoelectric material pattern
for a good ultrasonic focusing effect. In medium of biologi-
cal tissues, optical focus is much wider than ultrasonic focus.
Therefore, an effective ultrasonic focus transducer conduces
to accurate measurement of SO, at fixed position. The lateral
resolution  of  this transducer is  approximately
0.65+0.015 mm.” It had a central frequency of 2 MHz, a
bandwidth of 60% at —6 dB. The acoustic field is focused at
a distance of 10 mm on the axis of the double-ring sensor
with a length of focus of 3 mm. The radii of zone boundary
are r1=2.76 mm, r2=3.94 mm, r3=4.87 mm, and r4
=5.68 mm, respectively [Fig. 1(b)]. It operates in reflection
mode and it allows scanning in a line or a plane.

C. Animal mode

A New Zealand rabbit weighting ~1.5 kg was em-
ployed for the in vivo experiment. Before experiment, the fur
on the ear of the rabbit was shaved. A dose of 30 mg/kg
sodium pentobarbital was administered to anesthetize the
rabbit before PA measurement. A custom-built holder for rab-
bit was used to keep the rabbit moveless. After the rabbit was
fixed on the holder, it was transferred to a sample stage. A
layer of ultrasonic coupling gel was applied on the surface of
the ear of the rabbit to couple ultrasound from the ear of the
rabbit to the sensor. The rabbit breathes with a respirator,
which delivered inhaled gases with different components in
order to change the blood SO, of the rabbit. A pulse oximetry
monitored the arterial blood oxygenation and the heart rate
of the rabbit during the experiment.

lll. RESULTS

A. Test on phantom samples

Two experiments were designed to test the sensitivity
and the accuracy of this system. In the phantom study, red
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ink and blue ink were mixed in different concentration ratios
to simulate different levels of SO,. The absorption coeffi-
cients of red ink at 760, 805, and 850 nm are 19.1, 4.6, and
1.5 cm™!, respectively; the absorption coefficients of another
blue ink at three wavelengths are 6.1, 4.4, and 3.4 cm™,
respectively. The absorption coefficients of ink are measured
by spectrophotometer. A transparent silicone tube with an
inner diameter of 0.5 mm is filled with ink, which was cycled
by a pump and immersed in water. The laser beam at 760,
805, and 850 nm, respectively, irradiated the silicone tube
through the ring hole. The fractions of [red]/([red]+[blue])
changed from 0% to 100% with a constant interval of 10%.
PA signals from each mixed ink at three wavelengths were
collected and calculated by Eq. (1) for the fraction of
[red]/([red]+[blue]). After five tests, the fractions of
[red]/([red]+[blue]) were calculated using the PA signals at
three wavelengths with less than 1% error compared to the
preset values (Fig. 2). The results of phantom samples dem-
onstrate the capability of this PA system to distinguish com-
ponent in mixed liquid by their different absorption spectra.

B. In vitro study of SO,

In the in vitro study, venous bovine blood was freshly
collected and was mixed with anticoagulant before the ex-
periment. The blood samples were saturated with pure oxy-
gen and pure carbon dioxide, respectively, to acquire oxy-
genated and deoxygenated blood.** These two blood samples
were mixed at different ratios to gain eight SO, level blood
samples,Z(7 which are from 40.2% to 88.4%.The SO, levels of
sample groups were measured by blood-gas analyzer (Stat
Profile pHOx, Nova Biomedical, USA) before PA detection.
Then, each sample was injected into the transparent silicone
tube and was promoted smoothly flowed by pump. Figure
3(a) shows the detected signals at three wavelengths at
88.4% SO, level. According to the deduction in Sec. II, mul-
tiwavelength PA signals of different SO, levels are propor-
tional to the absorptions of each blood sample, respectively.
With detection of PA signal at three wavelengths, the SO,
level of each sample was calculated. After a linear analysis
with the results of in vitro experiment, PA measurements of
SO, matched well with the measurements of blood-gas ana-
lyzer [Fig. 3(b)]. The above results obtained by this PA sys-
tem showed that it is reliable and valuable for measuring SO,
in vitro.
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FIG. 3. PA measurement of SO, in vitro: (a) the signals of in vitro test at
88.4% SO, level; (b) the oxygen saturation of hemoglobin in blood samples
in vitro.

C. Monitoring of SO, in vivo

As shown in Fig. 3(a), the sensor scans along the dotted
line with 0.2 mm/step. Two blood vessels across the scan line
are detected by PA system at three wavelengths. SO, levels
were calculated by PA signals collected at blood vessel po-
sitions. As shown in Fig. 3(b), artery and vein can be sepa-
rated based on the SO, values and change in SO, because the
SO, levels of venous and arterial bloods are physiologically
distinctive. Compared to the results of pulse oximetry and
PA measurement, the arterial SO, value from PA measure-
ment matched well with the measurements of the oximetry.

With the slow decrease in oxygen concentration in the
inhaled gas, the blood SO, levels of rabbit were controlled
from normal to hypoxia, and the arterial blood oxygenation
dropped to ~80%. Afterward, the inhaled gas was changed

[ pulse oximetry
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FIG. 4. In vivo PA measurements of SO,. (a) Photograph of the rabbit ear
with a scanning area. (b) SO, levels of rabbit in normoxia, hyperoxia, and
hypoxia were measured by pulse oximetry and PA system, respectively.
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FIG. 5. Monitoring of changes in SO, in rabbit ear. (a) PA monitoring of SO, level changes in artery of rabbit ear from normoxia to hypoxia and to hyperoxia.
(b) PA monitoring of SO, level changes in vein of rabbit ear from normoxia to hypoxia and to hyperoxia.

to hyperoxia gas and the arterial blood oxygenation of the
rabbit increased to ~99%. In this process, we acquired sig-
nals of the rabbit ear artery and vein, respectively, at three
wavelengths. Each value of SO, involves three distinct PA
signals at three wavelengths, which take about 40 s to ac-
quire. Each value actually reflects a time-averaged quantity
of the oxygen saturation. The functional changes in SO,, as a
result of the physiological modulations, can be monitored by
this system. Curve of blood oxygen saturation changes was
presented by calculating the signals, which are obtained at an
interval of 3 min. As shown in Fig. 4, from normoxia to
hypoxia and to hyperoxia, continuous changes in SO, in ves-
sels were monitored by PA technique. The SO, level of ar-
tery changed consistently from 97.4% to 79.5% and to
101.4%. The changes in SO, were ~18% and ~22% as a
result of the inhaled gas that changed from normal to hy-
poxia and to hyperoxia, respectively [Fig. 5(a)]. Their veins
were consistent from 78.9% to 68.2% and 83.92% [Fig.
5(b)]. The result in this work agrees with the physiology.
There were standard deviations in the results due to the in-
fluence of different optical parameters in tissues at different
wavelengths. In addition, the fluctuation of laser, which in-
cludes energy and skeleton, is another impact of accurate
measurement of SO,. The experimental results show that our
PA system has the capability to reflect the change in SO,.

IV. CONCLUSION

In this work, a multiwavelength PA system with double-
ring sensor is demonstrated for noninvasive monitoring of
oxygen saturation in vivo. Because the sensor has a good
ultrasonic focusing effect, this multiwavelength PA system
has a good lateral resolution, which is much better than pulse
oximetry with no lateral resolution and can assess functional
parameters and changes in localized vessels. Also this PA
system could noninvasively monitor SO, in single subcuta-
neous vessels including arteries and veins. The precision of
this system is proved through phantom and in vitro tests. SO,
of rabbit is also measured instantly and verified in in vivo
study. Similarly, the SO, detection in tissues is the same as
that in blood vessels. This PA system can potentially be used
for noninvasive, continuous real-time monitoring of the
jugular venous oxygen saturation in therapy of head injury
and digging skull operation.

In further study of monitoring of SO, in vivo, the distri-
bution of optical energy in the tissue must be studied. In
other words, those optical parameters such as the absorption,
scattering, and refractive index of the skin, fats, and other
tissues induced by the effects of different wavelengths
should be calculated. The photon transport model will be
used in our farther study for accurate measurement of SO,.
Predicatively, the sensor combined with a fiber will become a
hybridized PA detector, which is used for contacted measure-
ment of SO, in clinics. Also a wide bandwidth sensor can
monitor SO, of smaller vessels in tissues with higher spatial
resolution.
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