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Abstract

The golden standard method to obtain accurate blood oxygen saturation is blood gas analysis that needs invasive procedure of
blood sampling. Photoacoustic technique enables us to measure real-time blood oxygen saturation without invasive procedure.
The aim of this study is to use the photoacoustic technique, an optical method, for accurately determining oxygen saturation
in vivo. We measured induced photoacoustic signals of arterial blood in the rabbit model of stable hypoxemia after irradiation
at 750 and 800 nm. Oxygen saturation was calculated from the photoacoustic signals using two calibration curves. Calibration
curve 1 is a conventional curve derived from the absorbance coefficient of hemoglobin, whereas calibration curve 2 is derived
from the photoacoustic signals obtained from the original blood vessel model. Simultaneously, blood-gas analysis was performed
to obtain the reference standard of oxygen saturation. Regression analysis and Bland—Altman analysis were performed to assess
the accuracy of oxygen saturation obtained using the two methods. The oxygen saturation calculated using calibration curves
1 and 2 showed strong correlations with the reference standard in regression analysis (R=0.965, 0.964, respectively). The
Bland—Altman analysis revealed better agreement and precision with calibration curve 2, whereas there was significant under-
estimation of values obtained using calibration curve 1. Photoacoustic measurement of oxygen saturation using calibration curve
2 provided an accurate estimate of oxygen saturation, which was similar to that obtained using a portable blood-gas analyzer.

Keywords Photoacoustic technique - Oxygen saturation - Blood-gas analysis - Non-contact evaluation - Calibration

1 Introduction for assessing the level of oxygenation, it requires the i nva-
sive method of arterial puncture for sampling blood, which
Blood oxygen saturation is one of the most important bio-  may sometimes induce complications [2, 3]. Since blood

medical indexes that indicates oxygenation and metabolism  sampling is required each time, arterial blood-gas analy-
[1]. Although arterial blood-gas analysis is the gold standard ~ sis is not appropriate for real-time monitoring. Recently,
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non-invasive methods for measuring blood oxygen satura-
tion have been devised as alternatives to blood-gas analy-
sis, such as pulse oximetry [4], near-infrared spectroscopy
(NIRS) [5, 6], blood oxygen level-dependent magnetic imag-
ing (BOLD-MRI) [7, 8], and photoacoustic technique.

The photoacoustic technique is one of the front-line tech-
niques that provide real-time biological data. Photoacoustic
signals, which are ultrasound waves, are generated when
light-irradiated materials expand thermally [9]. Oxygen sat-
uration can be measured by applying this technique to hemo-
globin using multi-wavelength light. Photoacoustic signals
from hemoglobin in blood is generated mainly from deoxy-
hemoglobin and oxyhemoglobin [10, 11], and the ratios of
deoxyhemoglobin and oxyhemoglobin can be calculated by
analyzing the photoacoustic signals.

All targets including artery, vein, and capillary vessel can
be analyzed using the photoacoustic technique. Because pho-
toacoustic signal is ultrasound wave, high spatial resolution
achieved by the calculation using propagation time of pho-
toacoustic signal is a great advantage compared to NIRS. The
high spatial resolution of photoacoustic technique also ena-
bles combined imaging with B-mode ultrasound and photoa-
coustic image in vessels minimum diameter of 100 pm [12].

Recently, imaging of malignant tumor [13], monitoring
of wound healing [14] using photoacoustic technique have
been studied. However, the oxygen saturation measurement
by photoacoustic technique is under development, and only
few in vivo studies report the use of this method [10, 15-17]
for measuring the extent of blood oxygen saturation. To the
best of our knowledge, appropriate method(s) for estimat-
ing arterial blood oxygen saturation has not yet been estab-
lished. The aim of this study is to establish the photoacoustic
method as a low-invasive alternative for accurately measur-
ing oxygen saturation in vivo.

We have previously reported the rabbit model of stable
hypoxemia [18]. In this study, we attempted to measure
blood oxygen saturation using the photoacoustic technique
in this model. We used light of two different wavelengths
(750 and 800 nm) to generate photoacoustic signals, and
calculated oxygen saturation using two calibration curves.
Simultaneously, we performed blood sampling at the same
time point as the light irradiation, and measured oxygen
saturation using blood-gas analysis as the reference standard.

2 Materials and methods

2.1 Definition of oxygen saturation

In this study, we selected light of two different wave-
lengths for irradiation, namely, 750 nm (the peak of light

absorption of deoxyhemoglobin) and 800 nm (isosbestic
point of deoxyhemoglobin and oxyhemoglobin) [19, 20].

@ Springer

We used the molar extinction coefficient of hemoglobin €
(cm~! M) published by the Oregon Medical Laser Center
(OMLC) [21] (Fig. 1). We calculated the arterial blood
oxygen saturation with the ratio of photoacoustic signals
obtained from irradiation with either light.

In this study, oxygen saturation of hemoglobin was
defined as functional oxygen saturation, where only oxy-
hemoglobin and deoxyhemoglobin were considered [22].
Abnormal hemoglobin such as methemoglobin or fetal
hemoglobin was not considered.

We calculated oxygen saturation using the following
formula (1) in this study,

[HbO, ]

= im0, iy ®

In this formula, [Hb] represents the content volume of
deoxyhemoglobin, and the [HbO,] represents the content
volume of oxyhemoglobin.

We used two calibration curves for calculating the blood
oxygen saturation from the photoacoustic signals and com-
pared the accuracy of these calibration methods. One cali-
bration curve (calibration curve 1) was derived using the
molar extinction coefficient of hemoglobin, and the other
calibration curve (calibration curve 2) was derived using
the photoacoustic spectrum obtained from the blood vessel
model that had identical diameter as that of the artery in
this study.
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Fig. 1 Molar extinction coefficient of haemoglobin and oxidized hae-
moglobin. Molar extinction coefficient of haemoglobin and oxidized
haemoglobin cited from the Oregon Medical Laser Center database
[17]. The two vertical lines at wavelength of 750 and 800 nm were
reference used in the study. The curve of haemoglobin has a peak at
the wavelength of 750 nm and intersects the curve of oxidized hae-
moglobin at the wavelength of 800 nm
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2.2 Calibration curve 1

Conventionally, the calibration method based on the
molar extinction coefficient of hemoglobin published by
OMLC [21] (Fig. 1) is used to calculate oxygen satura-
tion from photoacoustic techniques or near infrared spec-
troscopy [11, 19, 20, 23]. We calculated the absorption
coefficient u, of hemoglobin with certain oxygen satura-
tion for each wavelength using the following procedure.

Hanso =Aqs0[Hb] + By [HDO, |,

Hasoo =Agoo[HD] + By [HDO, |, @
where A;5, and Ag, represent u, of deoxyhemoglobin at 750
and 850 nm, respectively. Similarly, B-5, and By, represent
4, of oxyhemoglobin at 750 and 850 nm. The u, of blood-
hemoglobin at 750 and 850 nm (u,,75, and 1,4,) is expressed
in the above formula. In this formula, [Hb] represents the
content volume of deoxyhemoglobin and [HbO,] represents
the content volume of oxyhemoglobin.

In the published data [21] A,50=7.52 cm™!,
Agpo=4.08 cm™!, B;5,=2.77 cm™!, and Bgyy=4.37 cm™,
when the hemoglobin concentration was 15 g L.

Since photoacoustic signal produced in the process of
thermal expansion is proportional to the amount of energy
absorbed from light [24], the maximum intensity of photoa-
coustic signal is proportional to .

The maximum intensity of photoacoustic signals, p,
[volt Joule™! (V J71)] is expressed in formula (3) [25]. The
K in formula (3) is a value determined by the material-
specific constant (Grueneisen constant) and the intensity
of light reaching the material,

p =Ky, A3)

The maximum intensity of photoacoustic signal gener-
ated using light of wavelengths 750 and 850 nm are rep-
resented as p,sy and pgq, and were calculated using the
following formula,

Prso =7.52 x K[Hb] + 2.77 x K[HbO,],

Psoo =4.08 x K[Hb] + 4.37 x K[HbO,|. @
In this formula, [Hb] represents the content volume of
deoxyhemoglobin and [HbO,] represents the content vol-
ume of oxyhemoglobin.
Oxygen saturation (Sc;0,) was calculated using the fol-
lowing equation.

Aq50P300 — AgooP750
(Bsoo - Asoo)P750 — (Byso — A750)Ps00
_ 752 ngoo bl 408 Xp750 (5)

Sc,0, =

Figure 2 shows calibration curve 1. The x-axis shows
the oxygen saturation and the y-axis shows the ratio of

P7s0 and pgo,
Prso _ 752 % [Hb] +2.77 X [HbO,]
Psoo 4.08 X [Hb] + 4.37 x [HbO, ]’ ©)

We obtained photoacoustic signals from rabbit arterial
blood, and Sc,0, was calculated using these signals and
calibration curve 1.

2.3 Calibration curve 2

Blood (14.7 mL) was sampled from the auricular vein of a
healthy male rabbit (3 kg body weight). This volume was
less than 15% of the total blood volume and did not affect the
physiological state [26]. Heparin sodium (300 IU; 0.3 mL)
was added to prevent coagulation, and the final concentra-
tion of heparin was adjusted to 20 ITU mL~! [27].

We set up a blood vessel model with a water tank (10 cm
width, 10 cm depth, and 5 cm height) and three French
polyvinyl chloride tubes (external diameter: 1 mm, internal
diameter: 0.7 mm, Atom Indwelling Feeding Tube for Infant,
43003, Atom Medical Co. Saitama, Japan), and heparinized
blood with 0 and 100% oxygen saturation was sealed in the
tube (Fig. 3).

Blood with 0% oxygen saturation was prepared by add-
ing 5 mg sodium dithionite (Na,S,0,) to 1 mL blood [28].

100
90
80
70
60

50

A Calibration curve 1
40

O Calibration curve 2
30

OXYGEN SATURATION (%)

20

0 0.5 1 1.5 2 2.5

P750/ P800

Fig.2 Calibration curves obtained from absorption coefficient of
hemoglobin and our study. Figure shows calibration curve 1 and 2.
The oxygen saturation can be calculated from the ratio of intensity
of photoacoustic signals by 750 and 800 nm lights. Calibration curve
1 is based on molar extinction of absorption of hemoglobin and oxi-
dized hemoglobin [17] (Fig. 1). Calibration curve 2 is based on the
photoacoustic signals obtained from the blood vessel model in Fig. 3
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Fig.3 Experimental setup for
photoacoustic measurement of
blood vessel model. Blood ves-
sel model was build up with a
water tank and a 3-Fr polyvinyl
chloride tube. Heparinized
whole rabbit blood was injected
in the tube and photoacoustic
signal with lights of 750 and
800 nm was obtained right
after the injection. The blood
with 0% oxygen saturation was
presented by rabbit blood added
sodium dithionite (Na,S,0,).
The blood with 100% oxygen

Glass optical fiber Light

Beam sampler

<= Optical parametric oscillator

l

Energy meter

Trigger signal

== = e ]

saturation was presented by
rabbit blood bubbled by 100%
oxygen for 2 min. The focal dis-
tance of the photoacoustic probe
was 8 mm. The strength of light
was monitored by the energy

3-Fr polyvinyl chloride tube

meter. The same photoacoustic

instruments was used in the
measurement in vivo (Fig. 4)

Blood with 100% oxygen saturation was prepared by bub-
bling oxygen for 2 min in blood according to an established
method [17]. We confirmed the extent of oxygen saturation
of blood sealed in the blood vessel model using a portable
blood-gas analyzer (i-STAT; Abbott Point of Care Inc.,
Princeton, NJ, USA) with a cartridge (CG4+; Abbott Point
of Care Inc., Princeton, NJ, USA).

The maximum intensities of photoacoustic signals from
the blood vessel model with 0 and 100% oxygen saturation
were obtained, which were represented in the following
formula,

P50 =P(7)50[Hb] + P;(S)g [HbOZ]’

Psoo =Pago[Hb] + Pgoo [HbO, |,

)

where P(7)50 and Pgoo represent the maximum intensities of 0%

oxygen-saturated sample at 750 and 850 nm, respectively.
P;(S)g and Pégg present the maximum intensities of 100% oxy-
gen-saturated sample at 750 and 850 nm.

In this formula, [Hb] represents the content volume of
deoxyhemoglobin and [HbO,] represents the content volume
of oxyhemoglobin.

The results obtained from the blood vessel model are
followings: P, =1220 VI~ Py =618 V]I~ P)% =

346 V1!, and Py = 488 VI
Thus, similar to Sc,0,, the oxygen saturation (Sc,0,) cal-
culated from photoacoustic intensity using the calibration

curve 2 is presented in formula (8).
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Calibration curve 2 shown in Fig. 2 was plotted with the
oxygen saturation on the x-axis, and the ratio of p;5, and pgy
calculated from formula (6) on the y-axis,

Prso 1220 x [Hb] + 346 X [HbO, ]
Psso 618 X [Hb] + 488 x [HDO,] | ©

We converted the maximum intensities of photoacoustic
signal to oxygen saturation (Sc,0,), using calibration curve
2.

2.4 Photoacoustic instrumentation

The experimental setup of the blood vessel model for pho-
toacoustic measurement is shown in Fig. 3. As the excitation
light, pulsed light was generated by tunable optical paramet-
ric oscillator pumped by third harmonic generation of Nd
YAG laser (Versascan MBI-FE, Spectra-Physics, Inc. Santa
Clara, CA, USA). The duration of the pulse was 68 ns and
the repetition frequency was 10 Hz. The change in light
energy was observed using an energy meter (PE25-C, Ophir
Optics, Jerusalem, Israel).
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The photoacoustic probe used consisted of a 600 um-wide
optical glass fiber surrounded by a focused acoustic sen-
sor [29]. The acoustic sensor was made from a co-polymer
film of polyvinylidene fluoride-ethylene trifluoride (PVDF-
TrFE). The focal distance, external diameter, and internal
diameter were 8, 5.0, and 1.4 mm, respectively. The sen-
sitivity of the sensors in bandwidth of 0.5-17.4 MHz was
— 6 dB. The photoacoustic signals detected by the acoustic
sensors were amplified by a low noise amplifier (SA-220F5,
NF Electronic Instruments, Corp., Yokohama, Japan), and
recorded using a 10-bit digitizer (M9210A, Agilent Tech-
nologies, Santa Clara, CA, USA) with 100 MSa s7! (mega
samples per second) sampling rate.

2.5 Invivo measurement of oxygen saturation
2.5.1 Animal preparation

We used rabbits older than 4—-6 month in the experiment
because they are considered as adults in the literature [30].
Seven adult female Japanese white rabbits were purchased
from Kitayama Labs Co., Ltd. (Nagano, Japan). The health
of the animals was checked at the time of installation, and
each animal was maintained in separate units in the animal
rearing facility for more than one week before the experi-
ments to acclimatize them to the environment. Animals were
given ad libitum access to pellet and water. Room tempera-
ture of 25+ 1 °C and 50+ 5% humidity were maintained
with 12 h of light—dark cycle.

Experimental preparation, including shaving, sedation,
disinfection, surgical preparation, and monitoring were
performed using the same procedure as previously reported
[18]. The rabbits were sedated by injecting a mixture of
35 mg kg~! ketamine (Sankyo, Tokyo, Japan) and 5 mg kg™
xylazine (Nihon Zenyaku Kogyo, Fukushima, Japan) into the
gluteal muscle per conventional methods [31]. The rabbits
were covered with heating blankets (Homeothemic Monitor
K020917, Harvard Apparatus, MA, USA) throughout the
experiment, and rectal temperature was measured. The rectal
temperature of rabbits ranged from 39.02 to 40.13 °C [32]
throughout the experiment. All surgical procedure was per-
formed under sterile conditions. A 23-gauge catheter (Surflo,
Terumo, Tokyo, Japan) was inserted in the left auricular vein
and 6 mL kg~' h™! [33, 34] physiological saline (Otsuka
Seiyaku, Tokushima, Japan) was infused.

The median incision in the cervical area and intubation
by tracheotomy were performed. The rabbits were venti-
lated with room air at initial respiratory rate of 40 min~!
and tidal volume of 20.0 mL using a ventilator (Volume
Control 155-7058, Harvard Apparatus, MA, USA), which
was calculated as the normal physiological value for 3.0 kg
body-weight of rabbits using an established formula [35,
36]. Figure 4 shows the experimental setup.

General anesthesia was maintained using 1.0% sevoflu-
rane [37] (Maruishi Pharmaceutical, Osaka, Japan) inhala-
tion and intravenous infusion of 0.6 mg kg~! rocuronium
bromide. Additional 0.6 mg kg~ rocuronium bromide was
infused when spontaneous movement or respiration were
observed [34]. More than 40 mmHg of mean arterial pres-
sure (or systolic pressure above 60 mmHg) was maintained
to retain cerebral perfusion by controlling the concentration
of sevoflurane from 0.5 to 2.0% [37-39].

The caudal end of the cervical median incision was
extended to the right, and the proximal portion of the right
subclavian artery was exposed. A 22-gauge catheter (Sur-
flo® ETFE, Terumo, Tokyo, Japan) was inserted through
carotid artery with the top of the catheter placed at the cross-
ing point of the carotid and subclavian arteries. The lumen of
the catheter and line were filled with saline with 125 units of
heparin per 500 mL saline to avoid coagulation, and direct
measurement of arterial blood pressure was started [40].

We conformed to the anatomical name of the vessels
reported by Zotti [41].

2.6 Invivo photoacoustic measurement

The respiration rates of the rabbits were changed in five
stages, from 40 to 30, 20, 30, and 40 min~!, according to
the procedure described in our previous study [18]. We pre-
viously showed that the oxygen saturation was stable from
0.5 to 20 min after changing the respiratory rate [18], and
we performed the photoacoustic measurement during this
period.

The light was irradiated on the crossing point of the
carotid and subclavian arteries such that the light did not
irradiate the catheter itself but was close to the tip of catheter
(Fig. 4). The time required for photoacoustic measurement
was 2 s per wavelength. Blood was sampled via the catheter
and the oxygen saturation was measured using i-STAT as the
reference (Sa0,) prior to the photoacoustic measurement.
We performed one set of measurement of blood sample and
photoacoustic signals for each respiratory rate, and a total
of five sets of measurements were made for each rabbit. We
obtained 35 time points of measurements in seven rabbits.

2.7 Assessment of oxygen saturation using
the photoacoustic technique and statistical
analysis

Twenty-one photoacoustic signals of each wavelength were
obtained from one measurement because the observation
time was 2 s and the pulse frequency was 10 Hz. We calcu-
lated the average of the intensities of the 21 signals to obtain
D750 and pgg. We applied p;5, and pg to calibration curves
1 and 2 to obtain Sc,0, and Sc,0, respectively.

@ Springer
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Fig.4 Experimental setup for measurement in vivo. The figures show
the experimental instruments setup. /BP invasive blood pressure, /BP
invasive blood pressure, ECG electrocardiograph, NIBP noninvasive
blood pressure, BT body temperature, SpO, arterial oxygen satura-
tion measured by pulse oximetry. Surgical field (area encircled by red
broken line). Intubation was performed with a endotracheal tube (ID
4 mm) cut to 11 cm length. The tube was connected to the ventila-
tor through a bifurcated Y-luer adapter and silicon tubes (ID 4 mm).
The distal side of carotid artery is ligated. Cannulation into carotid
artery is performed using 22-gauge catheter with cut down pro-

We used two statistical analysis methods to assess
the accuracy of Sc,0, or Sc,0,. Sa0, is reference data
obtained using the blood-gas analyzer. Initially, linear
regression analysis was performed to assess the corre-
lation between SaO, and Sc,0, or Sc,0,. Secondly, the
Bland—Altman analysis was performed for evaluating the
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Monitors

cedure. The tip of the catheter is placed at the origin of the carotid
artery and catheter is ligated with artery. The subclavian artery was
exposed. The yellow round on the origin of subclavian artery presents
the point of light radiation to measurement of photoacoustic signal.
Setups for photoacoustic measurements (area encircled by blue line).
Photoacoustic measurements were performed by the same instrument
setup shown in Fig. 3. The bottom of the tank was removed and the
hole was covered by clear polyvinyl chloride film. The lights of 750
and 800 nm wavelength were radiated through the tank filled up with
water. Echo jelly was filled between the tank and the exposed artery

details of the two calibration methods. Agreement and pre-
cision were assessed by the bias and width of 95% limits
of agreement (95% LOA) [42, 43]. In the student-t test, we
used t value =2.03 when degree of freedom was 34, and
confidential interval was 95%.
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Statistical analysis was performed using the statistical
software JMP® Pro version 11.2.0 (SAS Institute Ltd.,
Cary, NC, USA).

3 Result

We obtained 35 points of data (5 points per rabbit) from
7 female adult rabbits (body-weight 3.10+0.09 kg;
mean + standard deviation). The maximum fluence of irra-
diated light was 3.18 mJ cm™2, and 100-200 pJ per pulse.
The energy of the light was within the safety range of laser
irradiation to the human body established by the American
National Standard for Safe Use of Lasers Z136.1 [44].

We performed all photoacoustic measurements and blood
sampling from 0.5 to 20 min after changing the respiratory
rate since our previous study demonstrated that arterial
blood oxygen saturation was stably maintained in this period
[18]. The results of arterial blood gas analysis were shown
in Table 1.

The scatter plots of Sc;0, and Sa0,, and Sc,0, and SaO,,
and the results of linear regression analysis are shown in
Fig. 5. The obtained regression formulae of Sc,0, and S,0,
are shown below.

Sc,0, =1.44 x Sa0, — 50.2 (p < 0.001),

Sc,0, =1.13 X Sa0, — 11.5 (p < 0.001). (10)

The correlation coefficient R of Sc,0, and Sc,0, were
0.965 and 0.964, respectively. The standard error of Sc,0,
and Sc,0, were 3.18 and 2.51, respectively.

The Bland—Altman plot is shown in Fig. 6. We computed
the 95% LOA of Sc,0, with the upper limit as —8.38 (95%
confidential interval CI; —25.6 to 8.84) and the lower limit
as —11.5 (95% CI; —28.7 to 5.72). This negatively deviat-
ing 95% LOA revealed that Sc,0, had negative fixed biases.
This result indicated that the calibration method of calibra-
tion curve 1 always underestimated oxygen saturation. The
95% LOA of Sc,0, with the upper limit as 0.675 (95% CI;

Table 1 The result of arterial blood gas analysis of the seven rabbits
in each step

Respiration  Sa0, (%) pH PaCoO, PaO, (mmHg)
rate (min~") (mmHg)

40 97.7+0.7 7.45+0.09 23.9+44 93.2+11.6
30 89.0+5.7 7.28+0.10 33.5+5.8 67.8+14.0
20 77.6+2.7 7.24+0.09 41.4+5.6 49.6+4.1

30 84.6+3.8 7.27+0.09 35.1+7.1 57.2+8.0

40 95.8+1.3 7.33+0.06 27.0+4.6 86.6+10.6
(Average +SD)

275
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Fig.5 Results of linear regression analysis of SaO, and Sc,0, or
Sc,0,. Solid triangles shows correlation between Sc,0, and SaO, and
the regression line is presented by broken line. Open circles shows
correlation between Sc,0, and SaO, and the regression line is pre-
sented by solid line. The correlation coefficient R of Sc,0, and Sc,0,
were 0.965 and 0.964, respectively. The standard error of Sc;0, and
Sc,0, were 3.18 and 2.51, respectively
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Fig.6 Bland-Altman plotting and 95% limits of agreement. The
broken lines present the upper and the lower limits of 95 % limits of
agreement (LOA). The broken lines; Sc,0, (=11.5 to —8.38), the
dotted lines; Sc,0, (—1.09-0.675). Solid triangles shows the value
of Sc,0,. Sc,0, has negative error in almost all spots and the under-
estimation increased in lower oxygen saturation level. Open circles
shows the value of Sc,0,. Sc,0, had no fixed bias and no propor-
tional bias. The width of LOA in Sc,0, was significantly less than in
Sc,0,
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0.319-1.03) and the lower limit as —1.09 (95% CI; — 1.44
to —0.731) indicated no fixed biases.

The t-value of Sc,0, was 13.0, which was larger than
t=2.03. This result showed that negative proportional biases
were present in Sc,0,, and that the underestimation of oxy-
gen saturation in Sc,0, increased at lower oxygen saturation
levels. The t-value was 0.475 and there was no proportional
bias in Sc,0,. The width of 95% LOA of Sc,0, and Sc,0,
were 3.12 and 1.76, respectively, which showed that Sc,0,
exhibited higher precision than Sc,0,.

4 Discussion

We obtained photoacoustic signals from arterial blood using
the rabbit model of stable hypoxemia and arterial blood sam-
ples that were collected in parallel with the photoacoustic
measurements. Thirty-five sets of photoacoustic signals
and blood-gas analysis were obtained from seven rabbits.
Oxygen saturation was calculated using the photoacoustic
signals applied on two calibration curves and by blood-gas
analysis. We compared the two values of oxygen saturation
(Sc;0, and Sc,0,) calculated using calibration curves 1 and
2 with that measured using blood-gas analysis (Sa0O,). The
correlation, agreement, and precision among these measure-
ments were statistically analyzed.

Close correlation between Sc;0, and Sa0, (R=0.965),
and Sc,0, and Sa0, (R=0.964) were detected using the
linear regression analysis. However, the standard error was
higher for Sc,0, than for Sc,0, (3.18 and 2.51, respec-
tively), which indicated that there was larger dispersion from
the regression line for Sc,0, than for Sc,0,. The Bland—Alt-
man analysis was performed for detailed assessment. The
analysis revealed higher agreement between Sc,0, and SaO,
than between Sc,0, and Sa0,. Sc,0, showed fixed and sig-
nificant proportional biases. Further, calibration curve 1
underestimated oxygen saturation and the error increased in
lower range of oxygen saturation. Compared to SC,0,, the
values obtained with Sc,0, were closer to those obtained
with Sa0,.

Calibration curve 1 is based on the conventional method
that is widely used in the field of photoacoustic imaging to
visualize hypoxic areas [23, 45, 46]. However, this method
considers only absorption of light and neglects the effect of
light scattering [10, 47]. The light propagation pathway in
blood is assumed straight in this method. Nonetheless, light
is both absorbed and scattered when it propagates in blood,
and several studies reported that light scattering should be
considered for absolute measurement of blood oxygen satu-
ration [48]. The red blood cell possesses a disc-shaped and
concave morphology. In red blood cells, 34 g dL~! hemo-
globin is enclosed by a 7 nm-thick lipid bilayer membrane
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[49]. Light does not transmit straight in red blood cells, and
refraction at the cell wall results in a complicated optical
propagation [50]. This renders the optical path length longer
in blood than in a hemoglobin solution where light propa-
gates straightly.

The Lambert-Beer’s law determines the light intensity
(AI) absorbed by materials as follows.

Al =1y =1 =1(1 —exp(-p,d)). (an

In this formula, /) is the intensity of irradiated light, [ is
the transmitted light intensity, u, is absorption coefficient,
and d is the optical path length. As shown in formula (3), the
intensity of photoacoustic signal depends on the energy of
light absorbed by the material. Therefore, Al determines the
intensity of photoacoustic signals. According to the modified
Lambert-Beer’s law, loss of light in the scattering medium
depends on the total path length [51]. Since the optical path
length (d) increases in scattering medium, A/ and K in for-
mula (3) increase and p is enhanced. Friebel et al. studied the
absorption of washed red blood cell liquid by the integrating
sphere technique. They reported that light absorption of the
red blood cell liquid was approximately twice as strong as a
hemoglobin solution with identical hemoglobin concentra-
tion [52] Light scattering in red blood cells would, therefore,
increase absorption.

In the calculation of oxygen saturation using calibration
curve 1, [Hb] and [HbO,] can be overestimated because the
enhancement of the intensity of photoacoustic signals was
attributed to the increase of [Hb] and [HbO,]. However,
this increase actually depends on the increase in d. In the
method using calibration curve 2, the error due to scattering
is corrected because the reference photoacoustic signals in
calibration curve 2 were obtained from blood. Although, the
relationship between strength of scattering and the optical
path length in the real blood vessel of rabbits is unclear, the
overestimation of [Hb] and [HbO,] can cause the underes-
timation of oxygen saturation when calibration curve 1 is
used. According to formula (1), the overestimation of [Hb]
would be the main cause of the negative error of Sc,0,.

We considered the effect of only normal functional
hemoglobin and excluded the possible effects of abnormal
hemoglobin, including methemoglobin, monocarboxyhemo-
globin, and fetal hemoglobin because of their limited pres-
ence in the healthy body. Abnormal hemoglobin in healthy
human body is less than 1.5% and contributes negligibly to
the measurement of oxygen saturation in general condition
[53].

This study had two limitations. One was the range of
oxygen saturation, which is 70—-100%. This range limita-
tion was due to the capacity of the blood gas analyzer and
restriction of measurement object, i.e., artery only. Because
the performance limit of the blood-gas analyzer (i-STAT®)
in this experimental setup is considered reproducible and
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accurate in oxygen saturation range higher than 70% [54,
55], we had to limit the range of oxygen saturation within
relatively narrow, and high range. The standard for oxygen
saturation measurement defined by International Organiza-
tion for Standardization (ISO) is a CO oximeter.

Although lower range of blood oxygen saturation could
be measured by venous blood, our previous study showed
the instability of venous blood gas. Moreover, some studies
reported that venous blood oxygen saturation differed two
points with only 5-mm distance [56]. We did not measured
venous blood for these results because our aim was precise
validation of oxygen saturation. However, our results in rela-
tively low oxygen saturation range (around 70%) demon-
strated close to the values by blood gas analysis. The method
of calibration curve 2 would be applied well enough in the
range below 70%.

Second limitation is deficiency of no-invasiveness. In this
study, surgical exposure of artery was performed to omit
the influence by skin layer. In “no-invasive” measurement
method, transcutaneous measurement procedure should be
established. In transcutaneous measurement, the confirma-
tion of vessel location is essential. Although a combined
system of B-mode ultrasound and photoacoustic imaging is
ideal for transcutaneous measurement, the system has not
been developed. The strongest advantage of photoacoustic
technique is that photoacoustic technique is a method to
measure ultrasound waves and this means that a construction
of the combined system is possible. We already developed
the system with one wavelength irradiation light [12]. The
development of the system with multiple wavelength lights
is our future work.

Due to high spatial resolution, photoacoustic technique is
advantageous than other non-invasive bed-side technique such
as pulse oximeter and NIRS. Although pulse oximeter is the
most widely-used equipment to measure arterial blood oxygen
saturation, its object is limited to peripheral artery. NIRS is
now spreading in clinical monitoring to measure the change of
oxygen saturation in tissues. However, NIRS, which observes
attenuation of irradiated light in tissues, the spatial resolution
is much lower than photoacoustic technique because the light
propagation pathway is unclear due to scattering. The value
measured by NIRS is similar to average blood oxygen satura-
tion of all the tissues where the irradiated light propagates,
and the measurement of blood oxygen saturation of a specific
vessel or a region of interest is extremely difficult by NIRS.
Moreover, it was reported that the change of hemoglobin vol-
ume in tissues such as ischemia or anemia would influence on
the NIRS data [57]. In the photoacoustic technique, the oxy-
gen saturation is calculated as the ratio of two photoacoustic
signal intensities that correlate to [Hb] and [HbO,], and total
hemoglobin concentration was offset in calculation. Thus,
oxygen saturation measurement by photoacoustic technique
is not affected by hemoglobin volume. This is an advantage of

photoacoustic technique that can measure blood oxygen satu-
ration without being influenced by change of hemoglobin vol-
ume might expand the usability of intraoperative monitoring of
vessels. Monitoring of feeding vessels of specific organs such
as liver, lung, and intestinal canal, where blood sampling cause
massive hemorrhage, might yield surgical procedure. Surface
vessels of placenta and umbilical vessels that are exposed in
fetoscopy would be included in the objects.

Photoacoustic technique is expected as a new technique
for clinical monitoring. Ultrasound imaging combined with
real-time measurement of oxygen saturation will improve the
ultrasound examination. Consideration of both absorbance and
scattering may be necessary for accurately calculating oxygen
saturation from photoacoustic signals.

5 Conclusion

We performed in vivo photoacoustic signal measurement of
rabbit arterial blood and blood samples collected using the
invasive sampling method. Blood-oxygen saturation was
computed from 35 sets of photoacoustic signals and blood-
gas analyzer measurements. We used two types of calibration
methods for determining oxygen saturation from the photoa-
coustic signals, namely, the conventional method (calibration
curve 1) and the original blood vessel-based model (calibration
curve 2). Statistical analysis showed that calibration curve 2
computed oxygen saturation accurately, which were similar
to the results obtained using, i-STAT, a portable blood gas
analyzer. Calibration curve 1 analyzed only light absorption,
and therefore, calculated lower values than those obtained with
blood-gas analysis, which resulted in underestimation of the
oxygen saturation level. This result indicated that a calibration
method that considers both absorption and scattering of light
was required for accurate photoacoustic measurement of blood
oxygen saturation.
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