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Abstract The accuracy of the photoacoustic (PA)
technique to assess blood oxygen saturation (SO;)
using two laser beams was examined theoretically.
A Monte Carlo technique was used to simulate
2D tissue configurations, and the PA signals from
many red blood cells (RBCs) were constructed
by summing the signals emitted by the individ-
ual cells. The level of oxygenation of each cell
was assumed to be identical in a configuration.
The cellular oxygenation state defined the blood
SO, and also controlled the PA signal amplitude.
The PA amplitude was observed to vary linearly
with blood SO,. It was nearly 4.6 times less and
8.2 times greater at SO, = 100 % than that of
0 % for the 600 and 1,064 nm incident optical
radiations, respectively. The blood SO, was es-
timated using the PA amplitudes generated at
these wavelengths. The estimated values agreed
well with that of the actual SO, confirming the
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suitability of the PA technique to determine blood
SO, noninvasively.

Keywords Photoacoustics - Optoacoustics -
Blood oxygenation

Introduction

Invasive monitoring of cerebral blood oxygena-
tion and brain tissue oxygenation is routinely per-
formed in medical centres in developed countries
and such information gathered is of vital impor-
tance to facilitate proper treatment. These exam-
inations are carried out by using multiparameter
sensor inserted into brain tissue, along with a stan-
dard ventriculostomy catheter and a microdialysis
probe [1]. It is needless to say that noninvasive
monitoring of blood oxygenation in different or-
gans is very useful for the management of many
life-threatening illnesses such as ischemia, sepsis,
traumatic brain injury etc. [2, 3]. Although some
efforts are made to engineer noninvasive monitors
of brain oxygenation using near-infrared (near-
IR) spectroscopy which utilizes the differences in
optical absorption coefficients of oxyhemoglobin
and deoxyhemoglobin, this technique suffers in
terms of accuracy and depth monitoring since it
accounts for strong light scattering and attenua-
tion in the tissues [4-6]. Moreover, the develop-
ment of near-IR monitoring of blood oxygenation
is hindered as it encounters difficulties in esti-
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mating the path length of scattered light through
tissue [6].

In this context, it can be mentioned that the
photoacoustic (PA) technique may serve in a bet-
ter way as it can provide a real-time, noninvasive
blood oxygenation monitoring method without
the drawbacks as encountered in case of near-
IR spectroscopy [2]. Based on this technique,
quantification of oxygen in deep tissue regions
can be made because oxygenation is estimated by
analysing the pressure waves whose scattering in
tissue is two to three orders of magnitude weaker
than the optical scattering, thus resulting in less
attenuation and greater penetration [7]. Besides,
the spatial resolution of this measurement can be
increased by selecting an appropriate ultrasonic
transducer which helps gather localised informa-
tion of the tissue region of interest. In fact, the
PA tomography and microscopy instruments are
designed for small animal studies by exploiting
these advantages [7, 8].

There are some commercially available systems
to monitor haematocrit noninvasively during car-
diopulmonary bypass or hemodialysis, although
they all require an extracorporeal blood circuit
[9-14]. The use of the optoacoustic technique for
noninvasive and continuous monitoring of total
[Hgb] was proposed by several authors [15-17]
and a laser optoacoustic system for in vitro and
in vivo noninvasive monitoring of total [Hgb]
was built to demonstrate that the optoacoustic
technique could be potentially used for noninva-
sive, real-time and continuous monitoring of total
[Hgb] with high accuracy [18].

In this paper, we concentrate to present a re-
cently developed theoretical model describing the
generation of PA field by a collection of absorbers
[19, 20]. This model has been explored here to
study as to how PA field would vary with blood
SO, for different incident optical radiations. Fur-
ther, the accuracy of the PA technique using two
laser sources estimating blood SO, has also been
evaluated.

Theoretical description

When an optical radiation illuminates an ab-
sorber, it absorbs the light energy and emits
pressure waves due to thermoelastic expansion.
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The spatio-temporal variation of the generated
pressure field can be expressed through a wave
equation derived under the condition of thermal
confinement (i. e. the emission of pressure waves
occurs before the heat conduction starts) [21].
The solution of the time independent wave equa-
tion for a spherical absorber can easily be ob-
tained using suitable boundary conditions (such
as, the continuity of the pressure field and the
normal component of particle velocity) and is
given by [21],

Ps;ngle(h ky)
B inBlyvsa® [sing — g cosgle
~ Cpr o @Pl—p)(sing/q)—cos +ipdsing]’
1)

Here, B, Cp and p are the thermal expansion
coefficient, isobaric specific heat and optical ab-
sorption coefficient for the absorbing medium
with radius a, respectively. The dimensionless
quantity p represents the density ratio, 6 = ps/py,
where p; and p are the densities for the absorb-
ing and fluid medium, respectively. Similarly, v =
vs/vy, where vy and vy are the sound propaga-
tion speeds in these two media, respectively. An-
other dimensionless quantity ¢ is defined as, § =
wa/vs = ksa, where w is the modulation frequency
of the incident optical radiation with intensity /.
The acoustic wave numbers in the absorbing and
fluid medium are denoted by k, and k, respec-
tively. The superscript single represents that only
one PA source has been considered.

The PA field in the asymptotic region (r — 00)
generated by a collection of spheres with identical
properties can be expressed as [19, 20],
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Here, N is the number of absorbers present in
the illuminated region and that is denoted by the
superscript many. In (2), the linear superposition
theory has been used to obtain the field generated
by an ensemble of particles.
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The corresponding time dependent PA field is
given by,

man
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where F is the fluence of the incident optical radi-
ation. In this derivation, it has been assumed that
the absorbers have been illuminated uniformly by
a delta function heating pulse. Note that this is
the expression of an analytic signal, whose real
part provides the radio frequency (RF) signal and
the corresponding, signal amplitude as a function
of time can be evaluated from its magnitudes.
Further, signal amplitude is linearly proportional
to the absorption coefficient of an absorber.

©)

Computer simulation

A Monte Carlo algorithm known as the ran-
dom sequential adsorption (RSA) technique was
used to simulate 2D tissue realizations containing
nonoverlaping circles under periodic boundary
conditions. Figure 1 demonstrates two possible
tissue configurations, where each circle represents
a cell. A smaller region of interest (ROI) is shown
in Fig. 1 for clarity. However, a bigger ROI of
200 x 200 um? was considered and it was occupied
by the red blood cells (RBCs) at a hematocrit,

Y (um)

Y (um)

H = 0.40. Note that RBCs are the dominant PA
sources in a blood sample. The cells were assumed
to be suspended in blood plasma. The numerical
values for various parameters are presented in
Table 1 (first two columns).

Another important parameter, that controlled
the strength of a PA signal, was the absorp-
tion coefficient of a cell. It was computed by
evaluating the relationship, © = cupo,€mp0, +
cuprenp. Here, cypo, and cyp are the concen-
trations of oxy and deoxyhemoglobin molecules
in a cell, respectively. There are =280 million
hemoglobin molecules that are packaged in an
erythrocyte and accordingly, the concentration
becomes ~5.34 x10~3 moles/l [20]. Moreover,
€mpo, and €p, represent the molar extinction
coefficients for those molecules, respectively [22,
23]. The cellular oxygenation states of RBCs were
assumed to be identical in a tissue and that also
defined the blood SO,. The estimated u values
corresponding to different blood SO, levels are
given in Table 1 (three columns in the right).

The PA RF line were generated by evalu-
ating the integration in (3) numerically for the
600 and 1,064 nm incident laser wavelengths.
The signal envelope histogram as well as power
spectrum averaged over 200 lines were ob-
tained from 200 different tissue configurations
for each SO, level. The mean amplitudes ob-
tained from simulated RF lines were also utilized
to estimate blood SO, by computing the for-
mula, SO, = (P} €5y — Prier)/(Pr,Acs, —
P);AAE);_}b). Here, P;,‘A and P)}.?A denote the PA
signal amplitudes for the incident optical radia-
tions with wavelengths A, and A, and Aepp =
€HbO, — €Hb-

Fig. 1 2D simulated tissue realizations for blood SO, = 50 % in (a) and 100 % in (b)
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Table 1 Numerical
values for the parameters
used in simulations (first
two columns). Absorption
coefficients for an
erythrocyte at different
blood SO; levels (three
columns in the right)

Physical parameters SO, (%) p(mh p(m-h
at 600 nm at 1,064 nm
ROI 200 x 200 pum? 0 18050.05 49.13
H 0.40 10 16638.58 85.01
N 673 20 1522711 120.90
a 2.75 pm 30 13815.64 156.78
s 1,092 kg/m? 40 12404.18 192.67
Vs 1,639 m/s 50 10992.71 228.55
or 1,021 kg/m3 60 9581.24 264.44
vy 1,547 m/s 70 8169.77 300.32
B 1K! 80 6758.30 336.21
Cp 1Tkg 'K~! 90 5346.83 372.09
F 1Jm—2 100 3935.37 407.98

Simulation results

Figure 2a illustrates a typical PA RF line for the
600 nm laser source and SO, = 50 %. The time
variation of the signal amplitude is also shown in

X (a)
1.5x10‘ ‘ . ‘
H 1 [
1 { [N ] 1
, \ ] , |y 1 i} ,: 1
=~ 0.75 (g o v
D “\i:uav“
q:' J il T l‘ .il!l"( ! |‘
3 AN AT R -
ER 1 F Ikl I =
2
w
<
& _0.75
—— Signal
- - -Envelope
1.5 . . . :
3800 3850 3900 3950
t (ns)
10"
. 75020%
j +30230%
: - = =S0O,50%
§ - 30270%
0;-’1012 ~ = -80,100%
o
Q.
©
©
[0
&, 10
< 10
o

10° 10’ 10°
Frequency (MHz)
Fig. 2 a A computed RF line and its envelope for SO, =

50 % and the 600 nm laser source. b Plots of the envelope
histogram averaged over 200 RF lines and the best fit
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Fig. 2a. Rapid variation of the signal amplitude
can be observed from this figure and this is due to
the presence of high frequency components. The
envelope histogram averaged over 200 RF lines
is presented in Fig. 2b. The Rayleigh distribution
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Rayleigh distribution curve. ¢ Variations of power spectral
lines for some SO; levels. d Variation of the PA peak-to-
peak amplitude with blood SO,
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Fig.3 a A typical RF line and its envelope for SO, = 50 %
and the 1,064 nm laser source. b Plots of the envelope
histogram averaged over 200 RF lines and the best fit

provided a good fit to the histogram. The power
spectral lines for some representative SO, levels
are displayed in Fig. 2c over a wide range of
frequencies (MHz to GHz). The spectral inten-
sity decreases as the SO, increases. Each curve
exhibits some dips that correspond to the minima
of the Bessel function. In Fig. 2d, we have plotted
the PA peak-to-peak amplitude as a function of
blood SO, and it decreases linearly with blood
SO,. Note that the PA amplitude is nearly 4.6
times less at SO, = 100 % than that of 0 % and
it is due to the fact that u also varies in a similar
manner (see Table 1).

A representative RF line and signal envelope
are shown in Fig. 3a for the 1,064 nm laser source
and SO, =50 %. The signal amplitude has de-
creased significantly because p in this case is lower
than that of 600 nm. The envelope histogram
along with the best fit Rayleigh distribution curve
are displayed in Fig. 3b. The power spectral lines
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lines for some SO; levels. d Variation of the PA peak-to-
peak amplitude with blood SO,

and variation of peak-to-peak amplitude with
SO, are demonstrated in Fig. 3c and d, respec-
tively. One can notice that the opposite trends are
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Fig. 4 Comparison between the estimated (using two laser
radiations) and the actual SO,
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observed in this case than that of the previous
case (Fig. 2c and d). This is expected because u at
1,064 nm increases with the increasing concentra-
tion oxyhemoglobin molecules. Also, the PA am-
plitude is nearly 8.2 times higher at SO, = 100 %
than that of 0 %.

The comparison between the estimated and the
actual SO, is shown in Fig. 4. It appears that
the estimated and true values are in excellent
agreement.

Discussion and conclusions

A theoretical model is presented to describe the
PA field generated by a collection of randomly
located RBCs approximated as spheres at the
same biophysical and biochemical conditions. The
model has been utilized to investigate the effect
of blood oxygen saturation on PA signal and thus
the study deals with a forward problem. Note that
to aid in the investigation of any novel optical
methods for biological tissue characterization, ac-
curate forward modeling is enormously useful for
gaining physical insight, designing and optimizing
experiments, as well as analyzing and interpreting
the measured data.

In the derivation, it has been assumed that
the multiple scattering of light is negligible and
therefore RBCs at different spatial locations re-
ceive the same light intensity. This assumption
is expected to be valid for a sparse medium.
For a dense medium, attenuation of light beam
due to multiple scattering becomes pronounced
and consequently controls the fluence distribu-
tion reaching the light absorbing particles (i.e.
RBCs). The attenuation of light beam needs to be
incorporated while computing the PA signal us-
ing (3). The scattering and absorption coefficients
together define the attenuation of light beam lead-
ing to the fact that its penetration and distribution
of optical energy are wavelength dependent. As
a result, apart from the oxygenation states of the
Hb molecules, time domain profile of a PA signal
appear to be greatly dependent on the incident
optical radiation. Therefore, an appropriate part
of the signal requires to be selected for accurate
estimation of the tissue oxygen saturation.

@ Springer

Additionally, photons generally get multiply
reflected from the cellular boundaries once they
entire RBCs [24]. The multiple reflections of
photons within the cells essentially increases the
effective optical absorption of cells by enhancing
the optical paths of photons. This phenomenon is
optical wavelength dependent, and determines the
PA emission strength. However, the present form
of the model does not include this effect. Further,
it has been reported in the literature that thermal
diffusion can also contribute to the generation
of PA signal [25]. The provision of generation
of PA signals from such an origin has not been
accounted in the theoretical framework presented
in this article. In addition to that, the attenuation
of the acoustic waves has been neglected in this
model and it may become important particularly
at higher ultrasound frequencies. If one works in
the diagnostic frequency range, the attenuation
is negligible, and does not affect the ultrasound
frequency content of the signal significantly.

In this study, a Monte Carlo algorithm was
implemented to simulate the tissue configurations.
The algorithm implemented in this work gener-
ated spatial coordinates of the RBCs in such a
way so that the cells would not overlap. The
cells although are deformable but not penetrable
which has been ensured during the generation
of spatial coordinates of RBCs by applying the
nonoverlapping condition. Tissue configurations
with nonoverlapping cells can be thought to be
a snap shot of a region of flowing blood under
normal conditions. This simple approach was suc-
cessfully utilized in the past to generate tissue
configurations and explain various experimental
results [19, 20]. It can be noted that the simula-
tion approach may become unsuitable for blood
samples with pathologies. For example, tissue re-
alizations for aggregated blood samples, for which
RBCs form clusters, cannot be mimicked using
this algorithm.

In conclusion, it was observed that the PA
signal amplitude decreased and increased linearly
with blood SO, for the 600 and 1,064 nm laser
sources, respectively. Similar observation has also
been made experimentally. For example, mea-
sured PA signal amplitude exhibited a linear de-
crease and increase at the 700 and 1,064 nm, when
the blood SO, varied from ~20 to 95 % (Fig. 3
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in [17]). Further, an excellent agreement between
the estimated and actual blood SO, was observed
confirming that the PA technique could be imple-
mented in practice to assess blood oxygenation.
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