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Abstract. A theoretical model examining the effects of erythrocyte oxygenation on optoacoustic (OA) signals is
presented. Each erythrocyte is considered as a fluid sphere and its optical absorption is defined by its oxygen
saturation state. The OA field generated by a cell is computed by solving the wave equation in the frequency
domain with appropriate boundary conditions. The resultant field from many cells is simulated by summing the
pressure waves emitted by individual cells. A Monte Carlo algorithm generates 2-D spatially random distributions
of oxygenated and deoxygenated erythrocytes. Oxygen saturation levels of oxygenated cells a assumed to be
100% and 0% for deoxygenated cells. The OA signal amplitude decreases monotonically for the 700-nm laser
source and increases monotonically for 1000 nm optical radiation when blood oxygen saturation varies from 0
to 100%. An approximately sixfold decrease and fivefold increase of the OA signal amplitude were computed
at those wavelengths, respectively. The OA spectral power in the low-frequency range (<10 MHz) and in the
very high-frequency range (>100 MHz) decreases for 700 nm and increases for 1000 nm with increasing blood
oxygen saturation. This model provides a theoretical framework to study the erythrocyte oxygenation-dependent
OA signals. C©2011 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3655355]
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1 Introduction
Accurate estimation of blood oxygenation is of great importance
in making critical decisions associated with clinical situations.
Blood oxygen level can be monitored noninvasively by using
a near-infrared spectroscopy method. It is a very convenient
method and uses translucent body parts (e.g., earlobes, finger-
tips, etc.) to determine the blood oxygen saturation.1 However,
the major limitations of this technique are the (i) small pene-
tration depth due to strong light scattering and (ii) the inability
to distinguish between venous and arterial blood due to poor
spatial resolution. The optoacoustic (OA) technique promises to
provide a real-time, noninvasive blood oxygenation monitoring
method by overcoming these drawbacks and is expected to be
useful for the assessment of oxygenation in many sites of physi-
ological interest, including the brain.2 Note that the brain is very
sensitively dependent on oxygen for its normal function, and ac-
curate quantification of the brain tissue oxygenation can play a
crucial role for treating patients with traumatic brain injury or
neurophysiological disorders.1

In OA methods, a short pulsed laser is incident on a tis-
sue medium, which absorbs the light energy and subsequently
emits pressure waves due to the thermoelastic expansion. The
pressure pulse is detected using an ultrasonic transducer, and
the signal can be utilized to image, as well as to character-
ize, the medium.2 Using this modality, quantification of oxy-
genation of deep tissue regions can be made. This is because
oxygen estimates are obtained by analyzing the detected pres-
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sure waves, whose scattering in tissue is two to three orders of
magnitude weaker than optical scattering and thus can travel
a longer distance due to lower attenuation.2 The spatial res-
olution of the measurement can be improved by choosing an
appropriate ultrasonic transducer and one that facilitates to ob-
tain localized information. OA tomography and microscopy in-
struments have been designed for small animal studies by ex-
ploiting these advantages.2, 3 Moreover, in recent years several
novel research tools using OA techniques have been developed
to assist in projects such as cancer cell visualization using gold
nanoparticles,4 circulating melanoma cell detection,5, 6 port wine
stain depth determination,7 single-cell imaging,8 and vascular
imaging,9 etc.

A number of experimental studies have also been performed
to investigate the potential of the OA technique to monitor blood
oxygenation. For example, Wang et al.10 imaged small ani-
mal cerebral hemoglobin concentration and hemoglobin oxy-
genation noninvasively using a multiwavelength laser-based
OA system. Esenaliev et al.11 carried out an in vitro experi-
mental work and showed that OA signal amplitude increased
monotonically with blood oxygenation when probed using a
1064-nm laser source. The same group also measured in vivo
sheep blood oxygenation from the external jugular vein in the
neck area employing three laser wavelengths.12 They demon-
strated that the OA signal amplitude decreased for 700 nm
and increased at 1064 nm when blood oxygenation increased
approximately from 20 to 95%. However, to the best of our
knowledge the effects of erythrocyte oxygenation on OA sig-
nals have never been studied at the red blood cell (RBC)
level.
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A theoretical framework has recently been developed to
express the OA field generated by an ensemble of RBCs,
approximated as fluid spheres with uniform size and identical
physical properties.13 The resultant pressure field generated by
many optical absorbers in this framework has been obtained by
using the linear superposition principle for the waves originat-
ing from those absorbers. The field emitted by an individual
spherical absorber was evaluated by solving the wave equation
for the pressure field (generated due to the absorption of light)
in the frequency domain and using the appropriate boundary
conditions.14 This theoretical model has also been utilized to
investigate the capability of the OA technique to differentiate
samples with nonaggregated and aggregated RBCs.13 In this
study, it was shown that spectral intensity increased ∼11 dB
at 15.6 MHz at an aggregation level compared to that of nonag-
gregated blood.

The objective of the paper is to discuss the generalized ver-
sion of the theoretical model reported in Ref. 13. This framework
enables one to compute the OA field generated by a collection
of spherical absorbers with heterogeneous sizes and different
physical properties. The presented model has been explored
here to examine how the OA field would vary when the pro-
portion of oxygenated and deoxygenated RBCs [(RBCOs) and
(RBCDs), respectively] varies as a function of optical irradia-
tion wavelength. The oxygen saturation level was assumed to
be 100% for RBCOs and 0% for RBCDs. The light absorp-
tion coefficients of these cells are generally different (though
similar at the isosbestic points), and consequently, OA emis-
sion strengths would be different. Therefore, the OA signals are
expected to differ for samples with different proportions of RB-
COs and RBCDs, even when probed with the same laser source.
A Monte Carlo algorithm was implemented to simulate spa-
tially random distributions of RBCOs and RBCDs. The OA sig-
nals were simulated for those configurations and subsequently
analyzed to obtain signal envelope and spectral features. Our
results show that the simulated trends are in good agreement
with published experimental results, suggesting the potential
of this model to explain experimental observations. Thus, this
model could be useful to develop insight about the generation
of OA signals from mixtures of RBCOs and RBCDs and also
to predict signal behaviors at different blood oxygen saturation
levels.

The organization of the paper is as follows. The generalized
theoretical model is derived in Sec. 2. The simulation method
is described in Sec. 3. The simulation results and discussion
of the results are presented in Sec. 4 and 5, respectively. The
conclusions of this study are highlighted in Sec. 6.

2 Theory
2.1 Optoacoustic Field Calculation for a Single

Spherical Absorber
Consider a fluid sphere with density ρs, speed of sound vs, and
radius a. This sphere is suspended in another fluid medium with
properties ρf and vf (the density and speed of sound, respec-
tively) and is heated by optical radiation. The subscript s is
used to indicate the absorbing medium and f refers to the sur-
rounding fluid medium. If H is the amount of heat deposited
by the incident radiation per unit time per unit volume, the

wave equation for the pressure field inside the absorber can be
presented as,14

∇2 p − 1

v2
s

∂2 p

∂t2
= − β

CP

∂ H

∂t
, (1)

where β and CP are the thermal expansion coefficient and iso-
baric heat capacity per unit mass, respectively, for the fluid
medium inside the absorber. In deriving Eq. (1), it has been as-
sumed that no heat conduction takes place before the acoustic
pulse is launched. If the optical radiation with intensity I0 varies
sinusoidally with time and propagates along the x-axis, then the
heating function can be written as, H(x, t) = μI0e− iωt. Here,
μ is the absorption coefficient of the fluid medium within the
absorber and ω is the modulation frequency of the incident opti-
cal radiation. For such a heating function, the time-independent
wave equation for the pressure field is given by,14

∇2 p + k2 p =
{ iωμβ I0

CP
inside the absorber,

0 outside the absorber,
(2)

where k is the wave number of the pressure wave. The analytical
solution of Eq. (2) for a spherical absorber can readily be ob-
tained by demanding the continuity of the pressure field and the
normal component of particle velocity at the boundary. Thus,
the expression of the pressure field after implementing these
boundary conditions at a large distance r from the absorber
becomes,14

psingle
f (r, k f )

= iμβ I0vsa2

CPr

[sin q̂ − q̂ cos q̂]eikf (r−a)

q̂2[(1 − ρ̂)(sin q̂/q̂) − cos q̂ + i ρ̂v̂ sin q̂]
,

(3)

where q̂ = ωa/vs = ksa, ρ̂ = ρs/ρf , v̂ = vs/vf , and kf = ω/vf.
The superscript single states that only one OA source is con-
sidered. The corresponding time-dependent pressure field for a
δ function heating pulse can be derived by using the Fourier
transformation and that yields,14

psingle
f (r, t) = iμβFvsa2

2πCPr

×
∫ ∞

−∞
dω

[sin q̂−q̂ cos q̂]

q̂2[(1−ρ̂)(sin q̂/q̂)− cos q̂+i ρ̂v̂ sin q̂]
eikf (r−a−vf t),

(4)

where F is the optical radiation fluence.

2.2 Optoacoustic Field Calculation for an Ensemble
of Spherical Absorbers

If the illuminated region contains a collection of absorbers, then
the resultant pressure field can be obtained by using the linear
superposition principle. This is essentially based on the single-
particle approach and provides a simple way to model the gen-
erated pressure field. The single-particle model works well for a
turbid medium and has been extensively used to explain exper-
imental results in light and ultrasound scattering problems.15, 16

If the observation point is far away from the illuminated re-
gion, then the pressure field thus in this framework can be
expressed as
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pensemble
f (r, kf ) =

N∑
n=1

iμnβn I0vsna2
n

CPn

[sin q̂n − q̂n cos q̂n]

q̂2
n [(1 − ρ̂n)(sin q̂n/q̂n) − cos q̂n + i ρ̂nv̂n sin q̂n]

eikf (|r−rn|−an )

|r − rn|

≈
N∑

n=1

iμnβn I0vsna2
n

CPnr

[sin q̂n − q̂n cos q̂n]eik f (r−an )

q̂2
n [(1 − ρ̂n)(sin q̂n/q̂n) − cos q̂n + i ρ̂nv̂n sin q̂n]

e−ikf ·rn . (5)

The superscript ensemble refers to a collection of absorbers. The
subscript n is used to indicate the n’th absorber with position
vector rn and radius an. Other physical properties of the n’th
absorber are designated as μn, βn, and CPn. The direction of the
observation is defined by the wave vector kf. Figure 1 presents
the geometry of the OA setup. The illuminated region contains
N OA sources, and therefore, their contributions are summed

up in Eq. (6). In this derivation, it has been assumed that the
attenuation of the light beam is negligible during its propagation
through the medium. Therefore, the incident-light intensity is
the same for all OA sources and independent of their spatial
locations. The interactions of generated acoustic waves with
particles have also been ignored. The time-dependent pressure
field for a δ function heating pulse can be obtained as

pensemble
f (r, t) ≈

∫ ∞

−∞
dω

[
N∑

n=1

iμnβn Fvsna2
n

2πCPnr

[sin q̂n − q̂n cos q̂n]eikf (r−an−vf t)

q̂2
n [(1 − ρ̂n)(sin q̂n/q̂n) − cos q̂n + i ρ̂nv̂n sin q̂n]

e−ikf ·rn

]
. (6)

This is the general expression of the time-dependent pressure
field generated by a collection of particles distributed in space
with different sizes and physical properties.

Equations (5) and (6) can also be used to model the pressure
field generated by a mixture of different populations of fluid

particles. Thus, the equations can be employed for a mixture
of RBCOs and RBCDs, if one approximates erythrocytes as
fluid spheres. Moreover, it can be assumed that the size and
biophysical properties of RBCOs and RBCDs are identical. With
these approximations, Eq. (5) reduces to

pensemble
f (r, kf ) ≈ iβ I0vsa2

CPr

[sin q̂ − q̂ cos q̂]eikf (r−a)

q̂2[(1 − ρ̂)(sin q̂/q̂) − cos q̂ + i ρ̂v̂ sin q̂]

⎡
⎣μO

NO∑
n=1

e−ikf ·rn + μD

N∑
n=NO+1

e−ikf ·rn

⎤
⎦ , (7)

where μO and μD are the absorption coefficients for the RBCOs
and RBCDs, respectively. Here, NO and ND = N − NO are the

Fig. 1 Schematic diagram illustrating the OA setup geometry.

numbers of RBCOs and RBCDs, respectively. Furthermore, for
a mixture of such cells, Eq. (6) simplifies into

pensemble
f (r, t) ≈ iβFvsa2

2πCPr

×
∫ ∞

−∞
dω

[sin q̂ − q̂ cos q̂]eikf (r−a−vf t)

q̂2[(1 − ρ̂)(sin q̂/q̂) − cos q̂ + i ρ̂v̂ sin q̂]

×
⎡
⎣μO

NO∑
n=1

e−ikf ·rn + μD

N∑
n=NO +1

e−ikf ·rn

⎤
⎦ . (8)

The integral in Eq. (8) has been evaluated numerically in this
work to compute the OA fields generated by blood samples
having different proportions of RBCOs and RBCDs.
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Fig. 2 (a) Simulated spatial organization of red blood cells at 45% packing fraction. Here, 30% cells are oxygenated (red circles) and 70% cells are
deoxygenated (cyan circles). (b) Same as (a), but the numbers of oxygenated and deoxygenated corpuscles are 80 and 20%, respectively.

3 Simulation Method
3.1 Simulation of Spatial Organizations of Cells
In this study, OA signals were simulated from a collection of
RBCs distributed in a 2-D space and illuminated by optical
radiation. Simulations using 2-D distributions are computation-
ally less expensive compared to that of 3-D as well as capable of
providing physically meaningful results. For example, our group
used 2-D simulations to study the OA signal properties of nonag-
gregated and aggregated RBCs.13 In the context of ultrasound
scattering, the effects of size variance of various cancer cells on
backscattering were also studied employing 2-D simulations.17

In both cases, we observed that the simulated trends were in
good agreement with those of experiments. The size of the 2-D
region was taken as 500 × 500 μm2 and was illuminated by a
laser source. This region could be viewed as a 2-D crosssection
of a 3-D sample consisting of different blood corpuscles. The
white blood cells and platelets do not play a significant role in the
OA signals. This is because they are much less in numbers than
the RBCs and have negligible optical absorption at the wave-
lengths of interest compared to that of RBCs.10 Therefore, the
RBCs can be hypothesized to behave as the main OA sources
in blood. The 2-D sample was assumed to be occupied by a
collection of spatially random distribution of RBCs at a 45%
packing fraction.16 The packing fraction is generally termed in
the literature as the hematocrit and defined by the fractional area
occupied by the cells for a 2-D sample. A 45% packing frac-
tion was chosen because this corresponds to the normal level of
hematocrit in human blood.16

Spatial organizations of RBCs were generated by employing
a Monte Carlo algorithm referred to as the random sequential
adsorption (RSA) technique.18 In this method, a spatial loca-
tion of a cell was randomly proposed within the 2-D region
and accepted if it did not overlap with the existing cells under
periodic boundary conditions. If it did not maintain the nonover-
lapping condition, then this move was canceled and a new posi-
tion was proposed. In this way, position coordinates of the cells
were generated. Once the spatial positioning was completed,
some of the cells (randomly chosen) were considered as RB-
COs (NO) and other cells were treated as RBCDs (ND). Accord-
ingly, the oxygen saturation (SO2) level of that tissue realization

was determined by defining, SO2 = NO/(NO + ND). As exam-
ples, possible random arrangements of RBCs are displayed in
Figs. 2(a) and 2(b). A smaller [compared to the actual size (i.e.,
500 × 500 μm2)] 2-D region is shown for figure clarity. Each
filled circle represents a RBC in these figures. In Fig. 2(a), 30%
cells are RBCOs (red circles) and 70% cells are RBCDs (cyan
circles). However, in Fig. 2(b) these numbers are 80 and 20%,
respectively.

3.2 Simulation Parameters for Cells
In this study, each erythrocyte was approximated as a homoge-
neous fluid sphere. The volume of the equivalent sphere of a
RBC was fixed to 87 μm3 with radius a = 2.75 μm.13 The den-
sity and speed of sound of the fluid medium inside a RBC were
taken as ρs = 1092 kg/m3 and vs = 1639 m/s, respectively.19

The same quantities for the surrounding fluid medium (blood
plasma) were chosen as ρf = 1005 kg/m3 and vf = 1498 m/s,
respectively.19 Moreover, the attenuation (due to scattering by
the cells) of the light beam during its propagation through the
medium was neglected. Consequently, it was assumed that the
incident light intensity and the fluence (taken as, F = 1 J m− 2)
were same for all cells. Furthermore, the thermal properties of
the cells were considered as constants (β = 1 K− 1 and Cp = 1
J kg− 1 K− 1) in this study. It may be noted from Eqs. (7) and
(8) that these physical parameters would control the amplitude
of the OA signals without affecting the frequency content of the
signals.

Because the oxygen saturation of hemoglobin molecules
were different for RBCOs and RBCDs, the light absorption coef-
ficients were not generally similar for these two populations (ex-
cept at the isosbestic points). As a result, the emitted OA signal
strengths would differ. In this study, it was assumed that oxygen
saturation level was 100% for RBCOs. That means, four oxy-
gen molecules were attached to each hemoglobin molecule in
a RBCO forming an oxyhemoglobin molecule. Approximately
280×106 hemoglobin molecules are packaged within a volume
of 87 μm3 in an erythrocyte,20 and accordingly, the concentra-
tion of hemoglobin molecules is nearly 5.34 × 10− 3 moles/l.
Therefore, the absorption coefficient of the medium inside a
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Table 1 Absorption coefficients of oxygenated and deoxygenated
cells at various incident laser wavelengths.

Wavelength (nm) μO (m− 1) μD (m− 1)

700 356.64 2206.60

1000 1259.31 254.30

1064 407.97 49.13

RBCO could be computed by multiplying the molar concen-
tration of oxyhemoglobin molecules and the molar extinction
coefficient at a light wavelength of interest.21, 22 Similarly, the
absorption coefficient of a RBCD could be estimated by us-
ing the appropriate molar extinction coefficient for deoxyhe-
moglobin molecules at that wavelength. Note that the oxygen
saturation level associated with RBCDs was assumed to be 0%,
meaning that hemoglobin molecules did not bind to any oxygen
molecules. The estimated absorption coefficients of RBCOs and
RBCDs are presented in Table 1 at three wavelengths (700, 1000,
and 1064 nm). The first two wavelengths were chosen because,
at these wavelengths, optical absorption coefficients of RBCOs
and RBCDs would differ significantly providing distinguishable
simulated signal strengths. The third wavelength was considered
to compare the simulation results to that of experiments, which
employed a laser source operating at 1064 nm.11

3.3 Simulation and Analysis of Optoacoustic Signals
A computer code was written in C to simulate OA signals and
ran on a remote computer cluster (Operating System: Linux
CentOS 5, RAM: 16 GB, Processor: Intel Xenon E5462 Quad
Core 2.8 GHz for each node). Equation (8) was evaluated by im-
plementing the trapezoidal rule and using the above-mentioned
numerical values for different parameters for a mixture of RB-
COs and RBCDs distributed randomly in 2-D space. The OA
pressure was computed at a large distance (≈6000 μm) from the
center of a simulated tissue configuration and in the backward
(i.e., opposite to the direction of light propagation) direction at
different time points. The OA pressure computed at each time
point using Eq. (8) was a complex quantity because Eq. (8) pro-
vided an analytic signal and for which the imaginary part is the
Hilbert transform of the real part.23 The real parts of the OA
time series data provided the radio frequency (RF) signal. The
signal amplitudes, as a function of time, were obtained from
the square root of the sum of squares of the real and imagi-
nary parts. The OA signal properties were studied for a series of
SO2 levels (0–100%). For each oxygen saturation level, 250 RF
lines were computed from 250 possible tissue realizations. The
average signal amplitude [indicated by (OA signal amplitude)
in Figs. 3(d) and 4(d)], signal envelope histogram, and average
power spectrum were obtained from those RF lines to study OA
signal properties at each SO2 level. The generated envelope his-
togram was fitted with a Rayleigh probability distribution curve
by using the fminsearch function of MATLAB R2009b. This func-
tion uses the Nelder–Mead simplex algorithm and optimizes the

Fig. 3 (a) Representative OA RF line computed from a sample with NO: ND = 1: 1 at 45% hematocrit and illuminated by a 700-nm laser source,
(b) plots of the envelope histogram using 250 RF lines and the best fit Rayleigh distribution curve, (c) power spectral lines at different SO2 levels,
and (d) variation of mean OA signal amplitude ( ± SD) with SO2.
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Fig. 4 (a) Representative OA RF line computed from a sample with NO: ND = 1: 1 at 45% hematocrit and illuminated by a 1000-nm laser source,
(b) plots of the envelope histogram using 250 RF lines and the best fit Rayleigh distribution curve, (c) power spectral lines at different SO2 levels and
(d) variation of mean OA signal amplitude ( ± SD) with SO2.

simulated histogram and the Rayleigh probability distribution
function in order to obtain the best fit curve.24

4 Simulation Results
A representative OA RF line is presented in Fig. 3(a) for a
700-nm illuminating laser source. In this case, 50% of cells in
the sample were RBCOs and 50% were RBCDs. The hematocrit
of the sample was fixed to 45%. The corresponding envelope
histogram is shown in Fig. 3(b). The best fit Rayleigh distribution
curve is also presented in Fig. 3(b). The mean power spectra of
OA signals at several SO2 levels are displayed in Fig. 3(c) over
a large frequency range (megahertz to gigahertz). The spectral
power generally decreases as the SO2 level increases. The mean
OA signal amplitude is plotted in Fig. 3(d) as a function of
SO2. The OA amplitude decreased monotonically with SO2. At
this wavelength, the absorption coefficient of a deoxygenated
cell is greater than that of a oxygenated cell. Therefore, the OA
amplitude is maximum at SO2 = 0%, where the sample contains
only RBCDs. It is minimum at SO2 = 100% because constituent
cells are only RBCOs. Also, the OA amplitude at SO2 = 0% is
almost six times higher than that of 100%. This can be attributed
to the fact that for this incident optical radiation μO:μD ≈ 1: 6.

A simulated RF line is shown in Fig. 4(a) for a sample with
equal numbers of RBCOs and RBCDs (NO:ND = 1:1) and at
45% hematocrit for the incident optical radiation from a 1000-
nm laser source. The signal amplitude is reduced compared to
the previous case [see Fig. 3(a)]. At 700 nm, the RBCDs are

the dominating OA sources and their OA signal strengths are
greater than that of the RBCOs, which are the dominating OA
sources at 1000 nm. The signal envelope histogram and the
Rayleigh fitted curve are presented in Fig. 4(b). The width of
the Rayleigh distribution curve has decreased, and the peak has
also shifted toward the left in comparison to Fig. 3(b), because
the signal amplitude is lower in this case. Figure 4(c) illustrates
the power spectrum curves for various SO2 levels. Note that
as the SO2 level increases spectral power also increases in the
low- (<10 MHz) as well as in the high-frequency (>100 MHz)
ranges. Between 10 and 100 MHz, spectral curves overlap for
some cases. The variation of the OA mean signal amplitude with
SO2 is plotted in Fig. 4(d). The OA amplitude monotonically
increases with SO2. The absorption coefficient of RBCOs are
more than that of RBCDs and that results in greater amplitude
at higher SO2. The OA amplitude at SO2 = 100% is nearly five
times stronger than that of 0%, because μO:μD ≈ 5: 1.

We compared simulated data to experimental data repro-
duced from Fig. 8(c) of Ref. 11 (in vitro measurement at 15%
hematocrit and 1064-nm optical source). The measured ampli-
tudes ( ± SD) have been normalized by the amplitude of the
fitted line at 100% oxygenation level and are plotted in Fig. 5.
The simulated results (obtained at the same hematocrit and laser
wavelength with that of experiment) have also been normalized
by the mean OA amplitude computed at SO2 = 100% and plot-
ted in Fig. 5. Both experimental and simulated data demonstrate
a monotonic rise with SO2. The fitted line to the experimen-
tal data approximately passes through the two simulated data
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Fig. 5 Comparison of theoretical and experimental results. Experimen-
tal data ( ± SD) were reproduced from Fig. 8(c) of Ref. 11. Theoretical
data were generated at 15% hematocrit and for a 1064-nm laser source
to match the experiment.

points corresponding to SO2 = 0 and 100%. Note that the rel-
ative change in the OA signal amplitude between 0 and 100%
SO2 is similar in both the theoretical and experimental data. The
simulated trend is slightly nonlinear and the deviations from the
linear fit are maximal between SO2 = 20–40%. Nevertheless,
reasonably good agreement can be observed between theory and
experiment.

The accuracy of the OA technique to estimate blood SO2 has
also been assessed using the predictions of the simulations. The
SO2 of a blood sample can be estimated using the following

SO2 = Pλ2
OAε

λ1
Hb − Pλ1

OAε
λ2
Hb

Pλ1
OA
ε

λ2
Hb − Pλ2

OA
ε
λ1
Hb

, (9)

if the OA signals at two laser wavelengths are known.10

Here, POA is the mean OA signal amplitude. Furthermore,
εHbO2 and εHb are the known molar extinction coefficients for
oxyhemoglobin and deoxyhemoglobin molecules, and 
εHb

= εHbO2 − εHb. The superscripts denote the laser wavelengths
at which these quantities are measured. In this study, we used
700 and 1000 nm wavelengths. The estimated SO2 is plotted
against the actual SO2 and presented in Fig. 6. An identity
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Fig. 6 Plot of the OA estimation of blood SO2 as a function actual
SO2.

line is also shown in Fig. 6. The OA method using simulated
amplitudes overestimates SO2 between 0 and 50% and underes-
timates between 50 and 100%. The nonlinear variations of the
OA amplitude with SO2 at both laser wavelengths might have
contributed to this pattern.

5 Discussion
This paper discusses the generalized version of a theoretical
model describing the OA field generated by a collection of
light-absorbing objects with different physical properties and
heterogeneous sizes. The model has been used here to examine
how OA field would vary with SO2 level of a blood sample. In
this work, we only considered mixtures of RBCOs and RBCDs.
In such a mixture, oxygen saturation level of a single RBC was
treated either as 100% or 0% and no intermediate oxygen satu-
ration states were considered. However, in reality, a hemoglobin
molecule can bind to any number (ranging from 4 to 1) of oxygen
molecules leading to a fully or partially oxygen saturated state
and, accordingly, this would define the absorption coefficient of
that RBC. The model presented here can also accommodate such
situations because it takes into account the optical properties of
individual cells.

Each RBC was considered as an OA source and as it was
excited by a δ function heating pulse; therefore, the emitted
pressure pulse would contain all frequency pressure waves. The
resultant pressure field for a sample composed of many cells
randomly distributed in space was simulated by summing the
pressure waves that originated from those cells. Hence, over-
all signal patterns were governed by the interference of waves.
Also, note that both constructive and destructive interference
took place for frequencies for which wavelengths of the pressure
waves were smaller than the sample length. For such frequen-
cies, phase variations between the OA signals from individual
RBCs would be random (ranging from 0 to 2π) and that might
have contributed to the origin of variations in the signal envelope
that give rise to speckles in the signals [see Figs. 3(a) and 4(a)].
That is why the Rayleigh distribution also provided good fits to
the histograms. However, experimental OA signals (e.g., Fig. 1
of Ref. 12) are generally free from speckle and consisted of a
strong peak corresponding to the sample front surface (where
most of the light energy was absorbed) when measured by a
transducer with ≈2 MHz as the center frequency.12 This may be
due to fact that the finite receiving bandwidth associated with
the transducer filtered out high-frequency components, which
may result in speckle-free signals.

It can be noted from Fig. 3(c) that the power spectral curves
for SO2 = 0 and 100% looked very similar, although their magni-
tudes were different. For each SO2 level, the interfering pressure
waves had identical strength because they originated from cells
with the same oxygen saturation state. Therefore, contributions
of the interference term (i.e.,

∑N
n=1 e−ikf ·rn ) arising from the ran-

dom spatial locations of cells became comparable in both cases.
That resulted in similar spectral slopes between two power spec-
tral curves over various frequency bandwidths [see Fig. 3(c)].
However, the magnitudes of those power spectral curves at each
frequency would differ because the absorption coefficients of
RBCOs (for SO2 = 100%) and RBCDs (for SO2 = 0%) were
different for the 700-nm laser source. The power at each fre-
quency for SO2 = 0% was at least 36 times greater than that of
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SO2 = 100% because, in this case, μO:μD ≈ 1: 6. However, for
other saturation levels, the cells were not only randomly posi-
tioned in space but also the strengths of emitted pressure waves
from RBCOs and RBCDs were different. Thus, power spectral
curves exhibited different spectral slopes at some bandwidths
compared to the curves corresponding to SO2 = 0 and 100%.
Similar spectral characteristics could also be observed from
Fig. 4(c) for the 1000-nm laser source.

The monotonic rise of the OA signal mean amplitude with
SO2 is in agreement with that of an in vitro experimental work
carried out by Esenaliev et al.11 for a laser source operating at
1064 nm; as shown in Fig. 5. In another study,12 the same group
presented in vivo experimental results. Blood oxygenation was
estimated using OA signals measured from external jugular vein
in the neck area of a sheep at three laser wavelengths. The OA
signal amplitude measured at 700 nm and normalized by that
of 800 nm exhibited a linear decrease when the blood oxy-
genation increased from ≈20 to 95% [Figs. 3(a) and 3(b) in
Ref. 12]. In contrast, the OA signal amplitude obtained at
1064 nm and normalized by that of 800 nm showed a lin-
ear increase for the same variation of blood oxygenation [see
Figs. 3(a) and 3(b) in Ref. 12). Similar trends can also be ob-
served in this study [Figs. 3(d) and 4(d)]. However, simulated
patterns demonstrated slight nonlinear variations as a function of
SO2, whereas experimental trends were obtained by providing
linear fits to the measured values. The simulated mean ampli-
tude were obtained from signals containing a wide range of
frequencies (megahertz to gigahertz). Therefore, it would not be
straightforward to speculate how simulated signal amplitude for
each bandwidth of interest would vary with SO2. Nevertheless,
at very low frequencies a coherent addition of signals might be
anticipated leading to an expected linear response (also clear to
some extent from the spectral lines) and that was not examined
in detail in this study.

It would be of interest in future to incorporate attenuation of
the optical radiation and finite nature of the ultrasound receiver
bandwidth within this theoretical model and study the effects
of these factors on OA signals. Further investigation is also
required to clarify the nonlinear variations of theoretical curves
with SO2. Another important study that might be carried out
in the future is to simulate signals from a collection of RBCs
distributed in 3-D space and then to investigate the sensitivity
and specificity of the OA technique to estimate total hemoglobin
concentration in blood.

6 Summary and Conclusions
The effects of erythrocyte oxygenation on OA signals have been
studied using a theoretical model. The theoretical model pre-
sented here has been developed by extending a recently pro-
posed theoretical framework.13 In this model, each erythrocyte
was approximated as a fluid sphere and its optical absorption
property was defined by the oxygenation states of the constituent
hemoglobin molecules. It was assumed that oxygen saturation
level was 100% for oxygenated cells and 0% for deoxygenated
cells. The oxygen saturation level of a cell controlled the strength
of its OA emission. The field generated by each cell was obtained
by solving the wave equation for OA field in the frequency do-
main and by imposing the appropriate boundary conditions.14

The resultant pressure field and, thus, the OA RF signal for

a sample composed of a collection of cells was simulated by
using the linear superposition principle for the pressure waves
emitted by the individual cells. A Monte Carlo algorithm was
implemented to generate spatially random distributions of RB-
COs and RBCDs. Both signal envelope statistics and spectral
features for such samples were examined as a function of SO2

level.
It was found that that the simulated mean OA signal ampli-

tude decreased monotonically as the SO2 level increased for the
700-nm optical source. The same quantity for the 1000-nm inci-
dent laser radiation exhibited a monotonic rise as the SO2 level
increased. The computed OA amplitude demonstrated nearly
sixfold decrease and fivefold increase, respectively, at those
wavelengths when SO2 level varied from 0 to 100%. These re-
sults are consistent with the experimental results. Spectral power
in the low-frequency range (<10 MHz) also decreased for the
700-nm laser source and increased for the 1000-nm optical ra-
diation with increasing SO2. However, these trends were not
distinctively observed between 10 and 100 MHz at SO2 levels
>30% for the 1000-nm laser. The theoretical model presented
here can be used to study OA signal properties of blood at dif-
ferent oxygen saturation levels.
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