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Assessing the blood hematocrit (Hct) and oxygenation (SO,) levels are essential for diagnosing numerous
blood-related diseases. This study examines the ability of the photoacoustic (PA) technique for quantitative
evaluation of these parameters. We conducted the Monte Carlo and k-Wave simulations to compute PA signals
at four different optical wavelengths from test blood samples followed by rigorous in vitro experiments. This
method can estimate the Hct and SO, levels faithfully with >95% and >93% accuracies, respectively in the
physiologically relevant hematocrits utilizing PA signals generated at 700 and 1000 nm optical wavelengths.

A 2% decrease in the scattering anisotropy factor demotes SO, estimation by ~ 27%. This study provides
sufficient insight into how the opto-chemical parameters of blood impact PA emission and may help to develop
a PA setup for in vitro characterization of human blood.

1. Introduction

Blood has been the subject of extensive research for long time. The
whole blood is composed of various components, including red blood
cells (RBCs), white blood cells, platelets, and plasma. In mammals,
like humans, RBCs maintain a unique biconcave disk-shaped with
a diameter ranging from 7.5 to 8.7 pm and a thickness of 1.7 to
2.2 pm [1-6]. They possess a flattened and depressed center, resembling
a dumbbell-shaped cross-section, with a torus-shaped rim along the
edges of the disk. The plasma serves as a suspending medium for
the cells, with RBCs constituting nearly 99% of the cellular compo-
sition, averaging around 4-5 x10'2/L in a healthy adult [7]. Within
the human body, blood plays a crucial role in the proper function-
ing of organs by facilitating the transport of nutrients and oxygen.
Hemoglobin molecules, which make up RBCs, have a complex com-
position, consisting of carbon, hydrogen, nitrogen, oxygen, sulfur and
iron. Hemoglobin demonstrates the remarkable ability to bind up to
four oxygen molecules, forming oxyhemoglobin. While hemoglobin can
also bind to carbon dioxide, this occurs to a lesser extent, resulting in
the formation of carbaminohemoglobin [8]. As a result, the level of
hemoglobin in the human body directly affects the amount of oxygen
that can be transported. In a healthy adult, the typical hemoglobin level
ranges from 140 to 180 g/L. Insufficient levels of hemoglobin lead to
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anemia, reducing the capacity for oxygen transport. According to the
World Health Organization (WHO), approximately 19.3 million people,
accounting for 27% of the global population, suffer from anemia [9].
Conversely, high hemoglobin count may occur due to chronic hypoxia
and dehydration.

Accurate assessment of blood hemoglobin or hematocrit (Hct) and
oxygen saturation (SO,) levels are of profound clinical interest. Numer-
ous techniques exist for measuring hemoglobin levels in vitro, including
both qualitative methods [e.g., the copper sulfate technique (CST)]
and quantitative approaches [such as the cyanmethemoglobin method
(CM), hematology analyzer (AHA), the WHO Color Scale and point-
of-care (POC) analyzers] [10]. To evaluate the SO, level, blood gas
analyzers are routinely used in intensive care units and emergency
departments [11,12]; resonance Raman Spectroscopy of Hb can also
be conducted. These are noninvasive methods. Pulse oximeters that
use near-infrared spectroscopy are globally accepted as noninvasive
methods as well. Most notable among these is Masimo Pronto® Pulse
CO-Oximeter which has found extensive clinical usages and can pro-
vide multiple blood parameters in vivo in real-time including total
hemoglobin and blood oxygenation state [13,14].

A distinctive and potent method, photoacoustic (PA) spectroscopy,
can simultaneously estimate the Hct and SO, levels by leveraging the

E-mail addresses: 1ss2021008@iiita.ac.in (S. Paul), harish@rrcat.gov.in (H.S. Patel), drvatsalamisra@gmail.com (V. Misra), ranumishra22@rediffmail.com

(R. Rani), asahoo@iiita.ac.in (A.K. Sahoo), ratank.saha@iiita.ac.in (R.K. Saha).

https://doi.org/10.1016/j.pacs.2024.100642

Received 23 June 2024; Received in revised form 1 August 2024; Accepted 27 August 2024

Available online 30 August 2024

2213-5979/© 2024 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-

nc/4.0/).


https://www.elsevier.com/locate/pacs
https://www.elsevier.com/locate/pacs
mailto:rss2021008@iiita.ac.in
mailto:harish@rrcat.gov.in
mailto:drvatsalamisra@gmail.com
mailto:ranumishra22@rediffmail.com
mailto:asahoo@iiita.ac.in
mailto:ratank.saha@iiita.ac.in
https://doi.org/10.1016/j.pacs.2024.100642
https://doi.org/10.1016/j.pacs.2024.100642
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

S. Paul et al.

PA effect and spectroscopic principle [15]. The generation of acoustic
waves due to absorption of light is known as the PA effect. The
PA spectroscopy offers a non-invasive, highly sensitive and accurate
means for estimating the blood Hct and SO, levels. The PA method
is a potential candidate for in vivo assessment of these parameters.
This technique relies on the distinctive optical absorption features of
oxyhemoglobin (HbO) and deoxyhemoglobin (Hb). PA microscopy and
tomography techniques exploit these aspects and can display spatial
distributions of the Hct and SO, levels along with vascular structures.
Therefore, images retaining anatomical and functional information can
be formed using the PA schemes which may have clinical applica-
tions [16,17]. The PA technology has also been explored to develop
POC devices [18,19].

Hochuli et al. extensively investigated the accuracy of the PA
method for assessing the blood oxygen level and the role of selecting
optimal wavelengths in their work [20]. Bench et al. employed a mul-
tiwavelength linear unmixing technique to estimate intravascular SO,
levels [21]. Liu et al. developed an optical-resolution PA microscopy
setup for simultaneous imaging of hemoglobin concentration, blood
flow speed, and oxygen saturation with three-pulse excitation incorpo-
rating relaxation effect of the Griineisen parameter [22]. Esenaliev et al.
conducted fundamental studies on the applications of the PA technique
in assessing the oxygenation levels in the internal jugular vein of
sheep and humans [23-25]. Karpiouk et al. performed ultrasound and
photoacoustic imaging of deep vein thrombosis for 532 nm exciting
laser beam [26]. Hysi et al. observed changes in the PA spectral
characteristics and blood oxygenation at different stages of RBC aggre-
gation [27]. Saha et al. conducted PA studies on suspended and lyzed
blood samples using wavelengths of 532 and 1064 nm [28]. Biswas
et al. measured PA spectral response of blood clots of varying sizes [29].
Several other studies have also been performed for PA evaluation
of blood pathologies [30-33]. These efforts have clearly established
the potential of PA technology for the simultaneous determination of
multiple blood parameters.

PA emission from a blood sample incredibly depends upon its
optical properties, namely, absorption coefficient (4,), scattering co-
efficient (y,) and scattering anisotropy (g). These intrinsic parameters
dictate the absorption and propagation of photons through the medium.
A vast literature is available on the optical properties of blood. Some
pioneering works are discussed herein. Faber et al. reported the scatter-
ing properties of oxygenated and deoxygenated whole blood from 250
to 1000 nm and also obtained the corresponding complex refractive in-
dices utilizing a Kramers—Kronig analysis [34]. Meinke et al. examined
the influence of platelets and plasma (PLS) on optical characteristics of
blood [35]. The same properties of human blood were also measured in
the spectral range of 250-2000 nm at Hct=33.2% by the same group.
They deployed the Monte Carlo (MC) simulation to extract those pa-
rameters. In another study, the refractive index of human whole blood
was measured in the visible and near-infrared ranges by Li et al. [36].
Bosschaart et al. incorporated formulas for the collective absorption
coefficient and scattering coefficient of blood at different hematocrit
levels [37]. They considered phosphate-buffered saline (PBS) as the
suspending medium for RBCs. This modification aimed to provide a
more realistic numerical representation of blood samples, enhancing
the accuracy of optical studies. Some of the reports available in the
literature also suggest that RBCs exposed to atmospheric conditions can
directly absorb oxygen from the ambient environment [38,39].

The objective of the present work is to perform a comprehensive
study on PA emission from blood. To achieve the same, both numerical
and experimental means are employed. For the former approach, the
MC simulations were carried out to determine the fluence maps in
numerical blood phantoms. An exhaustive study was made on how to
determine the optical properties of numerical blood samples depending
on light absorption patterns at the molecular level and scattering
features at the cellular level. The optical properties (y,, u,;, and g)
of the blood samples were calculated at 532, 700, 1000 and 1064
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nm utilizing relevant formulas and published experimental data. No
experiments have been conducted by us to determine the optical prop-
erties of the blood samples. To examine the impact of the surrounding
medium, both PLS and PBS media were taken as the suspending fluids.
The computed fluence maps were incorporated in the k-Wave toolbox
generating the PA signals for those prototypes. PA experiments with
in vitro blood samples were conducted in this study to experimentally
validate our simulation results (RBCs suspended either in PBS or in
PLS). Our numerical and experimental results demonstrate that the
Hct level can be measured accurately with the PA technique. Our
numerical study demonstrates that g parameter plays a vital role for
the precise estimation of blood SO,. Experimental study shows that the
PA method can faithfully estimate the SO, level at the physiological
hematocrit. The contributions of the current work are- (i) to present
a rigorous study examining the dependence of hematocrit, oxygen
saturation and surrounding medium on PA emission from blood using
theoretical/numerical and experimental methods, (ii) to perform a
comparative investigation to find out which optical wavelength pair
can give optimal assessment of the blood parameters (Hct, SO,) under
different conditions, (iii) to demonstrate that the PA method cannot
provide faithful estimation of the blood SO, when fluence maps vis-a-
vis PA signals are simulated using g parameter evaluated via the Mie
theory, which approximates RBCs as spheres, and (iv) to investigate the
effect of the suspending medium (PBS/PLS) during the deoxygenation
process of blood using N, purging.

The organization of the paper is as follows. Section 2 presents the
theoretical models for light transport in tissue and propagation of PA
waves in a fluid medium. The spectroscopic formulas for calculations
of the blood Hct and SO, from PA signals are also included in Sec-
tion 2. Numerical and experimental methods are detailed in Sections 3
and 4. The next section highlights the simulation and experimental
results obtained from this study. Analysis of the results and important
observations derived from this work are illustrated in Section 6. The
conclusions of this study are summarized in this section as well.

2. Theoretical foundation
2.1. Photon transport in tissue

To understand the propagation of photons through a biological
tissue, the diffusion equation (DE) is widely used. However, it is a
special case (when p, < pu,; medium almost reaches the scattering
isotropy) of the most generalized radiative transfer equation (RTE). The
RTE can explain the propagation of photons for both the ballistic and
diffusion regimes. The RTE is given by [40],
10LFLn
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Eq. (1) is also known as the Boltzmann equation. Here, L(F, E.nis
the radiance; ¢’ and ¢ are the directions of incidence and scatter-
ing of a photon; ¢ is the speed of light in vacuum; vy is the
Henyey-Greenstein phase function, which is define as [41],
2
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where / &buiérbde=1 and &.¢=coso,
4z

the incident beam and the scattered beam make an angle 6; Q is the
solid angle and &(7,¢,1) is the source term [40]. For a time invariant
photon source,
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Therefore, Eq. (1) becomes,
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Fig. 1. Schematic of energy flow for a differential area element dA through the solid
angle dQ.

where L(7,{) is the time-independent radiance. It is not straightforward
to solve Eq. (4) analytically except for some simplistic geometry like an
infinite slab or homogeneous medium possessing spherical/cylindrical
symmetry. Being an integro-differential equation solving RTE is in
general a very complex mathematical problem. No general analytical
(closed-form) solutions of the RTE are available and it requires the use
of advanced numerical methods, such as finite element method, integral
transport methods, path integral method, and MC simulations, to solve
RTE for nontrivial cases (see Fig. 1).

2.2. Photoacoustic wave equation

The time-dependent PA equation in 3D can be cast as,
s 1%\ R AG)
oL n=-L 20D 5
< uzaz2>p(r )= ®)

where f is the isobaric volume expansion coefficient in K~!, C, is the
isobaric specific heat in J.LK~!, #Z(7,1) the heating function in W.m™3,
i.e., the amount of heat deposited per unit time per unit volume and
p(7, 1) is the pressure at any arbitrary point at a location 7 at time 7. The
conditions of stress confinement and thermal confinement have been
imposed while deriving Eq. (5). Let us consider time-varying laser beam
incidents on the medium then,

HF 1) = [\(Pu,e”™, with 7 1) = / L ¢ nade. (6)

4
It may also be mentioned here that Eq. (5) for a Delta function heating
pulse, Z(¥,1) = A(F)5(1), becomes,

=2 1 0%\ . po d(1)
Ve == ) pF )= —— ——=, 7
( v? 012 > p(r-1) 2 dt @
where A(F) is the absorbance and the initial pressure rise is defined as,
po = I'u,F with F as the fluence of the incident optical beam, which
is given by,
0
Fo = [ 1, ®
and I' = ﬁi as the Griineisen parameter. It is a dimensionless quan-
tity and an 1mportant parameter for studying the thermal and elastic

properties of matter. It is determined to be between 0.7 and 0.9, for fat
tissue and 0.152 and 0.226 for blood [42].

2.3. Assessment of blood hematocrit and oxygen saturation

The peak-to-peak pressure (P,,) can be determined as,

P,, = max [p(?, t)] — min [p(?, t)] . 9

The total hemoglobin (THb) and blood oxygen saturation (SO,) can be
quantified as [43],

A A A
PI,I Aeh2 — P, ZAE/"I
THb = Coy, + Cpe0xy = G i A 10)
dery Oxy dery Oxy
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Fig. 2. (A) The optical absorption spectra for fully oxygenated and deoxygenated blood
samples at Hct = 8% (data taken from Friebel et al. [45] and scaled properly to
generate data for Hct = 8%). (B) The variation of optical scattering coefficient for
different surrounding media at Hct = 8% (data taken from [35]). (C) Plots of scattering
anisotropy factor calculated via the Mie theory assuming RBC as a homogeneous sphere
(dash-dash lines); and the same plots (solid lines) are also generated using data taken
from [35]. (D) The optical absorption spectra for PBS and PLS media (reproduced
from [35]).

and
A A A A
SO2 _ COxy _ PPP deOxy PPli deOxy (11)
COxy + Cdery P I Aeh2 — Ppp2 Aeh

respectively, 4, and 4, are the two incident optical wavelengths; Co,,
and C,,0,, are the molar concentrations of oxy- and deoxy- hemoglobin
molecules, respectively; ey, and e;.0,, are the molar extinction co-
efficients of these molecules, respectively and de¢* = ef)xy - €;ery'
The molar extinction coefficients for HbO and Hb molecules can be
found elsewhere [44]. Egs. (10) and (11) have been derived from a
spectroscopic formula by substituting the optical absorption coefficient
with the corresponding PA amplitude [43]. It works well when the light
energy density in the sample is constant. Egs. (10) and (11) have been
utilized in this study for assessing the total hemoglobin and oxygen
saturation from numerical and experimental blood samples.

3. Numerical approaches

The optical properties of blood essentially depend upon various
physical and chemical factors of the suspension. Many experimental
investigations have been conducted to quantify yu,, u,, and g for whole
blood, as well as RBCs suspended in PBS, and plasma. The effect of the
oxygenation state and lysis of the blood samples on optical properties
have also been reported in the literature [35,37,41,45,46]. In this
work, at first, u,, u,, and g of various blood samples were estimated.
Accordingly, fluence distributions were obtained by performing the MC
simulation. Finally, the computed fluence distributions were used as
input to the k-Wave simulations for computing the PA signals from the
samples under investigation. Blood parameters, namely, Hct and SO,
were assessed from the simulated PA signals generated for two different
optical wavelengths. The steps are described in the following sections.

3.1. Estimation of optical parameters of blood

3.1.1. Absorption coefficient
Let us consider Mgzyc/ricmy as the measured light absorption co-
efficient at a wavelength for a fully oxygenated/deoxygenated blood
sample with hematocrit Hct, (reference level) and we intend to esti-
mate ﬂog/ Id“my for the same type of blood sample but with hematocrit
Het and at the same wavelength. It can be readily calculated by

demanding the extinction coefficient for the hemoglobin molecules
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Table 1

Photoacoustics 39 (2024) 100642

The computed values of optical parameters (y,, u, and g) for a series of numerical blood samples under different hematocrit
and oxygen saturation levels for various illuminating wavelengths (required for the MC simulations).

Ha I g ut!
Het (em™) (cm™) (Mie calculation) (Meinke) (cm™1)
o
i :;?)E-:);;%] I[{S]i)(;"f%E% ] RBC+PLS | RBC+PBS | RBC+PLS | RBC+PBS | RBC+PLS | RBC+PBS | PLS/PBS
50 211.79 21545 445.04 542.56 0.969 0.939 0.979 0.976
£ |45 190.62 193.90 484.65 590.84 0.969 0.939 0.979 0.976
= 0.11/0.02
Q|40 169.45 172.36 512.69 625.02 0.969 0.939 0.979 0.976
“ 30 127.12 129.28 523.37 638.04 0.969 0.939 0.979 0976
50 4.62 4.06 540.70 617.32 0.979 0.966 0.993 0.988
E 45 4.16 3.66 588.82 672.26 0.979 0.966 0.993 0.988 o
§ 40 3.71 325 622.89 711.15 0.979 0.966 0.993 0.988 . o
30 2.79 2.44 635.87 725.97 0.979 0.966 0.993 0.988
50 4.58 4.67 396.12 477.20 0.979 0.974 0.988 0.986
E 45 4.15 425 431.37 519.68 0.979 0.974 0.988 0.986 —
g |40 3.72 3.83 456.33 549.74 0.979 0.974 0.988 0.986
T 2.87 2.98 465.84 561.19 0.979 0.974 0.988 0.986
50 3.03 3.09 374.12 458.74 0.979 0.974 0.988 0.986
E 45 2.74 2.80 407.42 499.57 0.979 0.974 0.988 0.986 e
‘é 40 2.44 251 430.99 528.47 0.979 0.974 0.988 0.986 o
130 1.84 1.92 439.97 539.48 0.979 0.974 0.988 0.986

should be the same in both the samples. After some trivial steps, one
obtains [37],

Oxy/deOxy __ Hct Oxy/deOxy w
a,Hct - Hct() a,Hctg - HCtOfRBC”a
Hct
— [(l—Hcto)fMMéW]+HctfRBCﬂ:V
Hct,

+(1 = Het)fpu, (12)

where the superscript W denotes water; the notation M indicates the
surrounding medium (e.g., PBS or PLS); u! and u are the light
absorption coefficient for the water and the suspending medium, re-
spectively; frpc, fy are the fractional water contents in RBC and the
surrounding medium, respectively; typical values are- frpc = 0.66,
Sy = 1 for PBS and f,, = 0.9 for PLS [37]. Note that, in Eq. (12),
light absorption by the water and the surrounding medium has been
subtracted from that of the bulk medium.

Therefore, the absorption coefficient of a blood sample with arbi-
trary Het and SO, levels can be estimated utilizing Eq. (12) and is given
below,

O. deO.
HaHet = [Wa,",,yc, +(L =gy j,y] , (13)

where = SO, is the oxygen saturation level of the blood sample.

The spectra for the optical absorption coefficient for fully oxy-
genated and deoxygenated blood samples at Het,=33.2% can be found
in literature [45]. Similar curves at Hct=8% are generated by utilizing
this dataset and employing Eq. (12). The curves are presented in
Fig. 2(A). Moreover, the numerical value of y, for any blood sample
with arbitrary Het and SO, levels can thus be estimated from Egs. (12)
and (13). The corresponding value of y "J” has been taken from Fig. 2(D).
Table 1 presents computed values of yu, for a series of blood samples
considered in this study.

3.1.2. Scattering coefficient

Let us now proceed to calculate the scattering coefficient of a blood
sample (u; ) when that of a reference sample (u;y.,,) is known.
The optical wavelength is constant. It may be emphasized here that
the scattering cross-section of RBCs is a fundamental quantity (depends
upon the size, shape of RBCs, and wavelength of the incident optical

beam). It remains invariant though the Hct level may change [46].
Based on this argument, one can write [37],

(1—Het)?Het

. 14
(1 — HCIO)2H610 .MS,HCTO ( )

HsHer =
where the term (1 — Hct)? is a hematocrit-dependent scaling factor that
relates dependent scattering (for the dense system) and independent
scattering (for the sparse system). Various functional forms of the
scaling factor have been chosen by various groups [47-49].

As in the previous case, many groups measured the optical scatter-
ing properties of RBCs under various experimental conditions. Fig. 2(B)
demonstrates how y, changes with incident optical wavelength. Eq. (14)
has been deployed to quantify yu, for different blood samples considered
in this study and are included in Table 1.

3.1.3. Scattering anisotropy factor
The anisotropy factor measures the amount of forward direction
retained after a scattering event. For a spherical scatterer, g factor can

be calculated by employing the Mie theory, which provides [50],
" S, cos 0 sin0d0
g = D oncos0snods as)
Jo S11sin6d0

where, S|, = %(S 1 +.5,); S; and S, are the scattering functions defined
as [50,511],

[se]
2n+1
S, = ; m(q,,;z,, +u,t,), (16)
[se]
2n+1
S, = ; m(wﬂ + u,m,), a7

respectively. The coefficients ¢, and u, dictate the amount of radiative
transfer and are expressed as [52],

m? j, (mx)[xj, ()] = j,(x)[mxj, (mx))
m2j, (mx)[xh, ()] — h,(x)[mxj,(mx)]'”
u = Jn(mX)[xj, () = j, () [mxj,(mx))

" mx)[xh, () = h,()[mxj,(mx))
respectively. Here, x = 2za/ A with a as the radius of the scatterer and m
is the refractive index of the scatterer with respect to the surrounding

18)

h =

19)
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Fig. 3. Flowcharts for the MC and k-Wave simulations.

medium; j, and h, are the spherical Bessel and Hankel functions of
the first kind. The functions z, and r,, determine the angular scattering
patterns. The corresponding formulas are,

n, = McosG T, ———x
n = (I’l— l) n—1 (I’l — 1) n=2>
7, = ncosf m,— (n+ Dzx,_|, (20)

with 7, = 0 and 7; = 1, respectively, In this work, an RBC has been
approximated as a spherical object of radius a = 2.75 pm. Accordingly,
the above set of equations have been numerically evaluated to predict
the g values within the spectral bandwidth [see Fig. 2(C)] and are
also inserted in Table 1. For comparison, g values extracted from the
literature are presented in the same figure as well as in Table 1 [35].

3.2. Monte Carlo simulation

We use the MC multilayer (MCML) program for simulating photon
propagation in homogeneous blood samples [53]. It has been proved to
be a valuable numerical tool, which can provide insights into complex
optical processes and help to analyze experimental data. The algorithm
is summarized in Fig. 3 (left column). In this study, the size of the
tissue volume was taken as, (n,,n,,n,) = (200,200, 200). The individual
voxels with edges dx = dy = dz = 0.005 cm span a total volume
of 1.0 cm X 1.0 cm X 1.0 cm. The voxel size was arbitrarily chosen
but the dimension of the simulation volume along the z-direction
(the direction of propagation) corroborated with the sample holder
(i.e., cuvette). The numerical values of the optical properties (y,, u; and
g) of these voxels were taken from Table 1 depending upon the blood
sample. However, +1% fluctuation in u, value was introduced for some
randomly chosen voxels (10% of the total voxel). This step was invoked
to introduce noise in the simulated fluence map which might impact the
performance of the PA technique for assessing the levels of Het and SO,.
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The laser beam used in the simulation had a diameter (Dp) of 0.10 cm.
The spatial profile of the beam along the lateral direction with respect
to the direction of propagation was chosen to be uniform. The temporal
profile of the beam was considered to be a delta function. For each
simulation, 4 million photons were launched. The photons were only
allowed to reflect back to the sample from the top surface (i.e. at z = 0).
The photons were not permitted to reflect back to the sample from
the side and bottom walls. The MC simulation provided fluence map
for each sample. The simulations were executed in a server- Intel(R)
Core(TM) Intel Core i7 12700 CPU, 2.1 GHz clock speed, 12 cores, 12
logical processors, Microsoft Windows 11 Professional OS, 128.0 GB
DDR5 RAM, 16 GB NVIDIA RTX A4000 GPU with GCC-6.3.0-1 and
MATLAB 2023b. A run time of 13 min was required for each MC
simulation using 4 million photons.

3.3. k-Wave simulation

The k-Wave toolbox was used to perform the 3D acoustic sim-
ulations. The corresponding flowchart of the k-Wave simulation is
displayed on the right column of Fig. 3. The 3D fluence matrix (F)
for each sample (whose optical parameters are presented in Table 1)
was obtained from the MC simulation as described above. The initial
pressure rise, as defined earlier, for individual voxels was computed
to be py = I'u,F, I was taken to be unity for all samples. Banerjee
et al. also simulated PA signals using fluence maps [54]. The size of the
simulation domain was considered to be (N,, N,, N,) = (220,220,270)
grid points and the grid size was fixed to dx = dy = dz = 0.005
cm. The thickness of the perfectly matched layer (PML) was chosen
to be 0.05 cm. An anisotropic absorption coefficient of 100 np/m was
introduced inside the PML to avoid reflections of ultrasound waves
from the boundary walls. The widths of the k-Wave simulation domain
along the x and y axes, excluding the PML layers, were the same as that
of the MC simulation. The dimension of the k-Wave simulation domain
along the z axis was chosen to be slightly longer than that of the MC
simulation so that the transducer could be placed slightly away from
the sample.

A circular aperture ultrasound transducer of radius 0.05 cm was
placed at the coordinates (N, /2, N, /2, N, —15). A total N, = 317 grid
points essentially built the sensor. The center frequency and fractional
bandwidth of the sensor points were set to be 2.25 MHz and 70%,
respectively. The speed of sound and density of the sample and coupling
medium were taken as, v, = v,, = 1500 m/s and p, = p,, = 1000 kg/m>,
respectively. The Courant-Friedrichs-Lewy number was set to 0.3 for
the k-Wave simulations to reach numerical stability and as a result of
that the sampling interval became 10 ns. The numerically evaluated
time-dependent pressure data at the sensor points were stored. The
Gaussian random noise was added with each simulated PA signal
achieving the signal-to-noise ratio of 40 dB. The simulations were con-
ducted for five different Hct levels, at two different SO, levels, and at
four different optical wavelengths (532, 700, 1000, and 1064 nm). The
PA signal generation at 532 and 1064 nm is of fundamental interest.
The light absorption by Hb and HbO are significantly different as well
as exhibit opposite trends at 700 and 1000 nm [see Fig. 2(A)]. That is
why these two wavelengths were also considered. The simulations were
performed in the same computer and the average execution time was
about 22 s for each simulation (using graphics processing units).

3.4. Evaluation of the blood parameters

Egs. (9), (10) and (11) were utilized in this study for PA estimations
of the blood Hct and SO,. The molar extinction coefficients for Hb and
HbO were calculated from Fig. 2(A). The peak-to-peak amplitudes were
calculated from the boundary signals only, where fluence distribution
was uniform allowing us to use Egs. (10) and (11). The computed peak-
to-peak amplitudes for 700 and 1000 nm optical wavelengths for a
series of Hct levels were inserted in Eq. (10) to calculate the THb for
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Table 2

Details of the complete blood count (CBC) test for blood sam-
ples collected from three healthy volunteers; MCV, MCH and
MCHC stand for mean corpuscular volume, mean corpuscular
hemoglobin and mean corpuscular hemoglobin concentration,
respectively.

Hct | THb | MCV | MCH | MCHC

Donor | Age | Sex | o) | @ary | (1) | () | (waL)

1 27 |M [39.2 |13.8 |85.7 |303 |[354
2 30 |[M 446 | 153 [83.4 |28.6 |343
3 33 |F 41.0 [ 143 [739 |25.7 |348
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Fig. 4. A schematic of the experimental setup.

each sample. THb value obtained from the fitted line close to Hct=45%
served as the calibration sample. It means that the calculated THb
values, for a set of samples, were divided by that of the calibration
sample and then multiplied by the Hct of the calibration sample. We
termed it as the estimated Hct in the text. Moreover, the estimated
Hct will exhibit minimum assessment error for the calibration sample.
No such normalization was required while determining the SO, level
because it is a dimensionless quantity see Eq. (11).

4. Experimental procedures

4.1. Sample preparation

Fresh venous blood of around 50 mL from a healthy human volun-
teer was collected with the permission of the ethical committee. The
bag was prefilled with 7 ml of Citrate Phosphate Dextrose Adenine
(CPDA) solution to prevent blood coagulation. Two types of blood
samples were prepared as described herein. At first, the whole blood
was centrifuged for 15 min at 3000 rpm. The plasma layer was gently
removed and stored in a tube. The buffy coat was carefully discarded.
The packed RBCs were gradually diluted with plasma and subsequently,
the PA experiments were carried out. The Hct levels were varied
approximately between 50 and 30%. This type of sample is referred to
as RBC+PLS in the text and it was comparable to whole blood. Another
set of samples was also prepared (indicated as RBC+PBS in the text).
The whole blood was mixed with PBS and centrifuged for 15 min at
3000 rpm. The supernatant was eliminated and PBS was added. These
steps were repeated three times to ensure proper washing of RBCs. Such
packed RBCs were diluted with PBS sequentially to achieve different
Hct levels in the same range and as mentioned earlier for each sample,
PA data were recorded. The PA experiments with human blood were
repeated for three times. Various blood parameters of the donors are
inserted in Table 2.
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4.2. PA signal detection

The schematic diagram of the setup used for the PA experiments is
shown in Fig. 4. It included a tunable Nd:YAG laser system (EKSPLA,
NT300 series) emitting pulses of 6 ns width and 10 Hz as the pulse rep-
etition frequency (PRF). This instrument offers a range of wavelengths
from 335 nm to 2500 nm (excluding the optical range 501-659 nm,
but including 532 nm). A right-angle prism was employed to guide
the beam so that it could fall on the blood sample. The blood sample
was loaded into a glass cuvette (LARK, fluorescent optic glass cuvette).
The cuvette filled with blood was placed in a water tank. The water
medium acted as a coupling medium and its temperature remained
constant at 23° C during the experiment. An unfocused ultrasound
transducer (Panametric, V325-SU) with a center frequency of 2.25
MHz, 70% fractional bandwidth, and 1 cm diameter captured radio
frequency (RF) signals. The detected PA signals were then amplified us-
ing a pulser/receiver module (JSR, DPR300). Finally, a data acquisition
(DAQ) card (Adlink PCIe 9852) was employed to digitize the PA signals
at a sampling frequency of 50 MHz and stored the RF lines each having
5000 data points. The trigger signal from the laser system was utilized
to synchronize the DAQ system. For individual blood samples, 300 RF
lines were recorded at each optical illumination for further analysis.
The PA measurements were conducted at 532, 700, 1000 and 1064 nm
optical wavelengths. The blood sample was softly but rigorously shaken
between two consecutive PA experiments to avoid RBC precipitation.

The beam energy at 532, 700, 1000, and 1064 nm was measured to
be 9.8, 12.5, 16.5 and 52.1 mJ/cm?, respectively. Note that energy nor-
malization was performed on the generated PA signal before computing
the THb and SO, values by evaluating Eqs. (10) and (11), respectively.
The exact Hct level was determined using a micro-centrifuge instru-
ment. A capillary tube was loaded with blood; centrifuged for 2 min at
9000 rpm to ensure complete separation of RBCs and the suspending
medium; then the Hct level was obtained using a Hct measurement
scale. The SO, levels for experimental blood samples with the highest
and lowest hematocrits with appropriate dilution were also evaluated
using a UV-Vis instrument (PerkinElmer, Lambda 365+) for the same
wavelength pairs. The absorption coefficients at 700 and 1000 nm were
evaluated from the absorbance data (A), u, = 2.3034/I, | being the
pathlength. Thereafter the optical analog of Eq. (11) was employed to
determine the blood SO,. Finally, N, gas was purged through RBC+PLS
and RBC+PBS samples for a sufficiently long time at a very low pressure
to examine the role of the surrounding medium in gas absorption
process by RBCs. The pH values were measured to be: RBC+PLS (before
N, purging) = 6.61, RBC+PLS (after N, purging) = 6.52; RBC+PBS
(before N, purging) = 6.90, RBC+PBS (after N, purging) = 6.72.

5. Simulation and experimental results
5.1. Outcomes of the simulation studies

Fig. 5 demonstrates the distributions of weights of photons (in
log scale) inside some representative numerical blood samples having
hematocrit levels, Hct=45% for all wavelengths considered in this study
but for two SO, levels (SO, = 57% for RBC+PLS samples and SO, = 65%
for RBC+PBS samples). A color bar is attached to quantify the color
code in Fig. 5(d). The optical parameters for the MC simulations are
taken from Fig. 2 and also summarized in Table 1. The columns 8 and 9
of Table 1 present the numerical values of g utilized in the simulations.
The photons incident at z=0 and propagate along the z-direction. The
photon beam penetrates very less into the sample at 532 nm compared
to other wavelengths (compare Figs. 5(A) and (a) with others). The
penetration is even more in cases of the PLS samples than those of
the PBS counterparts. However, the beam spreads more in the lateral
direction in the later samples in comparison to the former prototypes.
It is obvious because the numerical value of g is marginally greater in
a PLS medium than that of the corresponding PBS medium [compare
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Fig. 5. Photon weight deposition map (in log scale) obtained from the MC simulation at 700 and 1000 nm wavelengths for RBC+PLS [(A)-(D)] and RBC+PBS [(a)-(d)] systems
with Het=45% and SO, = 57% and 65%, respectively; g values are taken from columns 8 and 9 of Table 1.

532 nm 700 nm 1000 nm 1064 nm
4 10
S 200 5
©
: l I I
S’ 0 v 0 ViV VIV vvv
w
& -200 5 u
A
400 (A) 10 (B) (©) (D)
5 10 5 10 X 10 5 10
Time/us Time/us Time/ps Time/us

Fig. 6. Plots of the PA signals generated by the k-Wave toolbox utilizing the fluence
maps produced by the MC simulation; RBC+PBS, Hct=45%, SO, = 65%.
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Fig. 7. (A)-(B) The graphs illustrate the variations of PA signal amplitude (peak-to-
peak) with hematocrit level when RBCs with SO,=57% are surrounded by the PLS
medium. (C)-(D) Same as (A) and (B), respectively but for the PBS medium and
S0,=65%. R? provides goodness of a fitting and RMSE means root mean square error.

Figs. 5(B) and (b)]. The simulated PA signals generated by the k-Wave
toolbox are displayed in Fig. 6. As expected blood sample emits a very
strong PA signal at 532 nm than other optical wavelengths (compare
Fig. 6(A) with others).

Representative plots of peak-to-peak PA signal amplitude as a func-
tion of hematocrit are shown in Fig. 7. As in the previous case g values
have been taken from the literature (columns 8 and 9 of Table 1). The
hematocrit level has been varied from 30 to 50% and incident optical
wavelengths have been considered to be 532, 700, 1000, and 1064 nm.
The plots of peak-to-peak amplitude are shown in the first column when
RBCs are suspended in the PLS medium [Fig. 7(A) and (B)]. Similar
graphs for the PBS medium are given in the second column [Fig. 7(C)
and (D)]. The right y-axis acts as the scale for the 532 nm wavelength
but for the other wavelengths the scale is placed on the left y-axis as
usual. It can be seen from Fig. 7 that computed peak-to-peak amplitude
exhibits monotonic rise with increasing hematocrit for all irradiating
optical wavelengths. For each case, peak-to-peak data have been fitted
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Fig. 8. (A) The nominal versus estimated Hcts. (B) The variation of evaluated SO,
level with the ground truth Het. The PA data have been simulated at 700 and 1000 nm
optical wavelengths. The estimated SO, levels for various sources of g are illustrated
for comparison [g values are calculated theoretically (Mie) in the first case but taken
from the literature in the second case (Meinke)], NSO, means nominal SO,.

with a straight line, which is also shown in each figure for convenience.
The parameters, namely, goodness of fit (R?) and root mean square
error (RMSE) are also provided in the legend of each figure confirming
excellent fit to the data points. It may be noted that similar plots (data
not shown) can be generated if we use g values facilitated by the Mie
theory (i.e., columns 6 and 7 of Table 1).

After obtaining all the PA response lines at different wavelengths,
the next task is to estimate the Hct and SO, levels for the blood samples
using Egs. (10) and (11). The PA data at a pair of optical wavelengths
are required for assessing the Hct and SO, levels. The estimated values
of blood Hct and SO,, utilizing simulated data at 700 and 1000 nm
wavelengths, are presented in Fig. 8. Note that both Mie and Meinke
datasets have been implemented for generating the PA signals via the
MC simulations. It is evident from Fig. 8(A) that the Hct levels can be
predicated very accurately for both the PLS and PBS media (maximum
error ~ 7%). The Hct estimates for the Meinke dataset are marginally
better than the Mie dataset at Hct=50%. Fig. 8(B) exhibits that the SO,
levels are greatly underestimated for the Mie dataset. Average estima-
tion errors are about —16% and —31% with respect to the ground truths
for the RBC+PLS and RBC+PBS samples, respectively. Much improved
assessments are possible when the forward simulations are conducted
with the Meinke dataset. The SO, level can be accurately determined
for the RBC+PLS samples whereas the average estimation error is about
—5.5% with respect to the nominal value for the RBC+PBS systems.
The simulation results for the Meinke dataset are also included in
Table 3 (rows 3 to 6) for comparison with the experimental results. The
quantitative results for other combinations of wavelengths are detailed
in Tables S1 and S2.

5.2. Outcomes of the experimental studies

Some representative experimentally measured PA RF lines are dis-
played in Fig. 9. A thin but strong PA signal is generated at 532 nm.
However, the PA signals are relatively thick for other incident op-
tical wavelengths, this is because of deep penetrations of the light
beams inside the samples. The plots of peak-to-peak amplitude with
blood hematocrit are elaborated in Fig. 10 for four probing optical
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Table 3
Assessed Hct and SO, levels from the generated PA signals at 700 and 1000 nm optical illuminations.
Theoretical findings (rows 3 to 6) and experimental results for three donors (rows 7-10; rows 11-14 and
rows 15-18, respectively) are presented for comparison. The SO, levels (columns 4 and 8, rows 7-18) for
experimental blood samples with the highest and lowest hematocrits are obtained using a UV-Vis instrument
for the same wavelength pairs.
RBC+PLS RBC+PBS
Nominal | Estimated | Actual | Estimated | Nominal | Estimated | Actual | Estimated
Het Hct SO, SO, Hcet Het SO, SO,
(%) (%) (%) (%) (%) (%) (%) (%)
= |50 47.8 57 57.6 50 46.9 65 60.6
@ .S
é = |45 44.7 57 58.8 45 44.3 65 61.5
é) E 40 40.3 57 59.5 40 40.5 65 61.0
e 30 31.4 57 60.5 30 32.0 65 62.7
g 49 48.5+1.4 |59.0 |54.3#1.9 |50 48.8+1.4 |61.4 70.4+3.3
- o
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= 5
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wavelengths. This blood sample has been taken from donorl whose
blood parameters can be found in Table 2. A straightline fit to the
experimental data is also presented for each case. It is clear from this
figure that the linear fit works well for all cases which can be verified by
examining the numerical values of fitness parameters (R?> and RMSE).
The peak-to-peak amplitude grows linearly with increasing hematocrit.

The PA estimation of blood Hct and SO, using experimental data
for 700 and 1000 nm are shown in Fig. 11. The numerical values
are further presented in Table 3 (rows 7 to 18). The PA method in
general faithfully determines the blood Hct levels. It can be noted
from Figs. 11(A), (C), (E) and Table 3 that average absolute errors in
determining the blood Hct are ~ 3%, 5.5% and 7% for donors 1, 2
and 3, respectively. The absolute error is calculated by including both
classes of samples together (i.e., RBC+PLS, RBC+PBS) for each donor.
Figs. 11(B), (D) and (F) denote how estimated SO, varies with Hct.
Table 3 also displays the determined values of SO, (columns 5 and 9).

Nominal Het/% Nominal Het/%

Fig. 10. Variation of peak-to-peak PA signal amplitude as a function of hematocrit;
(A)-(B) cells are suspended in the PLS medium, (C)-(D) cells are dispersed in the PBS
medium. The illuminating wavelengths are given in the legends. The computed values
of R? and RMSE are also included in the legends.

For comparison, evaluated values of SO, using a UV-Vis instrument
are inserted in the same table (columns 4 and 8). It is evident from
these figures that the SO, levels for RBC+PLS and RBC+PBS samples
are distinctly different for donors 1 and 2. The mean SO, levels are
nearly 59% and 70%, respectively for donor 1. The same quantities are
about 53% and 61%, respectively for donor 2. However, volunteer 3
exhibits greater variability with respect to volunteers 1 and 2 and such
a trend is missing. The mean SO, levels can be calculated to be 54.7%
and 58.5%, respectively. The estimated values of Hct and SO, for other
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Fig. 11. PA determination of the blood Hct (top row) and SO, (bottom row) utilizing
the PA signals measured at 700 and 1000 nm optical wavelengths.

combinations of optical wavelengths are highlighted in Tables S3, S4,
and S5, respectively.

6. Discussion and conclusions

In this work, PA emission from blood has been investigated at
different optical wavelengths. The role of the surrounding medium
(PLS/PBS) on PA emission is also examined. At first, numerical studies
are performed rigorously. The optical parameters (u,, 4, and g) for a
series of blood samples have been theoretically estimated. These pa-
rameters are utilized to run the MC simulations providing fluence maps
for those samples which are subsequently used to execute the k-Wave
simulations to compute the PA signals. MC noise and Gaussian noise
have been added while executing these simulations, respectively. The
peak-to-peak amplitudes of simulated PA signals at 700 and 1000 nm
are employed to assess the blood Hct and SO, levels. The peak-to-peak
amplitude demonstrates linear increase with increasing Hct (see Figs. 6
and 10). This is in contrast to nonlinear growth of PA signals observed
by other groups in various contexts [54,55].

The Hct can be estimated with good accuracy with the PA method
which can be confirmed from rows 3 to 6 of Table 3. For instance,
for the numerical study, the average absolute error in estimating Hct
is about 4% (with 40 dB noise). The same errors can be found to be
approximately 3 and 8% when the noise levels are 20 and 10 dB,
respectively (data not shown for 20 and 10 dB noise levels). Similarly,
the average absolute errors in determining SO, can be calculated to be
5, 4 and 7% for 40, 20 and 10 dB noise levels, respectively. It is also
true for experimental studies (absolute errors are within 7% for Het
estimations). The predicted SO, levels by the PA technique are in gen-
eral consistent with the actual values obtained from the UV-Vis method
(compare columns 4 and 5; 8 and 9 of the same table). For donor 1 and
for RBC+PBS samples, the PA estimations are slightly on the higher side
compared to the nominal values of SO, (see columns 8 and 9, rows 7-
10 of Table 3). It may also be mentioned here that SO, level in some
cases marginally decreases with increasing hematrocit (see Fig. 11),
which is consistent with the simulated trend (see Fig. 8). However,
the opposite trend was reported by [27]. Further investigations are
required to understand the reasons behind such observations.

One of the reasons for incorrect estimation of blood SO, may be
that optical absorption by the ambient medium is not considered by
Eq. (11). The peak-to-peak amplitude line should pass through the
origin in the absence of the background absorption and consequently,
the PA technique may offer accurate SO, prediction. Nevertheless,

Photoacoustics 39 (2024) 100642

0.05 1 70

E IE £ E Before N,, Purging
3004f 5 o g g 18, | o IO
= < ~ ~
Soosf Tee = PLS A A
2 ! v PBS 9 After N, Purging o
2002 v! £ [ > o S21%RECPLS)
5 v Eosof T
go.o1 ; . a 47.8% (RBC+PBS)

| v (A) (B)
0 40
400 600 800 1000 30 35 40 45 50
AMnm Nominal Het/%

Fig. 12. (A) The measured PA amplitudes for the PBS and PLS fluids. (B) The graph
illustrates the change in oxygen level before and after N, purging for RBC+PLS and
RBC+PBS samples with Hcr = 40%.

background absorption may not be negligible at certain optical wave-
lengths. Fig. 12(A) exhibits how PA amplitude varies with wavelength
for PLS/PBS medium. Accordingly, the y-intercept of the peak-to-peak
amplitude line may become nonzero in case of finite background ab-
sorption which may result in erroneous SO, evaluation. This aspect was
investigated elaborately in this study but no significant improvement
was made. For PA experiments, there exists a possibility of temperature
rise of the sample because of absorption of light energy and thus signal
amplitude may grow leading to increased estimations of the blood Hct
and SO,. Recently, Griineisen relaxation effect is compensated for in
the oxygen saturation calculation [22]. A similar strategy may also be
adopted for the determination of blood SO,.

Note that g values facilitated by the Mie theory approximating RBCs
as homogeneous spheres appear to be on the lower side (see Table 1).
It also considers constant refractive indices for RBC and the ambient
medium (ngpe = 147, np; g = 1.35 and nppg = 1.33 at 600 nm) [35].
On the other hand, g values extracted from experimental data are
found to be on the higher side [35]. It may be mentioned here that
accurate experimental determination of g parameter requires a very
dilute sample with Hct =~ 1% or less [35]. Fig. 8(B) clearly shows that
the estimation of SO, deviates greatly when forward simulations are
conducted with the g values provided by the Mie theory. Whereas,
significantly improved estimation is possible when g values provided
by the Meinke dataset are used. The incident photons scatter more in
the lateral direction when the g value is small. Hence, the PA source
will become thin but wide, the corresponding PA pulse will be narrow
but strong. On the other hand, when the g value is large, the forward
direction is preferred after scattering and the PA source will shrink in
the lateral direction but elongate in the forward direction. The width
of the associated PA pulse will become broad with reduced amplitude
(compared to the previous case). These small alterations contribute
favorably leading to improved estimation of blood SO,. In other words,
a small variation of g factor can induce a large error in SO, assessment.
This is one of the important findings of this work. This observation
may be useful while investigating pathological blood samples with PAs.
Note that there exist many pathological conditions (e.g., autoimmune
diseases and malaria infection; aggregation and lysis of RBCs), which
can modify the g factor and may impact the PA estimations of blood
Hct and SO,.

As mentioned above, it is found that the SO, levels for the RBC+PBS
samples are in general measured to be slightly higher than that of
the RBC+PLS samples. It may be argued that various macromolecules
present in the PLS medium form a layer on the surface of RBCs and that
inhibit gas diffusion process. However, such a layer is removed during
rigorous washing of RBCs promoting the possibility of gas exchange
between the cell and the suspending fluid. To further confirm this
aspect, N, gas was purged into two samples (RBC+PLS and RBC+PBS)
for sufficiently long time. It has been observed that SO, level drops
about 8% for the first sample whereas it is about 15% for the second
sample. The results are shown in Fig. 12(B). Therefore, it is highly likely
that during blood processing, RBCs absorbed oxygen dissolved in the
saline water and from the atmosphere elevating the SO, level [38,39].
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In conclusion, this work reports a comprehensive study on PA
response of human blood involving rigorous numerical and in vitro
experimental investigations. Theoretical formulas exploiting the funda-
mental principles of physics are described for calculations of the optical
parameters of blood. It is found that the PA technique can assess blood
Hct with high accuracy (> 95%). The mean accuracy for estimating the
level of blood SO, has been determined to be > 93%. The simulation
study demonstrates that a small change (2% decrement) in g value of
the sample can lead to a large change (~ 27% drop) in the SO, estima-
tion. The Mie theory approximates RBCs as homogeneous spheres and
the g estimates are calculated to be slightly less than that of the Meinke
dataset, which incorporates the actual size and shape of RBCs. In other
words, this study proves that a minor morphological change in the
microscopic level (which is much smaller than the acoustic detection
wavelength corresponding to 2.25 MHz) has of profound impact in the
assessment of bulk SO,. Further experimental works are required to
carefully analyze how PA signal is affected by changes in the optical
parameters (i.e., for pathological blood samples). More specifically, this
theoretical approach accounting for cellular morphology needs to be
employed for PA signal simulation and validated experimentally for
realizing the goal of developing a portable PA system for simultaneous
measurement of multiple blood parameters.
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