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A B S T R A C T   

Introduction: In this study, we utilized the pulsed photoacoustic (PA) technique to analyze globular sedimentation 
in whole human blood, with a focus on distinguishing between healthy individuals and those with hemolytic 
anemia. 
Methods: Blood samples were collected from both healthy individuals (women and men) and those with he-
molytic anemia, and temporal and spectral parameters of PA signals were employed for analysis. 
Results: Significant differences (p < 0.05) were observed in PA metrics between the two groups. The proposed 
spectral analysis allowed significant differentiation within a 25-minute measurement window. Anemic blood 
samples exhibited higher erythrocyte sedimentation rate (ESR) values, indicating increased erythrocyte 
aggregation. 
Discussion: This study underscores the potential of PA signal analysis in ESR assessment as an efficient method for 
distinguishing between healthy and anemic blood, surpassing traditional approaches. It represents a promising 
contribution to the development of precise and sensitive techniques for analyzing human blood samples in 
clinical settings.   

1. Introduction 

The Erythrocyte Sedimentation Rate (ESR) is a hematological test 
first described over 120 years ago, considered a marker of inflammation 
and a strong predictor of coronary heart disease mortality [1–3]. An 
increase in ESR is associated mainly with inflammatory, neoplastic 
problems, or anemias, whereas a decrease is related to congenital 
erythrocyte alterations, polycythemia, and heart failure [4,5]. To date, 
the Westergren method is considered “the gold standard” for deter-
mining the ESR, recognized by the International Council (previously 
Committee) for Standardization in Haematology (ICSH) [6,7]. This 

method measures the distance in millimeters that red blood cells (RBCs) 
travel in one hour as they descend to the bottom of a vertical column. 
The Westergren method uses an anticoagulant that can be liquid-based 
(citrate) or solid-based (ethylenediaminetetraacetic acid, EDTA). Cit-
rate results in the dilution of blood, inaccuracies of which significantly 
affect the ESR. The ESR values obtained by the Westergren method are 
nonspecific; they are subject to various errors due to technical factors or 
RBCs size, shape, and concentration. Typically, normal RBCs cluster 
together in a line or roll shape, like a stack of coins, a process known as 
Rouleaux [8]. In contrast, abnormal RBCs may cluster irregularly due to 
various factors like changes in sialic acid levels in the cell membrane, 
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temperature, pH, viscosity, osmolarity, and the ionic strength of their 
surrounding fluid [9]. These changes can either increase or decrease the 
ESR. For instance, anemia can lead to more rouleaux formation, while 
polycythemia reduces it [10,11]. RBCs aggregation significantly impacts 
ESR, but the underlying mechanisms are not completely understood 
[12]. The ESR process involves three stages: aggregation, sedimentation, 
and packing of RBCs [13]. 

New automated and non-automated methods have been proposed for 
the measurement of ESR; however, these are limited by one or more of 
the following factors: time-consuming preparation procedures, costly 
systems, low sensitivity, technical errors, single parameter measurement 
or alteration in samples due to light scattering and/or transmission 
[14–17]. 

In recent decades, PA techniques have gained wide acceptance in the 
biomedical community because they combine the high sensitivity of 
optical absorbance and the high resolution of ultrasound, as well as 
being safe since there is no ionizing radiation involved in most cases [18, 
19]. The pulsed PA technique is based on the absorption of short-pulsed 
light and volume expansion of the irradiated sample, generating 
acoustic waves at megahertz (MHz) frequencies. Among a broad range 
of applications, the PA technique has been used to detect and monitor 
RBCs sedimentation and aggregation, providing information on their 
oxygenation levels [20–29]. Various experimental setups have been 
proposed using different fluences, wavelengths, ultrasound sensors, and 
synthetic materials. However, these studies have mainly focused on the 
study of animal blood [20,21,25,30–32] or human blood extracted from 
a single donor [20,33–35], which were diluted with PBS and/or 
inducing sedimentation and aggregation with dextran [23,24]. Theo-
retical and experimental models based on suspended particles have also 
been carried out using the PA technique, using different synthetic ma-
terials that are not ordinarily present in blood samples [22,26,36–39]. 
Therefore, the results of these studies are not conclusive regarding the 
ESR and cannot be easily extended to human blood samples or those 
with specific pathologies (Table 1. General experimental characteristics 
of published studies related to ESR and/or RBCs aggregation in blood 
samples using the PA technique). 

In this work, we have developed an experimental system that enables 
the acquisition of PA signals from blood samples collected from in-
dividuals diagnosed with hemolytic anemia and healthy subjects. The 
PA signals were analyzed to extract various parameters before, during, 
and after globular sedimentation. Our findings revealed significant 
statistical differences across all the PA variables analyzed between 
anemic and healthy blood. Furthermore, we introduced a new and 
innovative analysis of spectral parameters of the signals within the 
initial minutes of the sedimentation process, facilitating rapid differen-
tiation between blood samples with and without anemia when 
compared to conventional techniques (e.g., Wintrobe and Westergren 
methods), yielding a high P-value. Our system operates without the need 
for any chemicals or solutions, eliminating the requirement for inducing 
aggregation in the sample, such as dextran or any dilution. The laser 
beam, responsible for generating the photoacoustic signal, was oriented 
perpendicularly to the sedimentation direction, as opposed to parallel. 
This design choice prevented optical saturation and allowed for the 
detection of photoacoustic sources (erythrocytes) throughout the sedi-
mentation process. Moreover, no lens was required to focus the laser 
beam and the fluence was well below those reported in earlier research 
[24,30,38]. 

1.1. Hemolytic anemia and erythrocyte sedimentation rate (ESR) 

Hemolytic anemia is a condition marked by the accelerated 
destruction of erythrocytes or red blood cells (RBCs) in the body, 
resulting in a reduced number of circulating RBCs. Premature destruc-
tion of these cells can lead to a range of symptoms and complications, 
including fatigue, fever, dizziness, jaundice, dark urine, tachycardia, 
enlarged spleen (splenomegaly), and liver (hepatomegaly). Clinical 

assessment, coupled with additional laboratory tests, such as complete 
blood biometry, are essential for determining the cause and severity of 
hemolytic anemia. Complete Blood Biometry, a standard blood test, 
furnishes crucial information about the types and numbers of cells in 
human blood. Hematology analyzers, employing various technologies 
like impedance, flow cytometry, and laser light scattering, are pivotal in 
providing detailed information on red blood cells, white blood cells, and 
platelets [40]. 

Hemolytic anemia can influence aggregation and the ESR in diverse 
ways due to alterations in the composition and characteristics of RBCs. 
However, these changes are not exclusive to hemolytic anemia; various 
conditions, including infections, inflammatory disorders, and other 
types of anemia, can also impact these parameters. Erythrocyte aggre-
gation, a common phenomenon, undergoes significant alterations in 
several pathophysiological conditions, particularly those associated 
with inflammation. These conditions lead to changes in the size of ag-
gregates and the rate at which they form [17,41]. 

Normally, RBCs have a negative surface charge that prevents their 
aggregation, keeping them dispersed in the blood medium. Erythrocyte 
aggregation occurs due to electrostatic forces that bring together the 
negatively charged cells, leading to the formation of stacks of RBCs 
(phenomenon Rouleaux) [42,43]. In certain diseases, the plasma pro-
teins become positively charged, considerably neutralizing the negative 
surface charges of RBCs and reducing their repulsion force (zeta po-
tential). This reduction in repulsion force facilitates erythrocytes ag-
gregation, consequently increasing their sedimentation rate [1,44]. 

The proteins promoting erythrocyte aggregation (decreasing the zeta 
potential) are mainly fibrinogen in high concentrations and globulins, 
while albumin counteracts aggregation (increasing the zeta potential) 
[45]. Other studies have also indicated that acute-phase proteins, be-
sides fibrinogen and immunoglobulins, can affect erythrocyte aggrega-
tion [46]. According to this mechanism, the ESR tends to be higher in 
anemic blood due to the imbalance between plasma proteins and the low 
number of RBCs. Additionally, other factors can interfere with ESR, 
apart from RBCs properties, hematocrit (HCT), and plasma [47]. Tech-
nical factors such as ambient temperature, time from sample collection, 
tube orientation/tilt, and vibration can affect it. Similarly, icterus, he-
molysis, or the intake of certain medicines and supplements may 
interfere with the results [48]. 

2. Materials and methods 

2.1. Blood samples 

Whole blood samples were collected from healthy donors (5 male 
and 5 female) and individuals clinically diagnosed with hemolytic 
anemia (5 female), following informed consent procedures and in strict 
adherence to the Declaration of Helsinki and local statutory re-
quirements (No. DI/22/301/03/40). 

Venous blood samples were drawn from the antecubital vein and 
deposited into Vacutainer tubes containing Ethylenediaminetetraacetic 
acid (EDTA) (BD Vacutainer, Becton, Dickinson, and Company, New 
Jersey, USA). In addition, all samples underwent complete blood 
biometry as part of routine procedures, and serological studies were 
performed on healthy blood samples. The hematological analyzer used 
was B40603 - DxH 560 AL Beckman Coulter brand. 

2.2. The PA metrics 

The PA metrics derived from the temporal signals included the PA 
amplitude of the first peak (PAFP), calculated as the difference between 
the maximum signal value at that peak and the baseline (the horizontal 
straight line along the y-axis). The arrival time (ta) of a PA signal rep-
resented the point at which acoustic waves generated by light absorp-
tion reached the detection system. Erythrocyte sedimentation time (ESt) 
measured the time elapsed from sample deposition in the quartz cell to 
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Table 1 
General experimental characteristics of published of ESR and/or RBC aggregation studies in blood samples using the PA technique.  

Ref. Laser characteristics # Blood Samples Transducer 
center 
frequency 

Results 

λ (nm) Pulse Size 
(ns)/ 
Repetition 
Rate (Hz) 

Fluence (mJ/ 
cm2) 

Animals Human þ Solutions [MHz]  

(25,30) 750 and 
1064 

6 / 10 25 1 
(Porcine) 

— Dextran 5 Detection of induced 
aggregation and oxygenation 
levels of porcine RBCs.  

(20) 1064 6 / 10 25 1 
(Porcine) 

1 Dextran-PBS 5 Detection of induced 
aggregation artificially with 
dextran of human (a single 
donor) and porcine RBCs, 
theoretically and 
experimentally.  

(33) 1064 6 / 10 314 — 1 
(A single donor from 
Innovative Research 
Inc.) 

Dextran- PBS 5 Detection and quantification 
of induced aggregation 
artificially of RBC in various 
concentration of Dextran-70. 
The study was performed just 
one human blood sample.  

(21) 632.8 CW-laser 
modulated by 
a chopper at 
11 Hz 

— Fish — — — Study of the dynamics of 
blood and hemolymph 
sedimentation in real time 
using the CW PA technique.  

(23,24) 1064 <10 / 500 ≈ 106 μJ 
delivered 
through 
~2 mm, 
optical fiber 

— 1 (male, 33 years) Dextran-PBS 1 Monitoring of blood 
sedimentation dynamics in 
vitro experiments using 
dextran to induce artificially 
aggregation of RBC from 1 
male.  

(38) CW-laser:532 
OPO: 
415–2300 

CW-laser: 12/- 
OPO: 8/- 

CW-laser: 
100–7000 
OPO: 
100–1×105 

White 
Fisher 
(F344) 
rats 

Cells of the MDA- 
MB-231 human 
breast 
adenocarcinoma cell 
line 

De-ionized 
water 

3–6 Monitoring of the 
sedimentation kinetics of 
individual live cells and single 
absorbing micro-particles. 
Cells where from White Fisher 
(F344) rats and MDA-MB-231 
human breast 
adenocarcinoma cell line  

(34) 700 – 900 
using the 
VevoLAZR 
imaging 
system. 

— Optical fiber. — 3 0.9% saline 
solution 

— Study of the λ-dependence of 
quantitative PA assessment of 
the pulsatile blood flow 
considering the relationship 
between RBC aggregation and 
sO2. The pulsatile blood flow 
was investigated in vivo on 
the arm of 3 voluntaries and, 
the energy laser was delivery 
thought an optical fiber.  

(35) 532 330 ps/4kH 20–150 — 1 The coupling 
fluid: 
Dulbecco’s 
modified 
Eagle’s medium 
(DMEM) - PBS 

Pulse-echo 
ultrasound from 
100–1000 

Study of the size and 
morphology of RBCs using 
high-frequency PA spectral 
features with a very low 
sample size.  

(39) CW-Laser: 
460. 
Pulsed Laser: 
532 

CW-Laser: 
5 MHz. 
Pulsed-Laser: 
5 / 10 

CW-Laser: 
<1.6 W, 
4 mm2 

Pulsed-Laser: 
37.5 

— Healthy donors Isotonic, 
hypotonic, and 
hypertonic 

3.5–3.8 Detection the quantitative 
and the morphological 
changes in RBCs. Three 
different salt (NaCl) solutions 
were added in the blood to 
induced morphological 
changes in RBCs. 
The study compared pulsed 
and CW laser-based PA signal 
response technique.  

(27,29) 700, 750, 
800, 850, and 
900 nm 

10 / 20 < 5 — The radial artery of 
12 Healthy adults 

— A 256-element 
linear-array 
transducer with a 
central frequency 
of 21 MHz 

Study in vivo of the relation 
between the sO2 and 
hemodynamic behavior such 
as RBC aggregation during a 
cardiac cycle in healthy 
volunteers.  

(22, 
37) 

— — — — — — — Studies related to the 
monitoring of sedimentation 
and/or aggregation using 
particles or simulations by PA.  
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when the PA signal reached the baseline. The linear slope (LS) corre-
sponded to the linear interval of the sigmoid curve obtained by plotting 
normalized PAFP vs ESt. The ESR in our method was determined by 
measuring the time (ESt) in which RBCs traveled a certain distance (d) 
inside a quartz cuvette, mathematically expressed as ESR = d / ESt 
(mm/hr). The initial position marked the upper limit of the homoge-
nized blood sample, and the final position was identified where the PA 
signal reached baseline, this meant that RBCs had settled, and the laser 
spot was incident on the plasma. 

Additionally, we employed a frequency-domain analysis, a 
commonly used method to study the spectral content of PA signals. ESR 
was analyzed using the power spectrum density (PSD) of the measured 
signal. The PSD was computed in the frequency range from 0 Hz to 
4.6 MHz, and a linear model PSlin(f) = Sf + I was fitted from the PSD. 
The associated slope S in dB/MHz and intercept I measured in dB were 
obtained. Furthermore, the relative change in the slope Sr and intercept 
Ir were calculated as the spectral parameters. Finally, considering a time 
window of T =25 min, the rate of change of the spectral parameters was 
computed as, δS = Sr/T and δI = Ir/T, for the slope and intercept, 
respectively. These rates of change served as the characteristic features 
that distinguished healthy and anemic blood samples. 

2.3. Experimental setup 

The experimental setup is shown in Fig. 1. A Q-Switched Nd:YAG 
laser (Brilliant B, Quantel, Bozeman, Montana, USA) emitting at 532 nm, 
5 ns pulse width, and 10 Hz pulse repetition was employed. The energy 
per pulse was approximately 1.8 mJ (UM-B, Gentec-EO, Quebec, Canada) 
with a spot diameter of 0.4 cm and 14.32 mJ/cm2 fluence per pulse. A 
broadband polyvinylidene fluoride (PVDF) transducer (LDT1–028 K, TE 
Connectivity Company, Mansfield, Texas USA) with a center frequency of 
3.2 MHz was used to detect the ultrasound waves. The PA signals were 
displayed on a digital oscilloscope with 2 GHz bandwidth (DPO 5204B, 
Tektronix, Inc., Beaverton, Oregon, USA), triggered by a Si photodiode 
with fixed gain and a wavelength range of 200–1100 nm (PDA10A, 
Thorlabs, Inc., New Jersey, USA). 

To acquire PA signals, the whole blood sample within in the Vacu-
tainer tube (approximately 3 ml) was carefully placed in a quartz 
spectrophotometric cuvette (Z276669, Sigma-Aldrich, Merck KGaA, 
Darmstadt, Germany), whose position was kept fixed by a custom-made 
plastic container. The quartz cuvette, with a volume of 3.5 ml and L 
12.5 x W 12.5 x H 48 mm, featured an optical path length of 10 mm and 
a spectral transmission range of 170–2700 nm. PA detection followed a 
forward mode; that means, the sensor was aligned in the same direction 
as the laser incidence. Thus, on one side of the quartz cell, the light was 
incident and on the back side, the PVDF piezoelectric transducer was 
coupled with double-sided tape. The laser spot was consistently directed 

at the quartz cuvette, located one cm below its midpoint on the vertical 
axis, and no additional system was required to amplify the PA signal. 

Before each PA measurement, the blood sample was homogenized 
with the anticoagulant, employing gentle oscillatory movements of the 
tube to prevent hemolysis. After depositing the sample in the quartz 
cuvette, PA signals from the blood of healthy females (BHW), healthy 
males (BHM), and females diagnosed with hemolytic anemia (BAW) 
were recorded at intervals of 0, 1, 2, 4, or 8 minutes. 

2.4. Statistical analysis 

The statistical analysis was conducted using the Statistical Package 
for the Social Science, SPSS version 21 (Armonk NY: IBM). Despite the 
small sample size of our study, the data exhibited a normal distribution, 
as determined by the Shapiro-Wilk test. Furthermore, the student t-test 
was employed to assess differences between groups (blood with and 
without pathology) at a 95% confidence level. All results were presented 
as means ± standard deviation (SD). 

3. Results 

3.1. PA signals at ESt=0 

Following the deposition of the blood sample into the quartz cuvette, 
recording of the PA signals commenced. Fig. 2 illustrates the average PA 
signal and its standard deviation (grey shadow) at ESt=0 (initial PA 
signal recording) for (a) BHW and (b) BHM. The temporal profile of the 
complete PA signals is shown in the inset of each figure. The PA signals 
were grouped by sex since it is well known that the levels of hemoglobin 
(Hb) and RBCs vary with the age and sex of the subject [49]. Fig. 3 
displays the PA signals of BAW, accompanied by the inset of Fig. 3, 
which exhibits the concentration of RBCs per microliter and Hb per g/dl 
derived from complete blood biometry. 

Fig. 4 (left axis) shows the PA amplitude of the first peak (PAFP) as a 
function of (a) RBCs, (b) Hb concentration, and (c) % HCT for all sam-
ples studied. Hematological laboratory values obtained from complete 
blood biometry reveal a non-linear increase in PAFP with rising hema-
tological variables. Notably, the most significant distinction between 
healthy blood samples (BHW and BHM) and blood samples with anemia 
occurs in Hb concentration and % HCT (Fig. 4(b) and 4 (c)). Statistical 
analysis using the t-student test demonstrates a significant difference in 
the PAFP (p <.0001) between healthy blood and anemic blood. 

3.2. Speed of sound (SOS, vs) 

The speed of sound (vs) for each blood sample was calculated from 
the arrival time (ta) of the PA signal. The arrival time is obtained directly 
from the signal recorded by the oscilloscope, then: vs = dc/(ta − Δtq), 
where dc = 10 mm quartz cuvette thickness, Δtq is the time due to SOS 
through one of the cell walls [50]. Only the thickness of the cell wall that 
is in direct contact with the sensor is considered. 

Fig. 4 (right axis, red) shows, in turn, the SOS as a function of the 
concentration of (a) RBCs, (b) Hb, and (c) % HCT for each blood sample. 
The average SOS for all samples was 1573 ± 5 m/s; aligning with values 
reported in other studies [51,52]. The t-student test indicates a signifi-
cant difference in SOS between healthy blood (1577 ± 2 m/s) (from 
women and men), and blood from women with anemia (1567 ± 6 m/s) 
(p < 0.05). 

3.3. PA signals during ESt 

Distinct ESt values were obtained based on the sample under study. 
The ESt was the time during which the PA signals were recorded during 
the sedimentation process, from the time the blood was deposited in the 
quartz cell (ESt=0) until the PA signal reached the baseline due to the 

Fig. 1. The experimental PA setup (drawing not to scale). 1. Q-Switched Nd: 
YAG Laser. 2. Personal computer. 3. Oscilloscope. 4. Polyvinylidene fluoride 
(PVDF) transducer. 5. Custom-made plastic container for quartz cuvette. 6. 
Quartz cuvette with a blood sample. 7. Photodiode. 8. Beam splitter. A 
photograph of the cuvette and transducer arrangement is shown in the inset. 

A. Pérez-Pacheco et al.                                                                                                                                                                                                                        



Photoacoustics 37 (2024) 100599

5

laser practically hitting the plasma (Fig. 5(a)). Fig. 5 illustrates the PA 
signals during erythrocyte sedimentation for healthy whole blood 
samples from (b) a woman (ESt=56 min), (c) a man (ESt=148 min), and 
(d) a woman with hemolytic anemia (ESt=42 min). In this case, the ESt 
for the healthy whole blood samples was approximately 2.5 times higher 
for the male than the female, and 3.5 times higher than for the blood of 
the female with anemia. Higher ESt values correspond to lower ESR, 
consistent with findings in anemia and acute-phase protein-related 
disease [48,53]. 

Fig. 6 displays the average normalized PAFP amplitude with standard 
deviation for BHW, BHM, and BAW as a function of ESt, along with their 
respective sigmoid-shaped fit curves [54]. The ESR mean values were 
(4.74 ± 3.29) mm/h for BHM, (10.9 ± 4.89) mm/h for BHW, and (17.06 
± 5.25) mm/h for BAW. Despite high SD, a significant difference was 
obtained between healthy blood (from men and women) and anemic 
blood from women (p < 0.05) according to the t-student test. 

Linear regression analysis was performed in each mean curve of 
Fig. 6, corresponding to the sedimentation phase (linear region of the 
curve). The linear regression analysis for BHM was conducted within the 
time range of [24− 96] minutes, for BWH within [12− 44] minutes, and 
for BAW within [6− 28] minutes. The selection of these specific time 

intervals was determined by aligning with the observed precipitation 
phases in each group. The values of linear slopes (LS) were − 0.024 ±
0.007 (r=− 0.998), − 0.012 ± 0.006 (r=− 0.996), and − 0.033 ± 0.009 
(r=− 0.994) a.u/min for BHW, BHM, and BAW, respectively. A signifi-
cant difference in LS was obtained between healthy blood (from men 
and women) and anemic blood from women (p < 0.05) according to the 

Fig. 2. The average PA signal and standard deviation (shadow) from healthy blood of (a) 5 women and (b) 5 men; ta= arrival time. The temporal profile of the 
complete PA signals is shown in the inset of each figure. 

Fig. 3. The PA signals of blood with hemolytic anemia from women. Hemo-
globin (Hb), Erythrocytes (RBCs). Ai= 1,…,5 corresponds to each sample. 

Fig. 4. The PAFP (left axis, black) and SOS (right axis, red) as a function of the 
concentration of (a) RBCs, (b) Hb, and (c) % HCT, for each sample. 
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t-student test. 
Table 2 summarizes the mean and standard deviation of participant 

age, RBCs, Hb, and % HTC, and all the variables obtained from the PA 

signals of the BHW, BHM, and BAW samples. The t-test results indicate 
that there is a statistically significant difference between healthy blood 
and hemolytic anemic blood in all hematological and temporal PA pa-
rameters except ESt. 

3.4. Spectral analysis of PA signals for monitoring ESR 

To quantitatively assess the dynamic changes in the PA signals dur-
ing the initial minutes, a spectral analysis was conducted using a 
methodology previously employed in the study of biological tissues 
[55–57]. Specifically, the power spectrum density (PSD) within a 
time-domain window of 6.55–7 µs from the PA signals was calculated. 
Subsequently, a linear model with the form PSlin(f) = Sf +I derived from 
the PSD within a 4.6 MHz bandwidth, where S represents the slope in 
dB/MHz, and intercept I represent the intercept in dB, within the fre-
quency range f . These spectral parameters of the model PSlin, allow a 
characterization of the PA signal [25,58,59]. 

Fig. 7 shows the PSD of PA signals from BHW (a)-(c), BHM (d)-(f), 
and BAW (g)-(i) samples. Therein, we only show the spectra of relevant 
time instants during monitoring for a single experiment, for illustrative 
purposes. Notably, the PSD of healthy samples (BHW and BHM) exhibits 
negligible change. In contrast, the PSD of BAW samples decreases over 
time, indicating a reduction in PA signal amplitude in the time domain 
(see Fig. 5). Specifically, a rapid decrease in magnitude is observed in 
anemic blood (BAW) compared to healthy blood at 8 minutes and 
25 minutes of monitoring. While this observation provides valuable 

Fig. 5. (a) Illustrative image of the quartz cuvette coupled with the PVDF transducer inside a container during 3 different times: at the beginning (ESt=0, left), during 
(middle), and end (right) of blood sedimentation; the laser incidence was forward and remained fixed. PA signals during the erythrocyte sedimentation process of 
healthy blood from (b) a woman, (c) a man, and (d) a woman with hemolytic anemia. The lower boxes of the figures show their respective signals during the first 
24 minutes for healthy blood (female and male) and the first 6 minutes for blood with anemia. 

Fig. 6. Normalized PAFP with its standard deviation of BHW (triangle), BHM 
(square), and BAW (circle) as a function of ESt. 
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insights, which could be related to the effective absorber, it is limited in 
providing a quantitative analysis. Therefore, the spectral parameters of 
the linear model (straight lines in Fig. 7) offer a simple yet effective 
approach to quantifying changes in PA signals. 

Our hypothesis posits that a simple linear model can distinguish 
between healthy and anemic blood samples based on the PSD of PA 
signals. The decrease in PA signal magnitude over time suggests a po-
tential utility of spectral parameters for faster quantification compared 
to traditional methods to calculate ESR. Specifically, only two parame-

ters, the Sr and intercept Ir would be necessary to track those changes. 
Thus, the relative difference for the slope Sr and intercept Ir was 
calculated as follows, 

Sr =

⃒
⃒
⃒
⃒1 −

Sx

So

⃒
⃒
⃒
⃒⋅100%,

Ir =

⃒
⃒
⃒
⃒1 −

Ix

Io

⃒
⃒
⃒
⃒⋅100%,

where, the subscript x refers to the measurement at a time t > 0, and the 
quantities So and Io are the parameters retrieved at t = 0, which serve as 
the reference data. The above relationships allow us to measure the rate 
of change in the PSD magnitude, which encodes the structural features 
of the blood sample under study. 

Fig. 8 presents the behavior of the spectral parameters as a function 
of monitoring time for BHW, BHM, and BAW over a 25-minute window. 
Fig. 8 (a) shows the rate of change in the spectral slope, whereas Fig. 8 
(b) shows the change in the spectral intercept of the three groups. 
Notably, both the slope and intercept serve as effective parameters to 
quantify the change in PA signals from the beginning to the end of the 
experiment. Hence, it is evident that a substantial change in the PA 
signal could differentiate healthy samples from hemolytic anemia within 
a relatively short time interval. Furthermore, from Fig. 8 it is possible to 
see an almost constant behavior of the spectral parameters for samples 
BHW and BHM, given by the mean value denoted by the dashed line. 
Whereas the spectral parameters for BAW exhibit a growing behavior 
since the start of monitoring, showing an increment of around 6%. 

This situation could confirm the hypothesis given that in blood 
without any pathology, the RBCs are evenly distributed, forming chains 
that increase in length when they fall to the container’s bottom. 
Whereas, in blood with anemia, RBCs clump together more rapidly, 
forming aggregates in the first minutes. Hence, both situations are 
captured by the PA signal, and monitored by the proposed spectral pa-
rameters during the globular sedimentation time. To provide quantita-
tive results, we calculated for all the patients, the rate of change in a time 
window T as, δS = Sr/T and δI = Ir/T, for the slope and intercept, 
respectively. 

To confirm that the PA signals are a useful tool for monitoring the 
ESR, the rate of change in spectral parameters δS and δI over 25 minutes 
was analyzed using a one-factor ANOVA with a significance level of p <
0.05. Fig. 9 shows scatter plots for the change in spectral slope (a) and 
intercept (b), for the three groups (BHW, BHM, and BAW). Each dot 
represents the value of a sample, and the horizontal bar indicates the 
mean value. Statistical analysis, denoted by *** (p < 0.001), confirms 
that the change in spectral parameters effectively differentiates between 
healthy and diseased samples within a short 25-minute monitoring 
period, requiring less time than the classical ESR measurement methods. 

To validate the cellular integrity of red blood cells (RBCs) before and 
after laser incidence, a smear was prepared using the trypan blue 
staining method [60]. Cell viability was confirmed through optical mi-
croscope examination. Fig. 10 displays images of the smear for a healthy 
blood sample (a) and one with anemia (b) before (top pictures) and after 
(bottom pictures) sedimentation. The blood drop from the smear after 
sedimentation was obtained from the bottom of the quartz cuvette. 

As can be seen, in Fig. 10 (a), RBCs of healthy blood are uniformly 
distributed on the slide while in the blood with anemia, Fig. 10 (b), the 
Rouleaux phenomenon is intensified. The formation of large clusters of 
RBCs with different morphologies could be associated with pathologies 
affecting microcirculation. This comprehensive analysis reinforces the 
utility of PA signals and spectral parameters for discerning subtle vari-
ations in blood composition and structural characteristics. 

Table 2 
The mean and SD of the age of the participants, the values of RBCs, Hb, %HTC, 
and temporal and spectral parameters from PA signals of BHW, BHM, and BAW 
samples.  

Parameters Healthy 
women’s 
blood (BHW) 
(N ¼ 5) 
M ± SD 

Healthy 
men’s Blood 
(BHM) 
(N ¼ 5) 
M ± SD 

Blood from 
anemic 
women 
(BAW) 
(N ¼ 5) 
M ± SD 

P 

Age (years) 31 ± 8 31 ± 7 34 ± 9   
RBCs (x106/µL) 

Reference 
Interval 
[4.5–5.2] 

4.7 ± 0.2 5.4 ± 0.5 3.7 ± 0.8   

RBCs 
(healthy/ 
anemia) 

5.1 ± 0.5 3.7 ± 0.8 .023 

Hb (g/dL) 
Reference 
Interval 
[11–18.8] 

15.0 ± 0.4 17.1 ± 0.8 8.1 ± 0.8   

Hb 
(healthy/ 
anemia) 

16.1 ± 1.2 8.1 ± 0.8 <.0001 

HTC (%) 
Reference 
Interval 
[35–55.5] 

43.7 ± 1.0 49.5 ± 2.7 25.7± 3   

HCT 
(healthy/ 
anemia) 

46.6 ± 3.6 25.7± 3 <.0001 

PAFP (mV) 1.8 ± 0.2 2.7 ± 1.0 0.8 ± 0.3   
PAFP (healthy/ 

anemia) 
2.2 ± 0.8 0.8 ± 0.3 <.0001 

ta (µs) 6.57 ± 0.01 6.56 ± 0.01 6.60 ± 0.02   
ta 

(healthy/ 
anemia) 

6.57 ± 0.01 6.60 ± 0.02 <.0001 

ESt (min) 50.0 ± 17.8 135.6 ± 80.7 31.8 ± 7.4   
ESt 

(healthy/ 
anemia) 

92.8 ± 71.2 31.8 ± 7.4 .084 

LS (min− 1) -0.024 ± 0.007 -0.012 ±
0.006 

-0.033 ±
0.009   

LS 
(healthy/ 
anemia) 

-0.019 ± 009 -0.033 ±
0.009 

0.020 

vs (m/s) 1576 ± 2 1577 ± 2 1567 ± 6   
vs (healthy/ 

anemia) 
1577 ± 2 1567 ± 6 <.0001 

ESR (mm/hr) 10.90 ± 4.89 4.74 ± 3.29 17.06 ± 5.25   
ESR 

(healthy/ 
anemia) 

7.82 ± 5.10 17.06 ± 5.25 .012 

δS (%/min) 0.0489 ±
0.0672 

0.0333 ±
0.0553 

1.0035 ±
0.1540   

δI (%/min) 0.0462 ±
0.0358 

0.0365 ±
0.0402 

0.3683 ±
0.1344   

Note: PAFP= PA amplitude of the first peak; vs= speed of sound; ta= arrival time; 
LS= linear slope; ESt= Erythrocyte sedimentation time; ESR= Erythrocyte 
sedimentation rate; δS =Change in spectral slope; δI = Change in spectral 
intercept.  
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4. Discussion 

4.1. PA signals at ESt=0 

Fig. 2 show that the temporal profiles of the average PA signals for 
both healthy (a) women’s and (b) men’s blood samples exhibit 

remarkable similarity, despite inherent biological variability within 
each sample. Notably, the primary distinctions between these PA signals 
or PA signatures are found in the amplitude and the arrival time (ta). The 
amplitude of the PA signal is influenced by factors such as the tissue’s 
optical absorption coefficient, fluence, and a temperature-dependent 

Fig. 7. Power spectrum density and the fitted linear model for (a)-(c) BHW, (d)-(f) BHM, and (g)-(i) BAW, in three relevant time instants for monitoring the 
PA signal. 

Fig. 8. Rate of change in the spectral parameters, (a) slope Sr and (b) intercept 
Ir as a function of monitoring time for BHW, BHM, and BAW. 

Fig. 9. Scatter plot of the statistical analysis in the change of spectral param-
eters: (a) slope δS and intercept δI .The statistical significance is explained by *** 
p < 0.001 to differentiate among whole blood groups. 
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coefficient known as the Grüneisen parameter [61]. Given these last two 
parameters are constant, it can be deduced that the pivotal factors 
influencing variations in PA amplitude are the hemoglobin (Hb), he-
matocrit (HCT), and red blood cells (RBCs), namely, where the 
absorbing chromophore is [24]. On the other hand, it is well-established 
that Hb levels in women are approximately 12% lower than in men 
mainly due to hormonal factors [62]. Consequently, this gender-based 
discrepancy results in a higher amplitude of the PAFP signal in men 
than in women. 

In the PA signals of BAW (Fig. 3), discerning a clear pattern or PA 
signature akin to healthy blood samples becomes challenging. It can be 
noted that the amplitudes of these signals are lower than those observed 
in healthy blood samples, particularly when comparing them with the 
average PA signal of BHW, whose mean PAFP value is approximately 
1.8 mV. In contrast, the mean PAFP value BAW is notably reduced, at 
around 0.8 mV. 

The diminished amplitudes in BAW samples can be attributed to 
lower Hb levels and % HCT due to reduced red blood cell production, 
leading to decreased blood density (Fig. 4, left axis). Additionally, the 
arrival time (ta) of the PA signal varies slightly in each case, in contrast 
to the consistent pattern observed in healthy blood samples, where the 
variation is approximately 10 ns. For anemic samples, this variation 
increases to 20 ns, indicating a lower SOS and further underscoring the 
distinctive characteristics of blood samples affected by anemia. 

4.2. Speed of sound (SOS) 

In Fig. 4, SOS (right axis) is observed to increase as a function of (a) 
RBCs, (b) Hb, and (c) % HCT. However, the relationship does not appear 
to be strictly linear. This non-linear behavior may be attributed to the 
density of RBCs in the sample, where a higher cell count implies a 
smaller mean free path between cells, leading to an increase in the 
propagation velocity of the acoustic wave. This explains the higher SOS 
value (νs) observed in samples from healthy individuals compared to 
those with anemia. Bradley et al. found a linear relationship between 
ultrasonic transmission velocity and hematocrit, temperature, and total 
protein [52]. 

4.3. PA signals during ESt 

Despite varying average ESt durations ranging from 31.8 minutes 
(anemia) to 135.6 minutes (men without pathology), the PA signal 
analysis provides additional insights not captured by conventional 
techniques. Fig. 5(b), (c), and (d) reveal distinct characteristics during 
the sedimentation process of 3 samples. In healthy blood, both male and 
female, the PA signal remains practically stable for the initial 24 minutes 
(the inset of Fig. 5(b) and (c)), after which changes in amplitude and 
shape occur, presenting a slight ripple in the first minimum of both 
signals. Conversely, blood from a woman with hemolytic anemia (the 
inset of Fig. 5(d)) shows changes in the PA signal from the first minute, 
with a noticeable ripple in the first minimum. This behavior was similar 
in all samples of each group. 

Furthermore, a subtle temporal shift of signal peaks during sedi-
mentation is observed to the right for anemic blood and the left for 
healthy blood. This temporal shift is attributed to multiple factors, such 
as, variations in particle concentration, alterations in particle size and 
shape, changes in particle-related optical properties, interactions among 
particles, and temperature and pressure conditions. Maintaining con-
stant temperature and pressure, the primary factors contributing to the 
temporal shift are believed to be interactions among erythrocytes and 
their distribution. Notably, erythrocyte orientation and morphology, as 
reported by Strohm et al. [35,63] can impact the photoacoustic signal, 
suggesting potential diagnostic implications for red cell-related diseases 
and infections. 

The distribution of RBCs during erythrocyte sedimentation varies 
between healthy blood and blood with anemia. In healthy blood, RBCs 
form isolated cells or chains that increase in length as they settle, while 
RBCs in blood with anemia clump together more rapidly, forming ag-
gregates within the first few minutes [64]. This behavior, observed in 
both experimental studies and theoretical simulations [20], underscores 
the potential of measuring pressure waves generated by light absorption 
to assess the spatial organization of cells and the level of aggregation 
[21]. 

Erythrocyte sedimentation in blood with anemia involves processes 
affecting the cell membrane’s integrity and intracellular boundaries of 
RBCs. Hemolysis rates are higher in hemolytic anemia, resulting in 
irregularly shaped RBC conglomerates that are prematurely destroyed 

Fig. 10. Pictures of RBCs before (up) and after (down) the sedimentation process (x40) from a) a healthy blood and, b) a hemolytic anemia blood.  
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[65]. The aggregation ability, influenced by hematocrit, RBCs, and 
plasma factors, leads to a faster sedimentation rate in hemolytic blood 
than in healthy blood. However, the factors determining erythrocyte 
sedimentation rate (ESR) remain unclear, with evidence suggesting that 
abnormalities in RBC shape, size, and rigidity can inhibit the formation 
of Rouleaux and irregular aggregates, resulting in a slower sedimenta-
tion rate, as seen in sickle cell anemia [66–69]. 

Finally, the results derived from the spectral parameters underscore 
the potential of photoacoustic signal proposed analysis as a rapid and 
dependable tool for evaluating human blood samples in clinical con-
texts, paving the way for more precise and sensitive diagnostic meth-
odologies. While conventional tests for calculating ESR often fall short in 
enabling specific diagnoses, the adaptability of the PA technique has 
facilitated the exploration of signal analysis methods that offer classi-
fication parameters, providing valuable insights into diverse physio-
logical conditions within the bloodstream [70]. 

5. Conclusions 

In this study, we innovatively developed a photoacoustic (PA)–based 
methodology for analyzing blood samples from individuals without 
clinical pathology and those diagnosed with hemolytic anemia. Our 
approach was based on analyzing both temporal and spectral parame-
ters of raw photoacoustic signals, taking advantage of a customized 
experimental setup. Remarkably, this method eliminates the need for 
prior blood preparation. Our results reveal significant statistical differ-
ences in temporal and spectral PA parameters between healthy and 
anemic blood samples. 

The study of erythrocyte sedimentation rate (ESR) through the 
analysis of PA signals emerges as an appealing tool, delivering conclu-
sive results in a remarkably shorter timeframe than traditional tech-
niques, which yield only an ESR value after an hour. This contribution 
holds promise for developing precise and sensitive methods in clinical 
settings for scrutinizing human blood samples. Additionally, our pre-
liminary study allowed us to assess the feasibility and challenges of the 
technique for blood analysis. Enhancements in sample size and blood 
quantity, standardizing the process, are anticipated to refine and 
augment the preliminary findings of our work. 
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gation, Supervision, Validation, Visualization, Writing – original draft, 
Writing – review & editing. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgments 

This study was supported by the grants UNAM -PAPIIT TA101423, 
1N101821, and project Fronteras de la Ciencia 2016–2 No. 2029 CON-
ACyT. We express our thanks to the Blood Bank at Hospital General de 
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