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ABSTRACT

In this paper we examine the potential of using photoacoustic (PA) spectroscopy for the monitoring of red blood cell
(RBC) aggregation phenomena. The process of RBC aggregation has been shown to occur during periods of increased
plasma fibrinogen concentration and periods of decreased blood flow (leading to diminished shear forces on the
aggregates). Current techniques used to monitor RBC aggregation are invasive and do not provide an accurate
assessment of the aggregation process in-vivo. We present a theoretical model for investigating the potential of PA
spectroscopy for detecting and characterizing the aggregation phenomenon. We show that the signal strength increases
with RBC aggregation. Experimental confirmation of the theoretical predictions is provided. Our theoretical and
experimental results suggest the PA spectroscopy is capable of monitoring RBC aggregation and providing important
information about changes that occur during the aggregation process as it pertains to the dynamics of aggregate
formation.
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1. INTRODUCTION

1.1 The phenomenon of red blood cell aggregation

Human red blood cells (RBCs) tend to align themselves and form structures that resemble a stack of coins. Such
structures are known as rouleaux and the process is termed RBC aggregation. Figure 1 shows a representative sample of
bovine and porcine RBCs suspended in autologous plasma'. Bovine blood does not form rouleaux while porcine blood
can form extensive network of rouleaux. During aggregation, there is significant branching of individual rouleau while
the number of RBC per rouleau varies (figure 1 right panel). It is important to note that while bovine and porcine RBCs
have differing intrinsic tendencies to form aggregates, the morphological properties of these images closely resemble
what is observed in non-aggregating and aggregating conditions of human blood.

Figure 1. Bovine (left panel) and porcine (right panel) RBCs suspended in autologous plasma. Figure adapted from
reference’.
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The aggregation of RBCs is regulated by the balance between the forces promoting and those preventing aggregation
from occurring. However, the mechanism of RBC aggregation has not been fully understood. There is general agreement
that aggregation is associated with the presence of plasma macromolecules such as fibrinogen®. It has also been observed
to occur in aqueous suspensions of polymers such as dextran or derivatives of poloxamers. RBC aggregation does not
take place in salt solutions such as phosphate-buffered saline (PBS). These observations have prompted two mutually
exclusive models on the mechanism of RBC aggregation. The first model, the bridging model, proposes that the
aggregation occurs due to the cross-linking of plasma macromolecules (i.e. fibrinogen) in the binding site of adjacent
cells’. The second model, the depletion model, proposes the opposite: RBCs aggregate due to the osmotic gradient
caused by the reduction in the localization of polymers near the cell surface compared to the surrounding medium®. This
leads to the depletion of the polymer near the cell surface thus bringing the cells in closer proximity. Studies in literature
support both models but conclusive evidence is lacking’.

RBC aggregation is also affected by the shear forces and the membrane strain, factors that both prevent rouleaux
formation®. Shear forces can arise due to blood velocity gradients created as blood flows through vessels. Rouleau
formation is prevented when the magnitude of the shear forces is greater than the forces that keep the RBC aggregates
together. No aggregation is observed in normal blood aggregates for shear rates higher than 20-40 s, while pathologic
blood requires higher shear rates for disaggregation. Higher blood viscosity has been observed in the presence of RBC
aggregation. Furthermore, aggregation requires the RBCs to deform enough in order to accommodate stacking of the
cells. The membrane strain opposes this deformation and decreases RBC aggregation. The effect of shear rate and
membrane strain on the viscosity of RBC suspensions is shown in figure 2. When comparing non-aggregating RBCs
(suspended in saline) and rigid RBCs (with increased membrane strain due to fixing with aldehydes), the viscosity is
more than 4 times lower in autogolous plasma capable of forming aggregates for shear rates < 20 s™ compared to blood.
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Figure 2. Representative viscosity versus shear rate data for three types of RBC suspensions at 40% hematocrit. The
suspensions are human RBCs in saline (black squares), autologous plasma (white squares) and aldehyde solution (dashed
line). Figure was adapted from reference®.

Although there have been several studies investigating the alterations of RBC aggregation in the human circulation, it is
difficult to define the “normal” range of RBC aggregation. This is due to the physical basis of these measurements (i.e.
how aggregation is assessed) and the nature of the measured aggregation parameters as determined by the various
approaches and instruments which requires careful interpretation of these parameters. There is however general
agreement that enhanced aggregation is observed and associated with a variety of pathophysiological processes. The
reported conditions where enhanced RBC aggregation has been observed or measured are: inflammatory conditions’,
infections® (i.e. sepsis and septic shocks), cardiovascular conditions’ (i.e. hypertension, atherosclerosis, myocardial
ischemia and infarction, cerebral ishchemia and stroke) and metabolic conditions'® (i.e. diabetes and obesity). In addition
to the physiological abnormalities where aggregation is observed, under normal conditions, variations in RBC
aggregatiogl have been reported due to subject gender, age, pregnancy, physical activity and extreme environmental
conditions’.
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1.2 Measurements of RBC aggregation

While prominent changes in RBC aggregation can be observed in a variety of diseases, there is no widely accepted
method for the detection and characterization of RBC aggregation. Depending on the parameter to be investigated (i.e.
extent of aggregation, the time course of aggregation or the magnitude of forces holding aggregates together) several
techniques can be used.

The oldest and one of the most widely used in clinical laboratories is the erythrocytes sedimentation rate''. This
technique measures the rate at which RBCs sediment from the plasma of whole blood. The method is however time
consuming and has strong hematocrit dependence. Therefore, the technique cannot distinguish between aggregation and
other hematocrit depended disorders such as anemia. The microscopic index of aggregation (MAI) is also used as a
method for assessing the average number of aggregates in a blood sample. The MAI is obtained by dividing the non-
aggregated RBC count by the number of the overall cellular units (aggregated and non-aggregated) in the sample being
analyzed but it does not provide any information about the aggregation time course'?.

Optical techniques are used to measure changes in transmitted or reflected light intensity from a RBC sample as a
function of time and shearing condition. The samples are typically exposed to high shear rates (500 s™) for ~ 10 s during
which the RBCs disaggregate thus mostly reflecting the transmitted light. Abruptly stopping the shearing forms
aggregates thus increasing transmitted light intensity. These curves known as syllectograms yield a series of parameters
and indexes of aggregation reflecting the time and extent of the aggregation process'. Their interpretation however
depends on the measurement apparatus since there is no aggregation standard making it hard to use these parameters for
making in-vivo assessments of RBC aggregation levels.

Ultrasound (US) backscattering methods have also been used for characterizing suspensions of blood'. As the size of the
RBCs is much smaller than the ultrasound wavelengths at clinical frequencies, the RBCs can be considered Rayleigh
scatters. Rayleigh scattering theory predicts that the scattering power of the RBCs increases with the forth power of the
ultrasound frequency and the square of the scatterer volume. This relationship could change when the aggregate size
increases. The US backscattering was thus shown to be depended on the shear rate of the flowing tubes and the
concentration of fibrinogen and dextrans in the suspending medium". Even though the monitoring of US backscattering
has been used as a method to estimate aggregate size in-vitro, US-based methods are yet not well established for in-vivo
applications. This is due to the fact that during US exams one cannot control the shearing conditions thus making it
difficult to compare the parameters obtained from such techniques with the control conditions during the same exam. In
addition, the ultrasound backscatter does not monotonically increase with increasing hematocrit; the backscatter as a
function of hematocrit peaks at a certain hematocrit level (which depends on the ultrasound frequency), monotonically
decreasing thereafter. This well-known phenomenon is due to the fact that the ultrasound waves scattered from RBCs
may interfere constructively or destructively depending on the relationship between the spatial distribution of the RBCs
and the ultrasound wavelength, in a manner somewhat similar to Bragg scattering'.

1.3 Photoacoustics and its potential to characterize blood

Photoacoustics (PA) refers to the production of acoustic waves due to the interaction of incident light with the material it
is absorbed in. In PA imaging acoustic waves are produced from the transient thermoelastic expansion due to the
absorption of incident optical energy'’. Unlike high-resolution pure optical methods, PA imaging does not depend on the
variation of the reflected or transmitted light but rather on the detection of the generated sound waves. This is an inherent
advantage of PA over pure optical imaging since sound waves scatter 2-3 orders of magnitude less than optical waves in
tissue, allowing deeper imaging in strongly scattering media'®. As a result, PA combines the high spatial resolution
provided by detecting the induced ultrasonic waves with the contrast provided by exploiting the inherent absorption of
tissues using optical wavelengths.

PA imaging has been used to provide information about physiology or exogenously administered optical absorbers
through high contrast and resolution images'’. Most PA techniques used in biomedicine make advantage of the
difference in the optical absorption spectra of oxygenated and deoxygenated blood, an advantage over the structural only
information provided by US imaging. The optical absorption of blood is entirely due to hemoglobin, the most abundant
protein inside RBCs whose primary role is to facilitate the release/capture cycle of oxygen in the lungs and tissue. PA is
capable of differentiating between the different states of hemoglobin oxygenation using multiple wavelengths to probe
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the peak absorption of blood for each oxygenation state. For instance, the two wavelength approach has been used for
imaging cerebral hemoglobin concentration and oxygenation non-invasively in addition to forming high resolution
oxygenation maps of small animal brains®. In addition to oxygenation dependent studies, PA has been explored as a tool
for molecular imaging applications®'. Gold nanoparticles with high optical absorption can be targeted to specific cancer
biomarkers and thus can be used for the non-invasive detection and monitoring of cancer at the molecular level. Such
targeting of nanoparticles helps in early detection of cancer due to the large difference in optical absorption between the
particles and tissues. This enhances the contrast of PA images and in conjunction with US images can provide dual
information about the structure and physiology of the tumors being targeted. Moreover, our group has explored the
potential of PA for the detection of normal and abnormal vasculature™, monitoring thermal therapy™, estimation of
optical and thermomechanical properties of tissue®* and optical vaporization of nano-droplets (optical droplet
vaporization - OVD) for cancer therapy and imaging®.

Almost all PA techniques used described thus far make use of the time-domain ultrasonic signals generated from the
irradiated volume of interest. These signals are typically broadband. It is well established that the frequency-domain
response from optical absorbers heavily depends on the size of the absorber’®. Therefore, the transducer used for
recording the PA signals will have a significant impact in the ability of the PA system to maintain the high resolution for
imaging biological systems. Analysis of frequency content of the ultrasound radio-frequency (RF) signals is extensively
used for ultrasound tissue characterization techniques®’ and therapy response monitoring™ as the size of the scattering
structure modulates the frequency of the scattered ultrasound, allowing the characterization of collections of non-
resolvable scattering structures. In a similar manner, we postulate that based on the known frequency dependence of the
PA ultrasound signals as a function of absorber size, analysis of the frequency dependence of the detected PA RF
transients will provide information about the absorbing structure size. By using the spectral information contained in the
signals, one can take into account the system response by subtracting the signal spectrum from the spectrum of the
transducer response, as is done in classical ultrasonic tissue characterization techniques. Performing linear regression on
the normalized spectrum yields a set of parameters (such as the slope and midband fit) that can be related to structural
tissue properties such as scatterer size, acoustic impedance and concentration (in ultrasound tissue characterization). In
the case of PA RF analysis, the absorber size, optical properties and concentration can also be related to the parameters
that are obtained from the spectroscopic analysis of PA signals. We thus propose using spectroscopic analysis on the PA
RF ultrasonic signals in order to detect and characterize the aggregation of RBCs.

2. METHODOLOGY

2.1 Theoretical modeling of RBC aggregation

The theoretical model and simulations developed for studying the PA response from non-aggregated and aggregated
RBCs were described in detail at recent publications from our group®*’. In brief, a simulation protocol based on Monte
Carlo methods was developed to compute the frequency-domain PA pressure from a collection of spheres representing
individual RBCs. The cells were then packed using a hexagonal packing scheme into compact spherical aggregates
representing aggregating RBCs of varying sizes. The non band-limited pressure field generated by spherical sources
uniformly irradiated by a laser with a delta function heating pulse was computed by extending the theoretical model used
by Diebold®. In a more recent study, the effect of incorporating a finite transducer bandwidth for the detection of PA
signals from such collections was examined®'.

For this paper, analysis was performed on the theoretical power spectra for non-aggregated and aggregated RBCs. More
specifically, the theoretical PA signals obtained from the original theoretical model generated in the first publication on
this work were filtered by the Gaussian response of a 5 MHz transducer in order to obtain the band-limited signals that
are measured in practice during PA experiments. These band-limited spectra were then normalized by the response of the
transducer used to filter them and spectroscopic analysis was performed on the normalized spectra by extracting
parameters (midband fit, spectral slope), which are related to tissue properties such as the size and concentration of the
absorbers that are RBCs.

2.2 Experimental monitoring of RBC aggregation with PA

Several experiments on using PA for the detection and characterization of RBC aggregation were reported at recent
publications from our group® . For this paper, porcine blood was used as the aggregation model. The blood was
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extracted from pigs onto EDTA vacutaners (Becton, Dickinson and Company, Franklin Lakes, NJ). The RBCs were
extracted upon centrifugation of the whole blood and removal of the plasma and white blood cells. The washed cells
were re-suspended in phosphate buffered saline at various hematocrit levels (10, 20 and 40%). Aggregation was induced
with Dextran-70 at concentrations of 1, 3 and 8% (wt/vol) at each hematocrit level as the non-aggregated RBCs. PA
measurements were performed using the Imagio Small Animal PA imaging device (Seno Medical Instruments Inc., San
Antonio, TX). The device contains a 1064 nm Nd:YAG laser emitting 6 ns pulses with 10 Hz pulse repetition rate with a
fluence of 2.5 mW/cm®. It contains a 4 channel annular array with central frequency of 5 MHz and -6 dB bandwidth of 2-
8 MHz. Samples of RBCs were placed inside a Tygon tube (Norton Performance Plastic, Akron, OH) and the laser
emitted 4 pulses at each location while raster scanning the entire tube. The spectroscopic analysis was performed by
dividing the PA RF power spectrum for each measurement by the PA RF power spectrum obtained from a 200 nm thick
gold film which provided the frequency response of the transducer. The PA signal amplitude, spectral slope and midband
fit were obtained from the spectroscopic analysis on the power spectra obtained from these measurements.

3. RESULTS AND DISCUSSION

3.1 Theoretical results

The average spectra of 250 signals from 250 random configurations of non-aggregated RBCs at 3 hematocrit levels are
shown in figure 3(a). The results shown here are the non band-limited spectra obtained without taking into account a
transducer with a finite receive bandwidth. It is clear from the figure that as the hematocrit of each sample increased, the
spectral power generally increased over all frequencies. This increase in the power spectrum corresponds to a monotonic
increase in the amplitude of the PA signals with increasing hematocrit. Since the PA signal amplitude is dependent on
the concentration of the optical absorbers in the sample being irradiated, the increase in spectral power is due to the
increase in the concentration of optical absorbers (the RBCs). The hematocrit is a direct measure of the concentration of
RBCs. A similar trend in the amplitude of the PA signal amplitude with increasing hematocrit has been observed in other
experimental studies®. It is important to note the dominant spectral frequency of the non-aggregated spectrum for each
hematocrit level is related to the size of the optical absorber and does not change with concentration of absorbers™. We
have previously shown experimentally that the PA spectral power of a single RBC predicted by the theoretical equations
used in this simulation can be measured with high frequency ultrasound transducers (> 200 MHz) using a PA microscope
with very high resolution™.

(a) Non-Aggregated RBCs (b) Aggregated RBCs
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Figure 3. Average, non band-limited power spectra from (a) non-aggregated RBCs at 3 hematocrit levels and (b) aggregated
RBCs at 3 aggregate sizes at 40% hematocrit. Not that in figure (b), the Non-agg spectrum corresponds to the non-
aggregated spectrum at 40% hematocrit shown in figure (a).

The non band-limited simulated spectra from 250 random configurations of aggregated RBCs at 3 different aggregation
levels at 40% hematocrit are shown in figure 3(b). The aggregates shown here with sizes of 10 and 15 pm were
compared against the non-aggregated spectrum at 40% hematocrit shown in figure 3(a). It is observed for this figure that
as the size of the aggregates increased, the dominant frequency of the power spectrum shifted towards lower frequencies
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(< 30 MHz). Enhancements in the spectral power of the 10 um aggregate compared to the non-aggregated case were
measured to be as high as 9 dB at 15 MHz. The shift of the spectral power towards lower frequencies in the presence of
RBC aggregation has significant impact on the ability of PA spectroscopy to monitor changes that occur during the
aggregation process. During the aggregation process, RBCs cluster closer to one another and their separation distance
approaches the thermal diffusion length. It is the entire RBC aggregate size rather than individual RBCs’ size that
defines the dominant frequency of the PA signal. As a result, in a collection of aggregates, their spatial organization
along with their size results in an increase in the signal strength at lower frequencies but a parallel decrease in the higher
frequency signal strength (> 30 MHz). It should be noted that in a recent publication, Emelianov and colleagues reported
on the theoretical and experimental environment-dependent generation of PA signals from plasmonic nanoparticles and
suggested that the PA response is not from the nanosized absorber but rather from the interactions of the absorber with
the low-absorbing surrounding medium®®. This effect was not taken into account in these simulations but may be
confined to signals from plasmonic nanoparticles.

The results shown in figure 3 suggest the potential of PA RF spectroscopy for the monitoring of the aggregation process.
Significant changes were observed in the power spectra of aggregated RBCs of varying sizes compared to the non-
aggregated case. This suggests that through PA spectroscopy, in principle, the changes that occur during RBC
aggregation can be detected and monitored by observing the shifts that occur in the power spectra as the size of the
aggregates increases. However, in practice, in order to be able to observe the significant frequency shifts occurring
during RBC aggregation, one must use a very large (almost infinite) bandwidth transducer. Typical transducers used for
PA experiments are either in the low frequency regime (< 15 MHz) for PA imaging” or (> 50 MHz) for PA
microscopy”. All of these transducers have a finite, limited bandwidth. Since the size of the optical absorber will heavily
control the spectral features of PA signals, the center frequency of the transducer and its bandwidth will significantly
affect the detection process. In recent report, we utilized a Gaussian function for modeling a transducer with a finite
bandwidth in order to take into account the effect of the transducer on the spectral features of the signal®'. It was clear
from this work that the transducer used played a significant role in the detection and monitoring of RBC aggregation.

PA spectroscopy can still be used for monitoring RBC aggregation even when band-limited signals obtained from a
finite bandwidth, low frequency transducer are analyzed. Figure 4(a) shows the non band-limited spectra reported in
figure 3(b) for a frequency up to 15 MHz. The spectra that are obtained by incorporating a 5 MHz transducer with a -6
dB 60% bandwidth are shown in figure 4(b). The transducer sensitivity profile greatly affects the shape and features of
the PA RF spectra. At the central frequency of the transducer used, 5 MHz, there was a 3 and 5 dB increase in power for
the 10 and 15 um aggregate from the non-aggregated sample, respectively. Even for this frequency range, there are
changes in the spectral slope of the PA RF signals, as shown in figure 4(c).

The normalized spectrum shown in figure 4(c) was obtained by subtracting the power spectra shown in figure 4(b) by the
transducer response curve in a logarithmic scale. This yielded a linear curve over the -6 dB bandwidth of the transducer
(2-8 MHz in this case) typically used as the most sensitive region of a transducer. Linear regression analysis was
performed over the usable transducer bandwidth and the slope and midband fit (defined as the value of the linear fit
evaluated at the midpoint of the usable transducer bandwidth) of each curve was extracted. The slope and midband fit for
the non-aggregated RBCs as a function of hematocrit and aggregated RBCs as a function of aggregate size is shown in
figure 4(d) and (e) respectively. For non-aggregated RBCs, the slope did not show statistically significant changes
between each hematocrit level but there was a slight increase in the midband fit. The results obtained could be
interpreted using what is already known from ultrasound tissue characterization (UTC) since both imaging modalities
share similarities in the detected signals®’. The spectral slope is primarily an indicator of scatterer (or absorber for PA RF
analysis) shape and size. As the hematocrit increased, the shape and size of the RBCs did not change thus no significant
changes in the slope of non-aggregated RBCs was observed. Furthermore, in UTC, the midband fit is a measure of US
backscatter and it primarily depends on scatterer size and concentration. For the frequency range considered here, there
was an increase in the midband fit with increasing hematocrit which suggests that the concentration of RBCs increased
as the hematocrit increased.
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Figure 4. (a) Non band-limited power spectra from figure 3(b) for a frequency up to 15 MHz. (b) Band-limited power
spectra obtained by filtering the spectra in (a) by the profile of a 5 MHz center frequency transducer (-6 dB 60% bandwidth).
(c) Normalized power spectra obtained by subtracting the transducer sensitivity curve from the spectra in (b). The 2-8 MHz
frequency range corresponds to the -6 dB transducer bandwidth. (d) Spectral slope and midband fit obtained for the
normalized spectra of non-aggregated RBCs at 10, 20 and 40% hematocrit. () Spectral slope and midband fit obtained for
the normalized spectra of aggregated RBCs with aggregate sizes of 2, 10 and 15 pm and 40% hematocrit.

Changes in the spectral parameters are more prominent as RBCs aggregate. The spectral parameters for aggregated
RBCs are shown in figure 4(e). There is an increase in the spectral slope, doubling between the case for which there was
no aggregation and when the aggregate size was 15 um. This was due to the significant spectral shifts predicted by
simulations (figure 3). The midband fit showed a significant increase as the size of the aggregates increased. This is in
accordance with the relationship that exists between structural properties of the sample and the midband fit in UTC. In
UTC, an increase in the scatterer size usually results in increased backscatter and thus increased midband fit; an increase
in the size of the absorbers (the RBC aggregates) also results in increased photoacoustic signal at the frequencies of
interest. It can be concluded from these observations that PA spectroscopy can monitor the changes that occur during
RBC aggregation and can quantitatively assess the changes in the size and concentration of RBCs.

3.2 Experimental results

The experimental PA signal amplitudes, midband fit and spectral slopes at 3 hematocrit and 3 aggregation levels are
shown in figure 5. As shown in figure 5(a), the amplitude of the PA signals monotonically increased with increasing
hematocrit for non-aggregated RBCs. This was expected as well as predicted from the simulation results since the
hematocrit is a direct measure of the concentration of the optical absorbers (the RBCs). Aggregation of RBCs was
induced using various concentrations of Dextran-70 and suspending the non-aggregated RBCs in the Dextran-PBS
solutions for each hematocrit level used. A non-linear behaviour of the PA signal is observed with increasing Dextran-
PBS concentration. For all the hematocrit levels, a Dextran-PBS concentration of 3% gave the highest PA signal
amplitude while 1 and 8% solutions had similar amplitudes. All the amplitudes of the aggregated solutions, at all
hematocrit levels, were higher than the non-aggregated case (0% [Dextran-PBS]). The non-linear trend in PA signal
amplitude as a function of Dextran concentration has been reported using independent techniques of optical techniques
discussed in the introduction®’. These results suggest that PA imaging has the potential to monitor the aggregation of
RBC:s for at various hematocrit levels.
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Figure 5. (a) PA signal amplitude, (b) midband fit and (c) spectral slope for porcine RBCs at 3 hematocrit levels and 3
aggregation levels. Note that a 0% [Dextran-PBS] concentration refers to the non-aggregated RBC samples at each
hematocrit.

The midband fit and slope of the experimental results are shown in figure 5(b) and (c), respectively. Similar to the PA
signal amplitude curve (figure 5(a)), the midband fit shows the same behaviour with increasing Dextran-PBS
concentration. For a concentration of 0% [Dextran-PBS], the midband fit increases with increasing hematocrit. The
highest value of the midband fit was observed to occur for a Dextran-PBS concentration of 3% where the highest degree
of aggregates occurred. Enhancements similar to those reported for the simulated results were observed for the highest
degree of aggregation compared to non-aggregated RBCs. The spectral slope, a measure of the scatterer size, decreased
as the samples formed aggregates. During aggregation, the RBCs cluster closer together and form larger absorbing
structures than non-aggregating RBCs. In both the theoretical and experimental results, an increase of the spectral slope
of a factor of 2 is predicted / measured. However, whereas the theory predicts positive spectral slopes (figure 4(c)), in the
experiments a negative slope is measured (figure 5(c)). This discrepancy may be due to the normalization procedure used
(the gold film) and is currently being examined. Moreover, there are no observable changes in the slope as a function of
hematocrit. This is due to the fact that in using a 5 MHz center frequency transducer there are no observable shifts in the
dominant frequency of the signals as observed from the band-limited spectra in figure 4(d).

The results obtained here strongly suggest the potential of PA spectroscopy for monitoring the changes that occur during
RBC aggregation. Aggregation is a phenomenon that results in significant changes in the size and shape of the RBC
morphology. PA spectroscopy seems to be sensitive enough to be able to detect changes in the size and concentration of
absorbers. The shifts in the dominant frequency of the PA signal due to the increase of aggregate size seem to be a robust
variable for monitoring changes during RBC aggregation. In addition, by taking into account the sensitivity of the
transducer used for the measurements, one can use spectral parameters such as the slope and the midband fit of the
normalized spectra in order to characterize the RBC samples. The relationship between these parameters and tissue
properties during PA measurements is yet to be determined but the theoretical results presented in this paper provide
some insight into this relationship. The advantage of PA over US for monitoring RBC aggregation phenomena lies in the
fact that PA has a simpler relationship between the signal amplitude and hematocrit. While in US it is difficult to judge
the hematocrit level from the backscattered power, in PA the linear relationship between signal amplitude and hematocrit
makes is simpler to infer the hematocrit level from the signal amplitude. In addition, the ability of PA to probe the
oxygen depended absorption of blood provides the strong advantage of obtaining functional information in addition to
the structural information provided by the PA RF spectroscopy. It is possible in principle to monitor the oxygenation
changes during the aggregation process by using multiple wavelengths to probe the various absorption peaks of blood at
different oxygenation levels. The techniques established here could potentially provide a non-invasive approach towards
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detecting the oxygenation level of blood prior and during the aggregation of RBCs and use that information as an
indicator for making important clinical decisions.

4. CONCLUSIONS

This paper discusses the potential of using PA spectroscopy for monitoring changes that occur during the aggregation of
RBCs. A theoretical model was presented to demonstrate how RBC aggregation could be detected by examining the
spectral features of the PA signals. Using spectroscopic techniques adopted from ultrasound tissue characterization
methods, we have shown the ability of PA to monitor and characterize the phenomenon of RBC aggregation. This study
suggests that PA has the potential of being used as a non-invasive tool for assessing RBC aggregation.
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