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ABSTRACT

In this paper, we investigate the feasibility of high-frequency photoacoustic (PA) imaging to study the shear rate
dependent relationship between red blood cell (RBC) aggregation and oxygen saturation (SO,) in a simulated blood flow
system. The PA signal amplitude increased during the formation of aggregates and cyclically varied at intervals
corresponding to the beat rate (30, 60, 120, 180 and 240 bpm) for all optical wavelengths of illumination (750 and 850
nm).The SO, also cyclically varied in phase with the PA signal amplitude for all beat rates. In addition, the mean blood
flow velocity cyclically varied at the same interval of beat rate, and the shear rate (i.e. the radial gradient of flow
velocity) also cyclically varied. On the other hand, the phase of the cyclic variation in the shear rate was reversed
compared to that in the PA signal amplitude. This study indicates that RBC aggregation induced by periodic changes in
the shear rate can be correlated with the SO, under pulsatile blood flow. Furthermore, PA imaging of flowing blood may
be capable of providing a new biomarker for the clinical application in terms of monitoring blood viscosity, oxygen
delivery and their correlation.
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1. INTRODUCTION

Red blood cell (RBCs) become aggregated when blood is exposed to stasis or very low shear rate conditions. RBC
aggregation is promoted in various pathologies such as deep vein thrombosis, diabetes or a stoke [1-3], and is a dominant
factor in blood viscosity which affects blood flow dynamics, vascular resistance and tissue perfusion [4]. Approaches
that have been proposed for the measurement of RBC aggregation include measuring the erythrocyte sedimentation rate
[5], low shear viscometry [6], ultrasound (US) imaging [7] and analysis of light transmission or reflection of RBC
suspensions [8]. Among these methods, US imaging warrants special consideration as the only non-invasive assessment
of RBC aggregation [7,9,10]. However, most studies of US imaging have focused on imaging the
formation/disorganization of RBC aggregates in terms of their effect on the hemodynamic properties of blood. In other
words, US imaging simply provides information on the RBC aggregate size, despite the fact that the RBC’s fundamental
role is the oxygen delivery to tissues.

The transport and delivery of oxygen is governed by the blood oxygen saturation (SO,) [11]. The clinical significance of
the SO, has been already widely reported [12,13]. For the measurement of the SO,, traditional methods such as optical
spectroscopy have been employed [14,15] but they are limited by the penetration depth of light and lack of spatial
resolution. During the past decade, new SO, measurement techniques have been proposed through advances in
photoacoustic (PA) imaging [16-19]. However, these previous studies have focused on the SO, measurement in micron-
diameter vessels (predominantly arterioles and capillaries) without considering hemodydnamic and/or hemorheological
effects such as RBC aggregation.

RBC aggregation and the SO, are intrinsically related phenomena linking structural and functional aspects of RBCs,
respectively. Therefore, the relation between RBC aggregation and the SO, may provide a new biomarker for disorders
where aggregation becomes pathological. According to Tateishi et al. [20,21], the diffusion of oxygen from RBC is
inhibited when RBCs aggregate and when the cell-free plasma layer surrounding the aggregate is thickened. However, in
their studies they showed the correlation between the SO, and RBC aggregation induced by Dextran T-70, not by the
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natural hemodynamic behavior of flowing blood. In the previous studies by our group [22,23], the PA measurement of
Dextran induced RBC aggregation and the SO, was preliminarily conducted under the static conditions of blood. For the
advanced clinical applicability of PA imaging of blood, the relationship between RBC aggregation and the SO, should
be investigated simultaneously under naturally varying hemodynamic conditions due to pulsatile flow. It is known that
such pulsatile flow will create time varying shear rates in blood vessels thereby changing the dynamics of the formation
of RBC aggregates.

In the current paper, high-frequency PA imaging is proposed to simultaneously assess RBC aggregation and the SO,
under pulsatile blood flow at the beat rate from 30 to 240 bpm within a flow phantom. The flowing blood was imaged at
two optical illumination wavelengths in order to estimate the SO, and to acquire the PA signal amplitude from blood
using a high-frequency PA system. The Doppler flow velocity was measured, and the radial shear rate was estimated by
the blood flow velocity in order to interpret the relation between RBC aggregation, the SO, and the shear rate.

2. MATERIALS AND METHODS

2.1 Blood source

Ethics approval was granted by the Research Ethics Boards of Ryerson University and the Canadian Blood Services. All
experiments were conducted using whole blood units donated by healthy volunteers recruited by the Canadian Blood
Services’ Network Center for Applied Development (Vancouver, BC, Canada). Whole blood units from three volunteers
were used in order to ensure the repeatability of experimental results.

2.2 Blood flow and PA imaging system

A blood flow system was configured by a peristaltic pump (MasterFlex, Cole-Parmer, Montreal, QC, Canada), a silicone
tube, a triangle beaker, and a 2-mm-diameter flow phantom made from porcine skin gelatin (Sigma Aldrich, Oakville,
ON, Canada) at a concentration of 15% wt/vol in degassed water. The silicone tube was connected to the flow phantom
for circulating blood flow, and the beaker was used as a blood vessel and a reservoir (Fig. 1). The pulsatile flow at beat
rates from 30 to 240 bpm were generated within the phantom by the peristaltic pump.

Flowing blood was imaged at 20 frame per second by a VevoLAZR (FUJIFILM VisualSonics, Toronto, ON, Canada)
system equipped with a 40 MHz linear-array probe. An Nd:YAG pulsed laser (20 Hz, 6ns pulse width, 30 mJ/pulse) was
operated at two optical wavelengths (750 and 850 nm) in order to estimate the SO, by the computing the ratio of
oxygenated hemoglobin to the total hemoglobin assessed. PA measurements were performed for three blood samples,
five beat rates, and two wavelengths.

Photoacoustic imaging system
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Figure 1. Experimental set-up of blood flow and photoacoustic imaging system
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2.3 Simultaneous assessment of RBC aggregation and the SO, depending on the blood flow velocity

The PA signal amplitudes from RBC aggregates can be approximated as the PA signal amplitude from a sphere (P;) as
described by [24].
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where y, is the optical absorption coefficient,  is the isobaric thermal expansion coefficient, F is the optical fluence of
the excitation light, v is the sound speed in the absorber, a is the radius of spherical absorber, C, is the heat capacity per
unit mass, r is the distance between the absorber and the ultrasonic detector, ¢ is defined as ¢ = wa/v, where o is the

modulation frequency of the optical beam, 7 is the dimensionless retarded time from the edge of the sphere defined as
T =(vs/a)[ t-(r-a)/vs] where v is the sound speed in the surrounding fluid medium, p=p,/ prand v= v,/ v, are the

ratios of density and the sound speed, respectively, where p, and p; are the density of the absorber and the surrounding
fluid medium, respectively. The PA signal amplitudes from aggregating blood is mainly governed by the radius of
uniformly irradiated sphere (a) which is related to the aggregate size. Hence, the formation of RBC aggregation can be
assessed by the changes in the PA signal amplitude.

The SO, was estimated by assuming that oxygenated (HbO) and deoxygenated (Hb) hemoglobin were the dominant
absorbers at the two optical illumination wavelengths 4, and 4,, and was computed by [16]
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where [HbO] and [Hb] are the molar concentrations of HbO and Hb, respectively; u, is the absorption coefficient and is
equal to P/(I™-F) where P is the detected PA pressure, /I is the Gruneisen parameter, so that P is used instead of y, in this
study. It is assumed that /" and F are constant; and eg,o and &gy are the known molar extinction coefficients of HbO and
Hb, respectively.

2

In order to quantify the variation of the measurement parameters, the variation indices of the PA signal amplitude (VIp,)
and SO, (VIgo) were computed by

VI, = 1 i PAamp, max PAamp, min
PA — ,
N n=1 PAamp, mean |7;
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where N is the number of cycles, 7, is the order of cycle, PA,y, is the PA signal amplitude, and the subscripts max, min
and mean indicate the maximum, minimum and average values, respectively.

Ideally, the blood flow velocity should be simultaneously measured with the PA images in order to interpret the relation
between RBC aggregation, the SO, and the shear rate which is the radial gradient of the flow velocity. The PA system,
however, was limited in the ability to measure PA signals and blood flow velocities simultaneously. In licu of that, the
Doppler blood flow velocity was separately measured by the PA system. The flow velocity was manually synchronized
with the vessel diameter since the vessel expands and contracts during systole and diastole, respectively [25]. The mean
shear rate was estimated by assuming that the radial profile of flow velocity was linear, and the peak velocity of the
radial profile was the mean blood flow velocity measured by the Doppler power at each time point. It is worth noting
that the radial profile of flow velocity for steady flow is parabolic, and that for the pulsatile flow is dependent on the
phase of flow. This makes the determination of the radial shear rate a difficult quantity to assess. However, the mean
shear rate can be approximated by the aforementioned method. The standard deviation of the shear rate was computed
considering the cyclic variation in the blood flow velocity.
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3. RESULT AND DISCUSSION

The PA signal amplitudes at two wavelengths 750 and 850 nm varied periodically for all beat rates, as shown in Fig. 2a-
e. The source of the PA signal was the RBCs and their aggregation as shown from our previous work [22,23], so the
cyclic variation in the PA signal amplitude represents cyclical changes in RBC aggregation/disaggregation. The shear
rate (determined by the radial gradient of the laminar flow velocity in a cylindrical tube) is governed by the blood flow
velocity suggesting that the shear rate increases as the blood flow velocity increases. Hence, the mean shear rate also
varied periodically with time as marked in green lines in Fig. 2. Even though the cyclic variations in RBC
aggregation/disaggregation and shear rate were estimated by the variations in the PA signal amplitude and the blood
flow velocity, the phases of cyclic variations were opposite each other at all the beat rates. The out-of-phase nature was
due to the relation between RBC aggregation and shear rate, i.e. the maximal amount of RBC aggregation occurs when
the shear rate is at a minimum. The out-of-phase relationship between RBC aggregation and the shear rate was consistent
with a previous study using high-frequency ultrasound [26].

The SO, also varied periodically depending for all beat rates, as shown in Fig. 2f-j. The phase of cyclic variation in the
SO, was the same as the variation in the PA signal amplitude. This observation suggested that RBC aggregation
enhanced the SO,. According to Tateishi et al. [20,21], the oxygen release is inhibited by RBC aggregation, so that the
SO, increases and decreases during RBC aggregation and disaggregation, respectively. Hence, the phases of cyclic
variation in the SO2 and the shear rate was opposite each other.
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Figure 2. Cyclic variation in photoacoustic (PA) amplitude (a to e) and oxygen saturation (SO,) (f to j) depending on the
estimated mean shear rate at 30, 60, 120, 180 and 240 bpm of beat rates. The thick and thin blue lines indicate 850 and 750 nm
of optical wavelength, respectively, the green line indicates the estimated mean shear rate, and the red line indicates the SO,.
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The mean shear rate increased with the beat rate since the mean blood flow velocity increases with the beat rate. This is
shown in Fig. 3a. The variation indices VIps and Vlgg characterize the variability of the PA signal amplitude and the
SO,, respectively (Eq. 3). The PA signal amplitude is determined by RBCs and their aggregation, and the blood flow
velocity determines the shear rate through its radial gradient. Hence, the VIpa can be related to the variability of RBC
aggregation and shear rate, respectively. The results presented in Fig. 3b show that, as the mean shear rate increased, the
VIpa and the VIgg decreased.

The large variation in shear rate results in large variations in the RBC aggregation and the SO,. We expected that the
variability in the PA signal amplitude (as well as the SO,) should increase as the variability in the shear rate increases.
However, the variation in RBC aggregation (as assessed by the VIp, at 750 and 850 nm) and the SO, (VIso) decreased as
the variation in the shear rate increased (as assessed by the error bar). This apparently conflicting result can be explained
by the increase in the mean shear rate. The mean shear rate increased with the beat rate, since the mean blood flow
velocity increased with the beat rate. Even though the variability in the shear rate (assessed by the error bar) increased
with the beat rate, the mean shear rate also increased, inhibiting RBC aggregation. Since non-aggregated RBCs would
release oxygen more freely than aggregated RBCs, the SO, decreased as the shear rate increased.
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Figure 3. (a) The estimated mean shear rate vs. beat rate. (b) Variation indices of PA signal amplitude at 850 (blue circle)
and 750 (cyan x) nm and the oxygen saturation (red square) vs. estimated shear rate. The error bar indicates the standard
deviation of the estimated shear rate for the cyclic variation in the blood flow velocity.

4. CONCLUSION

The PA signal amplitudes at 750 and 850 nm and the mean blood flow velocity were measured by high-frequency PA
imaging under pulsatile blood flow at the beat rate of 30, 60, 120, 180 and 240 bpm. They were determinants of RBC
aggregation and the shear rate, respectively. The SO, was computed by the two optical wavelength method from the PA
signal amplitude. The PA signal amplitudes and the SO, varied periodically as a function of the beat rate, and they were
in phase each other, and out of phase with the estimated mean shear rate. Since the PA signal amplitudes and the blood
flow velocity are directly influenced by RBC aggregation and the shear rate, respectively, RBC aggregation and the SO,
were in phase each other, and out of phase with the shear rate. These findings suggest that PA assessment of RBC
aggregation in various circulatory disorders could be achieved through imaging of accessible human blood vessels such
as the radial artery or vein. This study is a preliminary investigation that opens new avenues towards understanding the
relationship between RBC aggregation,SO, and hemodynamics in PA imaging.
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