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ABSTRACT

This paper attempts to experimentally and analytically quantify the aggregation-induced changes in the photoacoustic
amplitude (PAA) by simultaneously examining the effect of red blood cell (RBC) aggregate size and optical illumination
wavelength. In experiments, the pulsatile flow of human whole blood at 60 bpm was imaged using the VevoLAZR system
equipped with a 40-MHz-linear-array probe. The samples were illuminated every 10 nm from 700 to 900 nm. For the
analytical model, the PAA from both a collection of randomly distributed RBCs of 5, 10, 15, 20, 25, and 30 cells and a
single absorber as a spherical aggregate of RBCs formed by the corresponding number of RBCs. The oxygen saturation
(sO,) was measured as 74% and 80% for the non-aggregated RBCs and the RBC aggregation. These values were assigned
to the analytical RBC aggregates containing between 5 and 30 cells. The normalized PAA (nPAA) for the experimental
results was compared to that generated by the theoretical calculations. At a given wavelength, the analytical nPAA for the
collection of RBCs were identical for all numbers of RBCs, but that for the RBC aggregate increased with the number of
RBCs forming the aggregate due to the increase in the effective photoacoustic absorber size. The experimental as well as
analytical nPAA for both RBC aggregation and non-aggregation increased with the wavelength at a given absorber size.
This was due to the fact that the PAA is mainly determined by the optical absorption coefficient (ua) which increases due
to the relationship between enpo and wavelength. In addition, the difference of PAA between RBC aggregation and non-
aggregation also increased with the wavelength due to the increase in the ua induced by the hypothesized enhanced sO;
resulting from the increased size of RBC aggregates. These results can be used as a means of estimating the oxygen loading
and unloading during blood flow. This investigation elucidates the quantitative relationship between the RBC aggregate
size and the optical illumination wavelength for probing the physiology of flowing blood.
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1. INTRODUCTION

The measurement of red blood cell (RBC) aggregation has been widely investigated, and most measurements are made
under in-vitro conditions. Methods include the erythrocyte sedimentation rate!, low shear viscometry?, ultrasound (US)
imaging?® and analysis of light transmission or reflection of RBC suspensions*. The behavior of RBC aggregation in vivo
is much more complex compared to in-vitro conditions due to the structure of blood vessels, the dynamic compressibility
of vessel wall, variable flow rates and vessel diameters, and the physiological condition of the individual. In order to non-
invasively measure RBC aggregation in vivo, US imaging has been widely investigated®>®. However, the US technique
cannot provide functional aspects related to blood flow dynamics such as the oxygen delivery to tissues, a fundamental
role of RBCs. In our group, photoacoustic (PA) imaging was proposed to simultaneously assess the changes in oxygen
saturation (sO2) due to RBC aggregation, under physiologically relevant pulsatile blood flow conditions’™.

It is well stablished that the PA signal amplitude is dependent on the absorption coefficient (u,) and the size of the object!*.
RBC aggregation in the normal human body is reversible phenomenon due to the cyclic change in the shear rate induced
by blood flow velocity. The cyclic changes in shear rate result in the RBC aggregate size changing dynamically. In
addition, it was reported that oxygen release was inhibited as RBCs aggregated!?!3, Inhibition of oxygen release results in
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changes in the PA signal amplitude due to changes in relative number of oxygenated and deoxygenated hemoglobin
molecules in the RBCs. The PA assessment of the relation between RBC aggregation and the sO, was studied by our
group”®. Since the sO; is related to the molar concentration of oxygenated hemoglobin, the main factor impacting the ua*,
RBC aggregation inhibiting the oxygen release might be related to the ua. And, the ua is also a function of the molar
extinction coefficient of oxygenated hemoglobin depending on the optical wavelength. Therefore, the complex relationship
between RBC aggregation, the ua, and the optical wavelength should be investigated in a quantitative manner in order to
better understand the PA assessment of blood flow and sO, measurements.

In the present paper, high-frequency PA imaging of whole blood flowing within a 2-mm-diameter vessel phantom was
performed under the condition of pulsatile flow with the beat rate of 60 bpm. The blood flow was imaged by illuminating
the sample from 700-900 nm at interval of 10 nm. Additionally, an analytical model was developed in order to simulate
the PA amplitudes from both the collection of RBCs and their aggregates. The experimental results were also directly
compared to the analytical findings.

2. MATERIALS AND METHODS

2.1 Blood flow system

Human blood was collected by netCAD (Vancouver, BC, Canada), the research division of Canadian Blood Services,
under protocol 2013-001. Standard Canadian Blood Services collection and testing procedures of whole blood were
followed. It was delivered overnight at 4°C, with continuous monitoring during shipment to ensure no temperature
deviations occurred. The procedures for using the blood have been approved by the research ethics boards of Ryerson
University and the Canadian Blood Services. Whole blood units from three different volunteers were used in order to
ensure the repeatability of experimental results.

2.2 PA imaging and signal processing

The PA image was acquired by a VevoLAZR (FUJIFILM VisualSonics, Toronto, ON, Canada) US/PA system equipped
with a 40 MHz linear-array probe under the pulsatile blood flow system developed by our group®. PA measurements were
performed at 60 bpm for three blood samples at 21 optical wavelengths (1) from 700 nm to 900 nm every 10 nm. For each
measurement, 200 PA B-mode frames were recorded corresponding to a measurement time of 10 seconds at 20 fps frame
rate. Out of the 200 frames, the 160 frames corresponding to 8 seconds were extracted and manually synchronized to the
initial phase of the pulsatile cycle at each measurement.

Our group has previously shown that the PA amplitude (PAA) cyclically varied under pulsatile blood flow”®. Within the
8 seconds of measurement at 60 bpm, the PAA exhibited eight maximum (PAAmax, during the state of RBC aggregation)
and eight minimum (PAAmin, during the state of disaggregation) as shown in Figure 1. The mean PAAmax and the mean
PAAmin were computed as a function of optical wavelength. In order to compare the experimental PAA with the theoretical
equivalent, they were normalized to the norm of the mean PAAm» for every optical wavelength. The PAAmi, was recorded
during the phase of disaggregation (i.e. collection of RBCs). The normalized PAA for the experimental results (nPAA.) at
each wavelength can be expressed as,

mean(PAAy ) ,
n

ZQOOnm (mean(PAA in ) jz
n=700nm MmN Az

where the subscript X indicates max or min, NPAAe max 0r NPAA¢ min, respectively.

NPAA, x

, (n=700, 710, ..., 900 nm) (D)
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Figure 1. Cyclic variation in photoacoustic amplitude (representative at 850 nm of the optical wavelength). The eight PAAmax
as well as eight PAAmin were averaged to compute Equation (1).

2.3PA modeling of RBC aggregation
The time dependent PA pressure field for a uniformly irradiated spherical absorber can be expressed as't,

iks (r—a—vit)

b (r,1) = i1, fFv2a J'°° (sing—qcosq)e do )

22Cpr J §2[A- p)(sinG)/ G- cosG+igising]
where r is the distance between the absorber and the ultrasonic detector, t is time, ua is the optical absorption coefficient,

£ is the isobaric thermal expansion coefficient, F is the optical fluence of the excitation light, vs is the sound speed in the
absorber, a is the radius of the uniformly irradiated spherical absorber, C; is the heat capacity per unit mass, q is defined

as § = walvs, Where o is the modulation frequency of the optical source, ks and v are the acoustic wave number and sound
speed within the surrounding fluid medium, respectively, o and v are the ratios of density (ps/pr) and the sound speed
(vs/vr), respectively, where ps and ps are the density of the absorber and the surrounding fluid medium, respectively.

In the case where a collection of spherical absorbers is present within the region of interest (ROI), assuming that the

incident optical intensity is the same for all absorbers within the ROI, the linear superposition principle can be applied to
retrieve the resultant PA pressure field from the ROL. It is given by*®,

ik (r—a-v¢t)

; 2, o0 P S M
oy (r,t): wa/fFvSaJ‘ (sing—qcosq)e Ze—ukf.rmdw, 3)
m=1

27C 1 J- §%[(1- p)(sin§) /G —cos G +iGUsin §] <

where M is the number of RBCs, ks is defined by the direction of observation, and r, stands for the position vector of the
mth absorber. The position of each RBC was assumed to be randomly distributed in 2 dimensions. The random position
for each RBC was iterated 10 times, so that pu was computed 10 times with the 10 cases of RBC positions. The distance
between adjacent RBCs was adjusted so that the total hematocrit of the sample was 40 %. Equation (2) and (3) describe
an analytic signal which contains all possible frequencies generated, i.e. it is non-bandlimited.

In practical measurements, bandlimited (BL) ultrasonic transducers are used to receive the PA signals. As such, Equations
(2) and (3) were converted into the BL analytic PA signals for the single absorber (Ps) and the collection of absorbers (Pw),
respectively'®t,

Py(r.t)=Re(ps (1, t)®h(t) +iRe(ps (r,t) ©h 1), (4)

P (t) = Re(py (r.t) @ (t)+iRe(py (r.t) @h(t), (5)

where @ represents the convolution operator, and h(t) is the impulse response of the receiver. Assuming that the frequency
response profile of a transducer can be modeled as a Gaussian function'®, h(t) can be written as,

h(t)= Re(ij:e(“’wo r/ 2"Zei“’tdwj - %e“ztz/ 2 cos(mpt ), (6)

Proc. of SPIE Vol. 9708 97081M-3

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 05/08/2016 Terms of Use: http://spiedigitallibrary.or g/ss/'TermsOfUse.aspx



27 J—w 27

h(t)= Im[ijme_(“’_“’O)Z/ZGZei‘”tda)J = %e“’ztz/z sin(agt), @

where ¢ is the -6 dB bandwidth of the receiver, wq is the central frequency of the transducer.

In order to simulate RBC aggregates from collections of RBCs, the equivalent radius (aeq) of the largest, single spherical
aggregate that could be formed within a sample could be computed by aeq = (3V/(4x))Y3, where V is the equivalent volume
of the aggregate. Equations (4) and (5) were then used in order to obtain the BL, analytical PAA for both the spherical
aggregate of RBCs (Pmac = Ps) and the collection of non-aggregated RBCs (Pwm.na), respectively. The analytic PAA was
normalized to the norm of the Puna for all optical wavelengths in order to compare with the experimental equivalent
measurement, NnPAA.. The normalized PAA for the analytic results at each wavelength can be expressed as,

Pm.aG
AG|;
NPAAY ac|, = n , (n =700, 710, ..., 900 nm) ®)
n 900 ( 2
Zn—?OOnm( M.NA ln)
Pm ,NA|
TPAAY N, = o  (n =700, 710, ..., 900 nm) ©)

900nm 2
Zn:?OOnm ( P ’NA|ﬂﬂ j

where the subscript AG and NA represent the aggregate and the collection of non-aggregated RBCs, respectively. The
number of RBCs were arbitrary taken by increments of 5 cells from 5 to 30 cells. This is since 4 to 10 cells normally form
an aggregate and aggregates containing more than 10 cells are infrequently observed®2°,

2.4 Estimating the ua from experimentally measured sO2

Assuming that the oxygenated (HbO) and deoxygenated (Hb) hemoglobin were the dominant absorbers in a RBC, the sO,
was estimated by

[HbO] PAA, efi ~PAA, e[

_ _ , (10)
[HDOI+[HD]  PAA, (/20 —£/3) ~PAA L (efio — £li)

2

where [HbO] and [Hb] are the molar concentration of HbO and Hb, respectively, 11 and 2, are the shorter and longer
wavelengths than an isosbestic point (800 nm), respectively, o and enp are the molar extinction coefficient of HbO and
Hb, respectively. ua is governed by both [HbO] and [Hb] such as ua = enpo[HDO] + enp[Hb]**. At a given optical
wavelength, the i, of a blood sample (single or aggregated) can be dependent on the sO; since [HbO] is proportional to
the sO.,

Ha = (Hpo —€Hb) SO2 +&Hp » (11)

In our previous studies, we showed that the sO- varied from 74% to 80% during one pulsatile cycle. We hypothesized this
is a result to the changes in the RBC aggregation level as a function of the pulsatile cycle*?*®, Hence, the sO; of the RBC
aggregate formed by the number of RBCs ranging from 5 to 30 cells for Equation (10) were assumed to range between
75% and 80%, at intervals of 1%. The sO, of the non-aggregated RBCs was assumed as 74%. The nPAA was computed
considering Equations (8) and (9) with respect to the varying sO; at each wavelength from 700 to 900 nm every 10 nm.

2.5 Normalized magnitude of variation in nPAA (nVnPAA)

The magnitude of variation in nPAA for the analytic results (VnPAAm = NPAAm ac - NPAAmNa) as Well as the experimental
magnitude of variation (VNPAAep = NPAAe max - NPAAemin) Can represent the degree of RBC aggregation. In order to
compare the VnPAAwm to the VnPPA., as a function of a particular wavelength, the VnPAA at each wavelength was
normalized to the norm of the VnPAA depending on the wavelength, expressed by,
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3. RESULTS AND DISCUSSION

The nPAA as a function of the wavelength for the analytic and the experimental results were shown in Figure 2b. The
nPAA from the collection of the non-aggregated RBCs (nPAAwmna, thin lines) increased with the wavelength. This is
consistent with the relation between enpo and the wavelength (Figure 2a) and can be explained from the fact that the blood
is at least 75% oxygenated. In addition, the nPAAuNna Were almost identical for all cases of the number of RBCs. This
suggested that the ratio of the PAA at each wavelength to the magnitude of the PAA as a function of the wavelength
remained the same even though the number of RBCs was changed. Such an observation was a result of the fact that the
nPAA was normalized by all wavelengths of illumination. The pmna increased with the number of RBCs (not shown in
this paper).

The nPAA from the spherically aggregated single absorber (nPAAwm ac, thick lines) increased with not only the wavelength
but also the aggregate size which is related to the number of RBCs present within a single aggregate. This is because the
PAA is a function of the absorber size as well as the u, in Equation (2). In the experimental results, the maximal amplitude
in NPAA (NPAAe max) as well as the minimal one (NPAA. min) increased with the wavelength. This is in agreement with the
analytical results. However, the difference between nPAAe max and NPAA. min is smaller than those between nPAAw ac and
nPAAwmnNa except for the case of 5 cells. In the experiments, the RBCs were flowing with a flow rate of 75 ml/min and a
beat rate of 60 bpm. As a result, the aggregation tendency during this condition was much lower than that under the
condition of RBCs that are static or have a very low flow velocity. At a given wavelength, the difference between the
nPAAwmac and nPAAw.na increased with the number of RBCs since the absorber size plays a significant role. As the number
of RBCs increased, the difference between the nPAAmac and NPAAwuna increased with wavelength, which resulted in
increases in the slope of the nPAAw ac as a function of the wavelength (Figure 2b).

The PAA is a function of the absorber size and optical absorption at a given wavelength, so that the VnPAA is a function
of the magnitude of variation in both the absorber size (Aa) and the ua (Aua). Aua represents the difference in the i, between
the aggregate and the collection of non-aggregated RBCs. If the RBC aggregation-induced change in the sO; is not
considered (meaning that ua is independent of the sO,), then the VnPAA should be wavelength independent. However, as
the aggregate size increases, the sO also becomes higher when compared to the non-aggregated RBCs'?*%, Consequently,
the ua also increases by means of Equation (11). The increased ua (due to changes in the ratio of oxygenated and
deoxygenated Hb at difference aggregation levels) as well as the increased absorber size induced by RBC aggregation,
should enhance the VnPAA as a function of optical wavelength.

For the smallest number of RBCs in an aggregate, 5 cells (blue lines), the simulation results as a function of wavelength
(the difference between the nPAAmac and nPAAmna for each wavelength) and experimental results (the difference
between the NPAA. max and NPAAe min, black line) are comparable. In order to compare those differences for all cases, the
nVnPAA were plotted in Figure 2c. The difference between nPAA for the experimental results (N"VnPAA.y,) as well as
the analytical one (NVnPAAw) increased with the wavelength. This result is due to the fact that the RBC aggregation
increased the sO2, which in turn affected the u,, resulting in the increase in the VnPAAey, as a function of wavelength.
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Figure 2. (a) Molar extinction coefficient of oxygenated (HbO) and deoxygenated (Hb) hemoglobin as a function of the
wavelength?L. (b) The normalized photoacoustic amplitude of the analytic (nPAAwm.ac for the single absorber as a spherical
aggregate formed by the number of RBCs expressed as M and nPAAwmna for the collection of the number of RBCs) and the
experimental (NPAAemax & NPAAemin) results. The error bars indicate the standard deviation for the iteration time (n=10) of
nPAAwmna for the random distribution of the non-aggregated RBCs. (c) The normalized magnitudes of the differences between
the nPAAMm,ac and nPAAwmna for the analytic results, and between nPAAe max and NPAAe max for the experimental results.

4. CONCLUSION

The PAA was measured as a function of the optical wavelength under the pulsatile blood flow in order to investigate the
cyclic variation in RBC aggregation. An analytical expression for the PA signal from collections of single cells and
aggregates of RBCs was derived by varying the number of RBCs in an aggregate from 5 to 30 cells. The experimental as
well as the analytic PAA in the presence of RBC aggregation and non-aggregation increased with the wavelength due to
the increase in eupo depending on the wavelength. In addition, the difference of PAA between the phase of RBC
aggregation and non-aggregation also increased with the wavelength due to the increase in the i, induced by the enhanced
sO; resulting from the increased size of RBC aggregate. Even though the degree of RBC aggregation under pulsatile blood
flow are consistent in nature, its measured level such as the PAA can be dependent on the optical wavelength. As such,
the relation between RBC aggregation and the sO; in terms of PA measurement should be further quantitatively
investigated.
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