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ABSTRACT  

In the present paper, the optical wavelength dependence on the photoacoustic (PA) assessment of the pulsatile blood 
flow was investigated by means of the experimental and theoretical approaches analyzing PA radiofrequency spectral 
parameters such as the spectral slope (SS) and mid-band fit (MBF). For the experimental approach, the pulsatile flow of 
human whole blood at 60 bpm was imaged using the VevoLAZR system (40-MHz-linear-array probe, 700-900 nm 
illuminations). For the theoretical approach, a Monte Carlo simulation for the light transmit into a layered tissue 
phantom and a Green’s function based method for the PA wave generation was implemented for illumination 
wavelengths of 700, 750, 800, 850 and 900 nm. The SS and MBF for the experimental results were compared to 
theoretical ones as a function of the illumination wavelength. The MBF increased with the optical wavelength in both 
theory and experiments. This was expected because the MBF is representative of the PA magnitude, and the PA signal 
from red blood cell (RBC) is dependent on the molar extinction coefficient of oxyhemoglobin. On the other hand, the SS 
decreased with the wavelength, even though the RBC size (absorber size which is related to the SS) cannot depend on 
the illumination wavelength. This conflicting result can be interpreted by means of the changes of the fluence pattern for 
different illumination wavelengths. The SS decrease with the increasing illumination wavelength should be further 
investigated. 
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1. INTRODUCTION  
The photoacoustic (PA) signal amplitude, under conditions of constant fluence, is dependent on the optical absorption 
coefficient (μa) and the absorber size1. Recently, our group has investigated how PA imaging can simultaneously assess 
the changes in red blood cell (RBC) aggregation and oxygen saturation (sO2) under pulsatile blood flow conditions2–4. 
The PA signal amplitude and sO2 varied cyclically with the beat rate of the pulsatile flow but out of phase with one 
another. In this paper, we investigate the effect of the optical wavelength of illumination on the magnitude of the cyclical 
variation of the PA signal.  

The objective of the work is two-fold: first, given the clinical significance of the functional sO2 PA imaging using5, it is 
important to understand the role that the wavelength of illumination plays during realistic blood flow conditions. This 
will enable more accurate sO2 estimates and potentially improve the sensitivity of PA imaging, as it prepares for making 
impactful clinical transitions. Secondly, this work utilizes radiofrequency (RF) PA spectroscopy6,7, a recently developed 
technique that aims for extracting relevant, system-independent parameters that used for tissue characterization. In the 
context of imaging blood flow using acoustic-resolution PA imaging systems, RF spectroscopy could provide 
assessments of effective absorber size and shape. This is particularly important in conditions related to RBC aggregation 
such as diabetes and deep vein thrombosis8,9. 
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2. MATERIALS AND METHODS
2.1 Experimental approach - human blood PA imaging 
Human blood was collected by netCAD, the research division of Canadian Blood Services (Vancouver, BC, Canada), 
under protocol 2013-001. 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 to 
ensure the repeatability of experimental results. The PA image of flowing blood was acquired by an ultrasound(US)/PA 
imaging system (VevoLAZR, FUJIFILM VisualSonics, Toronto, ON, Canada)) equipped with a 40 MHz linear-array 
probe (LZ550, FUJIFILM VisualSonics, Toronto, ON, Canada) under an experimental flow system. The probe was tilted 
slightly in order to measure the blood flow velocity as well as the PA signals at the same setup as shown in Figure 1a. 
PA measurements were performed at 21 optical wavelengths (λ) from 700 nm to 900 nm every 10 nm under 60 bpm of 
beat rate. The PA B-mode frames, corresponding to a measurement time of 10 seconds at a 20 fps frame rate (a total 200 
frames), were recorded at each wavelength. Detailed procedures were described in our previous study4. 

2.2 Theoretical approach - Monte Carlo & PA simulation 
In order to validate the experimental results, theoretical models were developed using the mcxyz,c Monte Carlo 
simulation package for the light propagation through the multi-layered media10–12 and using the Green’s function based 
method for modeling the PA wave generation13,14. 

When a laser pulse illuminates a medium with a fluence F(x), the energy absorbed by the medium at position x is: 

),()()( xxx FW aμ=    (1) 
where, µa(x) is the optical absorption coefficient of the medium. A source of initial excess pressure will be generated in 
the medium under the condition of thermoelastic stress confinement1, where the thermal conduction and stress 
propagation are ignored, and the pressure is expressed by: 
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where, β(x) is the thermal expansion coefficient, c is the sound speed and Cp(x) is the specific heat capacity. 

When the laser pulse length is shorter than the thermal relaxation time, and the medium is homogeneous with a constant 
sound speed, the PA wave propagation is described by the differential equation: 
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where p(x,t) is the PA wave pressure and δ(t) is the Dirac impulse function. The forward solution for the PA wave 
pressure is given by15: 
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The 3-D structure of illuminated area for the Monte Carlo simulation is described in Figure 1b. The absorption and 
scattering coefficients of tissue mimicking used in the Monte Carlo simulation were retrieved from the literature (Figure 
2). The anisotropy of scattering were taken to be 1, 1 and 0.9 at all wavelengths for water, gelatin and blood, 
respectively10,16,17. 
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Figure 1. Experimental and theoretical structure. The lateral view (a) and 3-D structure (b) of PA imaging of blood flow. All 
dimensions are in mm. 

 
Figure 2. The absorption (a) and scattering (b) coefficients of tissue mimicking used in the Monte Carlo simulation10,16,17. 

 

2.3 RF spectroscopy analysis 
The power spectrum of the PA signal was calculated using frequencies between 32-55 MHz, which correspond to the 
PA/US probe bandwidth. The normalized power spectra are fitted to a linear model with the least-squares method6. Two 
parameters of the linear model were extracted, the spectral slope (SS) and mid-band fit (MBF). The MBF is the 
magnitude of the linear fit at the center of the frequency interval. 

 

3. RESULTS AND DISCUSSION 
Representative profiles on the axial-elevation plane of fluence and energy deposition for 700 nm of the optical 
wavelength are shown in Figure 3. The axial distance starts from 4 mm, since the optical fibers were located at 4 mm 
below from the US detector. The divergent laser beams from two optical fibers crossed at 10 to 12 mm in the axial 
direction. The energy absorbed by the medium is shown in Figure 3b. The boundary between water and gelatin is located 
at a depth of 7 mm. The energy absorbed is proportionate to the absorption coefficient of the medium, so the energy 
absorbed by blood is much higher than those of water and gelatin. 
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Figure 3. The Monte Carlo simulation at 0 mm of lateral direction (the first axial-elevation plane) for 700 nm. The axial 
distance starts from 4 mm, since the optical fibers are located at 4 mm below from the ultrasonic detector. (a) Fluence map 
and (b) energy deposition. 

 

The PA maps were reconstructed using the 65th to 128th element (out of 256 elements) to maximize both the frame rate to 
20 fps and the width of field of view, and to avoid the side-edge errors from the 1st and 256th elements, as shown in 
Figures 4a and 4d. The lateral distance was 3.5 mm, since the aperture length of the US detector was 14 mm. In the 
experimental PA map, the upper edge was observed at around 10 mm depth; however, the lower edge was not seen due 
to the low signal-to-noise ratio resulting from high frequency (40 MHz) ultrasound attenuation. This phenomenon can 
also be observed from the simulated RF signals shown in Figure 4b. On the other hand, the upper and lower edges were 
observed in the theoretical PA map as well as in the RF signals (Figures 4d and 4e). At the center of the lateral direction, 
the upper layer above the upper edge was folded because the blood vessel was not perpendicular to the transducer in the 
axial direction, and the corresponding PA signals were reconstructed by the delay-sum beamforming. The folded upper 
layer was dimly visible in the experimental PA map. 

The experimental MBF increased with the optical wavelength as shown in Figure 4c (red curve). The MBF difference 
for the different wavelengths used was 10 dB. The MBF is a metric related to the PA signal amplitude, which is mainly 
determined by the molar extinction coefficient of oxyhemoglobin. This extinction coefficient increases with the optical 
wavelength in this setup4. The increase in the MBF with the illumination wavelength in the experimental results was 
similar with that in the theoretical results as shown in Figure 4f (red). The MBF difference for the wavelength range used 
was 8 dB in the theoretical results. The SS in ultrasound tissue characterization represents the effective size of 
scatterer18–21; it has also been shown to be related to the absorber size in PA imaging7,22,23. However, as observed in both 
the experimental and theoretical results in figures 4c and 4f (blue curves), respectively, the PA SS decreased with 
increasing illumination wavelength. This result was not expected since that the size of the RBC does not change as a 
function of wavelength. Therefore, the heating function W(x) may have changed as different illumination wavelengths 
are used. We hypothesized that the optical fluence affects the SS since the fluence was dependent on the wavelength. 
The fluence changes as a function of illumination wavelength alter the heating function and therefore potentially the 
power spectrum of the RF signal. In other words, the perceived absorber size is due to fluence-induced changes in the 
heating pattern (and therefore the initial pressure p0(x), equation 2) that translates into changes in the frequency content 
of the RF signal recorded and simulated. This is similar to the spectral coloring and structural distortion studied by Beard 
at al24. Our group is investigating this interpretation further as it can play a role in interpreting PA RF spectroscopy 
results in the context of spectroscopic PA imaging of the blood flow. 
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Figure 4. Experimental (upper) and theoretical (lower) results. (a) and (d) The PA map on the axial-lateral plane, 
reconstructed from 65th to 128th elements out of 256 elements, (b) and (e) the radio frequency signal at the center of the 
lateral direction, (c) and (f) the spectral parameters such as the spectral slope (SS, blue) and mi-band fit (MBF, red) plotted 
as a function of wavelength. The error bar indicates the magnitude of the cyclic variation in the spectral parameters, which 
is due to the cyclic variation in the PA signals under the pulsatile blood flow.  

 

4. CONCLUSION 
In this study, the experimental and theoretical PA effects of optical wavelength for the assessment of the pulsatile blood 
flow was investigated by means of quantitative RF spectroscopy parameters. The experimental MBF as well as the 
theoretical one increased with the optical wavelength, which was expected because the molar extinction coefficient of 
oxyhemoglobin increased with the illumination wavelength within the wavelength ranges studied. However, the 
experimental SS decreased with increasing wavelength even though the SS is sensitive to changes in the object size, 
which is wavelength-independent. In the theoretical simulations, the SS also decreased with increasing the wavelength, 
which was consistent with the experimental results. The SS decrease as a function of wavelength is not yet fully 
understood, however we speculate that it might be due to the effect of the fluence pattern, a wavelength-dependent 
parameter, has on the reconstruction of the PA images. In conclusion, the quantitative PA assessment of the pulsatile 
blood flow as a function of optical wavelength will help interpret in-vivo measurements of blood flow using PA imaging 
and should be further investigated. 
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