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1. Introduction

Biomedical optoacoustic (OA), or photoacoustic imaging 
[1, 2] is a hybrid modality combining the benefits of optical 
contrast and ultrasonic resolution. Due to high absorption of 
visible light in blood compared to surrounding biotissues, 
OA imaging is efficient for in vivo angiography [3–6]. At the 
same time, functional information provided by multispectral 
OA measurements of blood oxygen saturation (StO2) is also 
important, since it significantly broadens the range of biomed-
ical OA applications. Particularly, non-invasive mapping and 

volumetric determination of StO2 in blood vessels has high 
potential for a number of clinical applications [3].

Two approaches to reconstruct StO2 value from OA meas-
urements are usually employed, both based on differences in 
absorption spectra of oxy- and deoxyhemoglobin. The first 
approach is based on extraction of blood oxygenation from 
OA signal amplitudes in blood vessels acquired at multiple 
optical wavelengths [7]. We will refer to it as ‘amplitude meas-
urement approach’ (AMA). To quantify local concentrations 
of oxygenated and deoxygenated forms of hemoglobin in the 
given blood vessel one needs to determine optical absorption 
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Abstract
We report on the comparison of two approaches to the reconstruction of oxygen saturation 
(StO2) within blood vessels from multispectral optoacoustic (OA) measurements. The 
spatially-resolving approach is based on determination of the optical absorption coefficient 
µa from OA signal amplitudes, while the calibration-free approach is based on evaluation 
of the effective optical attenuation coefficient µeff derived from the in-depth OA signal 
decay. Both approaches were verified in phantom experiments as well as in in vitro and in 
vivo measurements. The results demonstrate good agreement of µa spectra derived from OA 
signal amplitudes with the published data indicating this approach to be preferable for the 
in vivo determination of StO2. Reconstruction of µa spectra from the in vivo measured OA 
signal amplitudes in a rat yields StO2 values of 0.57  ±  0.08 and 0.50  ±  0.07 for two veins 
of the thoracic spine. We demonstrate that for cost-effective measurements a dual-probing 
wavelength scheme can be employed instead of multiple wavelength probing. We found 
that the probing wavelength of 700 nm combined with a wavelength from the range of 850–
1069 nm provides reconstructed StO2 values close to the reference ones derived from multiple 
wavelength measurements in the entire range of 658‒1069 nm.
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coefficient µa(λ) within it. Extraction of µa spectra from the 
measured OA pressure requires information about distribution 
of optical fluence in biotissue for all probing wavelengths [8]. 
Due to complexity of light propagation in biological tissues, 
especially for complex-shaped probing beam [9], fluence dis-
tribution is unknown, which makes quantitative determination 
of optical absorption µa(λ) from OA measurements rather 
challenging [10]. Optical fluence can be approximated by an 
exponential decay function [11], or reconstructed from dif-
fuse optical tomography [12], or derived from Monte Carlo 
modeling for complex illumination geometry [9], or obtained 
by combining the optical measurements with theoretical mod-
eling [13]. In paper [14] the concentrations of oxyhemoglobin 
and deoxyhemoglobin were reconstructed from OA measure-
ments in the wavelength range 740–1040 nm with a step of 
10 nm by fitting the forward model of light propagation to the 
experimental data. The forward model included calculation 
of absorbed energy distribution using diffusion-based finite 
element light transport model for different concentrations of 
chromophores, calculation of initial pressure distribution and 
substitution of this initial pressure into forward wave equation. 
In paper [15] reconstruction of optical absorption coefficients 
from the amplitudes of OA signals acquired at multiple opti-
cal wavelengths was performed by minimizing the difference 
between the experimental and theoretical spectra of optical 
absorption in assumption of exponential fluence decay with 
the extinction coefficient equal to µa of blood.

The second approach to determine StO2 is based on evalu-
ation of the effective optical attenuation coefficient µeff(λ) 
from the OA signal decay in the given blood-containing ves-
sel at multiple probing wavelengths [16]. The value of µeff(λ) 
depends on µa(λ) and the reduced scattering coefficient µ′

s(λ). 
The parameter µ′

s was reported to weakly depend on the oxy-
genation [17], and µa(λ) can be derived from the measured 
µeff(λ). We will refer to the second approach as ‘decay meas-
urement approach’ (DMA). The main advantage of DMA 
is that it is calibration-free since µeff(λ) does not depend on 
the optical fluence. For calibration-free OA measurement 
of µeff(λ) in small and superficial blood vessels (<150 µm 
in diameter) optical wavelength range below 630 nm is usu-
ally employed [10, 18] since for this spectral band the light 
penetration depth into the tissue is small and µeff(λ) is high. 
Measuring µeff(λ) in deeper and larger blood vessels (>150 
µm in diameter) requires using irradiation from therapeutic 
optical wavelength range (630–1100 nm) [8, 19].

In paper [16] both AMA and DMA were applied for the 
in vitro evaluation of blood absorption spectra in the wave-
length range of 740–1040 nm. At the first step, reconstruction 
of µ′

s(λ) from OA measurements of µeff(λ) was performed for 
known µa(λ) of blood at different StO2 levels. At the next step, 
using measured µeff spectra and reconstructed µ′

s spectra, rela-
tive concentrations of oxy- and deoxyhemoglobin (and there-
fore, blood oxygen saturation) was calculated using forward 
model of the absorbed energy distribution based on diffusion 
theory.

Different scientific groups perform OA measurements of 
StO2 at various wavelengths combinations [10, 15, 18–22] 
depending on the laser source(s) and application. In case of the 

OA setup optimization by using limited number of wavelengths 
it is important to determine the optimal ones. In this relation, 
different methods of selection the optimal wavelength for OA 
measurements of StO2 were proposed. In paper [23] the condi-
tion number of the absorption spectra matrix was implemented 
as an indicator of the stability for linear least squares spectral 
unmixing, and, as a result, for the four-wavelengths OA tomog-
raphy measurements the following optimal wavelength ranges 
were proposed: around 650 nm, 700–750 nm, 800–920 nm, and 
900–960 nm. In paper [24] an algorithm for optimal wavelength 
selection based on the Cramer–Rao lower bound for a two-
layer (epidermis, dermis) skin model yielded a pair of optimal 
wavelengths near 600 nm for low blood content in skin, while 
increasing the blood content in the dermis gave a pair of 600 nm 
and 990 nm. In our previous work [8] we evaluated the optimal 
wavelengths for the two-wavelength OA measurements of StO2 
at various depths taking into account the acoustic pressure noise 
and the error in determination of optical scattering and absorp-
tion coefficients in numerical simulation. The results obtained 
in [8] indicate that the use of wavelengths less than 600 nm is 
inappropriate even at small depths due to extremely high signal 
attenuation. It was shown that the minimal error in the determi-
nation of StO2 at depths from 2 to 8 mm can be achieved at the 
wavelengths of 658 and 1069 nm in the case of unknown (or 
partially known) spatial fluence distribution.

The main goal of the present work is to compare AMA 
and DMA for StO2 determination from phantom, in vitro and 
in vivo data. For the first time, to our knowledge, spectra of 
optical absorption coefficient and effective optical attenuation 
coefficient were reconstructed in a rat in vivo simultaneously. 
The reconstructed spectra were matched with the corre-
sponding published data for the range of physiological StO2 
values. Adequate in vivo saturation level was reconstructed 
using AMA, while calibration-free DMA failed to provide 
good reconstruction results. We demonstrate that the cost-effi-
ciency of AMA can be increased by implementation of dual-
wavelength probing scheme instead of multiple wavelength 
probing. We perform the analysis of the optimal wavelength 
pair within the range of 658‒1069 nm which provide recon-
struction of StO2 value close to that derived from multiple 
wavelength measurements in the entire range.

2. Materials and methods

2.1. Determination of StO2 from OA signal

2.1.1. Amplitude measurement approach (AMA). From OA 
measurements of pressure time series p(t) one can reconstruct 
the distribution of OA pressure local increment p 0 [Pa]. Pres-
sure increment at the location r in the medium is generated 
as a result of absorption of a wide aperture illumination laser 
pulse at the wavelength λ [25]:

p0(r,λ) = Γµa(r,λ)Φ(r,λ), (1)

where µa [cm−1] is the local optical absorption coefficient, 
Φ [mJ cm−2] is the optical fluence, and Γ is the Grüneisen 
dimensionless parameter characterizing the efficiency of 
absorbed light conversion into ultrasound.

Laser Phys. Lett. 16 (2019) 116201
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Absorption coefficient at the given point is related to the 
local concentrations of oxygenated (CHbO2) and deoxygenated 
(CHb) forms of hemoglobin:

µa (r,λ) = CHb (r) · µHb
a (λ) + CHbO2(r) · µHbO2

a (λ) , (2)

where µHbO2
a  are the optical absorption coefficients of pure 

oxy- and deoxyhemoglobin. The map of µa can be extracted 
from p 0(r, λ) (equation (1)), which, in its turn, should be eval-
uated from the measured OA pressure p(t) using algorithms 
for acoustic reconstruction:

µa (r,λ) =
p0(r,λ)
ΓΦ(r,λ)

. (3)

Direct OA measurements of µa can be realized in super-
ficial blood vessels using optical resolution OA microscopy 
[26] where optical fluence is considered constant. In other 
cases evaluation of µa map in accordance with equation  (3) 
requires information about optical fluence distribution in biot-
issue [8]. In addition, precise calibration of the entire system 
should be applied to extract absolute values of µa required for 
accurate saturation determination. Equations  (2) and (3) are 
the principal formulas of the AMA.

Because calculation of StO2 requires knowing only two 
parameters (CHbO2, and CHb), the saturation map can be esti-
mated from two-wavelengths OA measurements of µa by 
equations (2) and (3) [8]:

StO2 (r) =
CHbO2 (r)

CHb (r) + CHbO2 (r)
=

p0(r,λ1)
p0(r,λ2)

· Φ(r,λ2)
Φ(r,λ1)

· µ2 − µ1

p0(r,λ1)
p0(r,λ2)

· Φ(r,λ2)
Φ(r,λ1)

· δµ2 − δµ1
,

 (4)
where µ1,2 are the optical absorption coefficients of pure 
deoxyhemoglobin at the wavelengths λ1,2 and δµ1,2  =  µHb

a
(λ1,2)  −  µHbO2

a (λ1,2) are the differences between the optical 
absorption coefficients of pure oxy- and deoxyhemoglobin at 
the wavelengths λ1,2, Φ (r, λ1,2) are the optical fluence values 
at the wavelengths λ1,2.

2.1.2. Decay measurement approach (DMA). Under the 
assumptions blood is uniformly and diffusively scattering and 
illumination pattern is close to a plane wave, optical fluence in 
a blood vessel can be approximated by an exponential decay 
model described in [27]:

Φ (r,λ) = Φ0 · k(λ) · exp(−µeff (r,λ) · z). (5)

Here Φ0 is the fluence at the object surface, and µeff is the 
effective attenuation coefficient implemented in the diffusion 
theory of light transport and related to the absorption coeffi-
cient µa and reduced scattering coefficient µ′

s [cm−1] as:

µeff =
»

3 · µa · (µa + µ′
s). (6)

Backscattering coefficient k in equation (5) is described by 
an empirical formula [27]:

k = 3 + 5.4 · Rd − 2 · exp(−17Rd), (7)

where Rd is the total diffuse reflectance determined by µa and 
µ′

s:

Rd = exp

Ö

− 8√
3 ·
Ä

1 +
µ′

s
µa

ä

è

. (8)

Therefore, according to equation  (1), OA signal detected 
from a vessel exponentially decays with the imaging depth z:

p0 (r,λ) = Γµa (r,λ) Φ0 · k(λ) · exp(−µeff (r,λ) · z). (9)

Equations (6) and (9) allow indirect StO2 estimation by 
evaluation of effective optical attenuation µeff(λ) from the 
slope of the detected OA signal [15, 16, 28] if µ′

s is known. 
Spectra of the reduced scattering coefficient of blood were 
reported and showed weak dependence on oxygen saturation 
[17]. Blood saturation is then estimated by variation of con-
centrations CHbO2 and CHb in order to fit the blood absorption 
spectrum calculated from equation (2) to the experimental one 
derived from µeff(λ) measurements. This is the basis of the 
decay measurement approach (DMA) which does not require 
information of optical fluence distribution in the whole 
imaged object.

2.2. Phantom, in vitro and in vivo protocols

Test measurements of µeff spectra in the range of 532–1100 nm 
for a liquid phantom containing 0.36 vol% of black ink and 
9.06 vol% of Intralipid 20%. To get statistically reliable data, 
measurements were repeated 3 times. Concentrations of black 
ink and Intralipid were chosen in order to design an optical 
phantom with the absorption and scattering properties mim-
icking typical optical properties of murine soft tissues in the 
considered spectral range [29, 30]. Optical properties of pure 
black ink and Intralipid were obtained from spectrophoto-
metric measurements using Specord 250 PLUS spectropho-
tometer equipped with an integrating sphere (Analytik Jena, 
Germany). The values of µ′

s(λ) and µa(λ) were reconstructed 
from the measured diffuse transmittance and reflectance by 
inverse Monte Carlo technique [31]. Optical properties of the 
prepared phantom were also verified by the spectrophotomet-
ric measurements and inverse Monte Carlo reconstruction.

In vitro measurements were performed for a whole blood 
sample with Hct  =  51%, StO2  =  1. Fresh venous blood in 
the amount of 6 ml was taken from a healthy volunteer and 
then left in the open air to reach the required oxygenation. 
Oxygenation level was continuously controlled by an oxy-
gen microsensor based on Clark OX-N electrode (Unisense, 
Denmark) and picoampermeter A2-4 (MNIPI, Belarus) for 
pO2 measurements. In order to avoid coagulation, 10.8 mg 
of K3EDTA was added to the sample. We performed three 
experiments for different thickness of blood sample: 2.76 mm, 
3.28 mm and 4.96 mm. Optical properties of the 10-times 
diluted blood sample were evaluated using the described 
above spectrophotometric technique and then compared 
to the results of OA measurements. We also compared the 
OA-measured spectra of µeff and µa to the data published for 
Hct  =  45% [32] and adapted for Hct  =  51% according to the 
recalculation procedure [17].

Laser Phys. Lett. 16 (2019) 116201
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In vivo OA measurements were performed on the back 
vasculature of a 4 d old hairless rat. Before the investigation 
the rat was anaesthetized with an intraperitoneal injection of 
50 mg kg−1 of Zoletil 100 and immobilized in prone posi-
tion. The experiment was conducted on the lower thoracic 
spine. OA imaging was performed through the rat skin at 
a single position of the antenna. The experiment on animal 
was approved by the Local Ethic Committee of Privolzhsky 
Research Medical University (protocol # 4, 17.04.2018). All 
experiments were performed in accordance with the European 
Convention for the Protection of Vertebrate Animals used for 
Experimental and Other Scientific Purposes (ETS 123) and 
The Guide for the Care and Use of Laboratory Animals, 8th 
edition (NRC 2011, National Academic Press).

2.3. Experimental setup for phantom and in vitro OA  
measurements

Transmission-mode configuration of our OA measurement 
setup used for phantom and in vitro experiments is shown in 
figure 1(a) and is similar to that reported in [16]. A sample was 
illuminated from the top by a solid-state pulsed laser source 
LT-2214-PC (LOTIS TII, Belarus) with a pulse duration of 
16 ns and 10 Hz pulse repetition rate. A custom-made 10:90 
beam splitter with a calibrated pyroelectric sensor ES111C 
(Thorlabs, USA) was used to measure the energy of each laser 
pulse at the sample surface. We performed phantom and in 
vitro measurements at 21 wavelengths from the range of 532–
1100 nm (532, 560, 565, 570, 575, 578, 584, 590, 596, 630, 
640, 650, 658, 700, 760, 805, 850, 885, 900, 1064, 1069 nm). 
To measure µeff(λ) a custom-made ultrawideband ultrasonic 
detector (0.1–50 MHz at  −30 dB level) based on polyvinyli-
dene difluoride (PVDF) was employed.

2.4. Experimental setup for in vivo OA measurements

Reflection-mode configuration of OA measurements used for 
in vivo experiments is shown in figure 1(b) and is similar to 
the one reported in [33]. It provides a 2D OA tomography 
image (a B-scan) of in vivo rat back vasculature at each of 9 
wavelengths in the range of 658–1100 nm (658, 700, 760, 805, 
850, 885, 900, 950, 1069). Acquisition time of each B-scan is 
about a minute per each wavelength.

The studied object was illuminated from the top by a solid-
state pulsed laser source LT-2214-PC (LOTIS TII, Belarus). 
Laser radiation was coupled into the fused end of the fiber bun-
dle (Ceram Optec, Germany) with sixteen output arms. Each 
arm was 2.5 mm in diameter with a 0.17 numerical aperture in 
water. One output fiber was directed to the calibrated ES111C 
pyroelectric sensor (Thorlabs, USA) to measure energy of 
each laser pulse at the distal fiber tips. The energies of laser 
pulses at corresponding probing wavelengths registered by 
pyroelectric sensor are 450, 300, 297, 207, 128, 97, 126, 86, 
and 50 µJ. Fourteen output arms were placed at each of two 
sides of the linear detector array (LDA) unit and were directed 
onto the elevation focus (figure 1(b)). Sixteen ADC channels 
based on four NI5761 14-bit adapters (National Instruments, 

USA) were multiplexed with 64 elements of each LDA using 
16 ADG711 switchers (Analog Devices, USA). The sample 
rate of A-scans was 125 MS s−1. Ultrasound signals were 
registered by custom-made LDA L25-1 with 64 elements, 0.3 
pitch and 25 mm elevation focus described in details in paper 
[33].

After measurements each B-scan of OA tomography data 
sets was processed by the reconstruction algorithm described 
in paper [34]. In order to account for non-uniform distribu-
tion of probing radiation within the object, OA signal was 
normalized in each image voxel for optical fluence calculated 
for typical optical properties of soft tissues in diffuse approx-
imation [8].

3. Results

3.1. Phantom measurements

In the phantom study we performed evaluation of both µeff (λ) 
and µa (λ) with implementation of DMA and AMA, respec-
tively. Figure 2(a) presents typical OA A-scans measured from 
the phantom. OA pressure signal at each optical wavelength 
was fitted by an exponential function (figure 2(a) black dashed 
lines). DMA-reconstructed spectra of µeff averaged over three 
equivalent OA measurements (figure 2(b) red line) are in good 
agreement with the spectrophotometry measurements of µeff 
(λ) (figure 2(b) blue line).

Spectra of µa were evaluated on the basis of AMA from 
equation (3), where OA signal amplitudes on the phantom sur-
face corresponding to maxima of OA signals in figure 2(a) were 
normalized to laser energy and backscattering coefficient. The 
latter coefficient was calculated from equations  (7) and (8) 
using µa and µ′

s data reconstructed from spectrophotometry 
measurements in the range of 532–1100 nm. Figure 2(c) dem-
onstrates good agreement of the AMA-reconstructed spectra 
of µa averaged over three independent OA measurements (fig-
ure 2(c) red line) with the values reconstructed from spectro-
photometry measurements (figure 2(c) blue line), except the 
region of 500–650 nm, where the OA signal amplitudes vary 
significantly from one experiment to another.

3.2. In vitro measurements

Figure 3(a) presents typical OA A-scans measured at two 
different wavelengths in whole blood of a healthy volunteer 
(Hct  =  51%, StO2  =  1). The results of DMA-reconstructed 
spectra of µeff in blood averaged for samples of different 
thicknesses (2.76 mm, 3.28 mm 4.96 mm) are demonstrated in 
figure 3(b). DMA-evaluated spectra of µeff are in good agree-
ment with the µeff spectra reconstructed from spectrophotom-
etry measurements for the diluted blood sample (figure 3(b) 
green line). However, we found the discrepancy of the mea-
sured µeff (λ) with the data published in [32] for StO2  =  1, 
Hct  =  45% but recalculated for Hct  =  51% in accordance 
with [17, 32] (figure 3(b) red dashed line). Additionally, the 
spectrum from [32] was recalculated for the case of deoxy-
genated blood (StO2  =  0) and plotted in figure  3(b) (blue 

Laser Phys. Lett. 16 (2019) 116201



5

V V Perekatova et al

dashed line). One can see that in the range of 500–600 nm 
the confidence interval for the reconstructed values of µeff 
overlaps with the published µeff spectra both for StO2  =  1 
and StO2  =  0. Therefore, accurate estimations of µeff cannot 
be performed in this range using our OA setup. However, the 
measurements in the range of 630–750 nm demonstrate high 
potential in StO2 differentiation.

Using AMA, µa spectrum was calculated from equation (3) 
using the maximum value of OA A-scan (figure 3(a)). In 
transmission-mode the peak of A-scan comes from the sur-
face of the object, therefore its value does not require depth-
dependent fluence normalization, only normalization for laser 
energy and backscattering coefficient for each wavelength is 
required (equations (3) and (5)). Backscattering coefficient 

Figure 1. Schematic of OA measurement configuration: (a) for a phantom experiment: acoustic PVDF detector (1), plane wave 
illumination (2), cuvette (3), blood sample (4); (b) for in vivo: linear detector array L 25-1 (1), optical fibers (2), immersion chamber with 
water (3), ultrasound gel (4), object (5).

Figure 2. OA signals from a phantom at the wavelengths of 658 and 760 nm fitted by exponential functions (a); comparison of the averaged 
results of µeff(λ) reconstruction using DMA (b) and µa(λ) reconstruction using AMA (c) with the spectrophotometry measurements for the 
phantom.

Figure 3. OA signals from a blood sample (StO2  =  1) at the wavelengths of 532 and 885 nm fitted by exponential functions (a); comparison 
of the averaged results of µeff(λ) reconstruction using DMA (b) and µa(λ) reconstruction using AMA (c) with the spectrophotometry 
measurements for the blood sample and published data [32].

Laser Phys. Lett. 16 (2019) 116201
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was calculated from equations (7) and (8) with optical proper-
ties taken from the paper [8] at different wavelengths in range 
of 532–1100 nm. Figure 3(c) shows evaluated µa spectrum of 
blood averaged over three OA measurements for samples of 
different thickness (figure 3(c) magenta line). It is in good 
agreement both with µa spectrum taken from the paper [32] for 
StO2  =  1 (figure 3(c) red dashed line) and reconstructed from 
spectrophotometry measurements (figure 3(c) green line). The 
spectrum of µa for deoxygenated blood (StO2  =  0) is given for 
a reference (figure 3(c) blue dashed line). The best match is 
observed in the wavelength range of 650–900 nm. However, 
similar to the estimates of µeff, in the wavelength range of 
500–600 nm the reconstructed values of µa overlapped both 
with µa of deoxygenated and fully oxygenated blood.

3.3. In vivo measurements

Figure 4 presents OA tomography B-scans of a rat vascula-
ture reconstructed by the recently developed SAFT  +  DCM 
approach with interpolation at different probing wavelengths. 
The SAFT+DCM approach combines traditional synthetic 
aperture focusing technique (SAFT) [35] with application of 
detection cone binary mask (DCM) limiting the contributing 
area by the geometrical shape of the ultrasonic detector spatial 
impulse response [34].

Two separate blood vessels can be easily distinguished in 
the reconstructed images (vessel 1 and vessel 2 in figure 4(a)). 
These two vessels anatomically correspond to two azygos 
and hemiazygos veins located bilaterally under the vertebral 

column [36]. The type of blood vessels can be determined 
more accurately by additional morphological studies.

Low signal-to-noise ratio (SNR) at the wavelengths larger 
than 950 nm is explained by small probing pulse laser energy 
at these wavelengths (figure 4(d)).

From the A-scans in the central cross-sections of blood 
vessels 1 (figure 5(a)) and 2 (figure 5(b)) we obtained the 
effective optical attenuation coefficient in the selected area 
(between black dashed lines in figures 5(a) and (b)) as a decay 
in exponential function at each of 9 wavelengths (figure 5(c), 
black lines). For comparison, the dependencies of µeff cal-
culated from the published data [32] for different values of 
oxygenation in the range from 0 to 1 with a step of 0.1 are 
plotted in figure 5(c). The µeff confidence bounds defined by 
the slope variation in OA signal approximation are shown in 
figure 6(c). One can see that the trends of the reconstructed 
dependencies disagree with the data from [32] in the entire 
range of wavelengths. The largest discrepancy takes place at 
the wavelengths in the range of 950–1100 nm, where SNR is 
very small due to low laser pulse energy. The only accept-
able match of our data with the data from [32] is observed at 
658 nm for both vessels where the laser energy is the high-
est. As follows from [32], the values of µeff reconstructed at 
658 nm correspond to StO2 values of 0.44 and 0.41 for the 
vessels 1 and 2, respectively.

Since the accurate determination of the vessels bounda-
ries in the B-scans is complicated, the further analysis is per-
formed within the areas containing two blood vessels that are 
shown schematically in figure 4(a) by white dashed circles.

Figure 4. OA tomography B-scans reconstructed by SAFT  +  DCM at different laser wavelengths: (a) 658 nm; (b) 805 nm; (c) 900 nm;  
(d) 950 nm. The white dashed lines show the area containing blood vessels. Bar: 1 mm.

Laser Phys. Lett. 16 (2019) 116201
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To evaluate absorption in each blood vessel from OA 
tomographic images (figure 4) using AMA, OA amplitudes 
were normalized for optical fluence at the current depth in the 
biotissue and for laser energy at the particular wavelength. 
Optical fluence dependence on depth was calculated accord-
ing to equation (5) with µeff taken from [8]. Only the pixels 
with SNR  >  10 inside a vessel were taken into calculation 
and the obtained values of µa were average over these pixels 
for each of 9 wavelengths. Evaluated µa spectra are shown in  
figure 6(d) with the confidence bounds.

In order to estimate StO2, we calculated the µa spectra from 
the data of [32] for different values of oxygenation from 0 to 1 
with a step 0.1 and combined them with the evaluated spectra 
in one plot (figure 5(d), colored lines). One can see that the 
trend of the dependencies corresponds with the data from [32] 
in the entire wavelength range. We determined StO2 value by 
fitting the experimental spectrum with the calculated one for 
saturation values ranging from 0 to 1 with a step of 0.01. The 
values of StO2 averaged over the blood vessel area were esti-
mated as 0.57  ±  0.08 and 0.50  ±  07 in vessel 1 and vessel 2, 

Figure 5. OA A-scans in the central cross-section of vessel 1 (a) and vessel 2 (b) in a rat for different probing wavelengths. Comparison 
of averaged µeff spectra estimated with the help of DMA (c) and averaged µa spectra estimated with the help of AMA (d) with µeff and µa 
spectra, respectively, calculated from the data in [32] for oxygenation values from 0 to 1 with a step of 0.1.

Figure 6. In vivo estimation of StO2: (a) blood oxygen saturation map; (b) histogram of estimated saturation values in vessel 1 and vessel 
2.
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respectively. The obtained results are in good agreement with 
the physiological values for venous blood oxygenation in a 
rat [37] equal to 0.57  ±  0.02. We also determined StO2 value 
in each point of the considered blood vessels. The obtained 

saturation map together with the histogram of saturation dis-
tribution is shown in figure 6.

Multispectral OA measurements require expensive equip-
ment, therefore reduction of the number of the probing 

Figure 7. In vivo saturation maps of a rat back vasculature obtained from equation (4) using the following wavelengths: (a) 658 and 
1069 nm; (b) 760 and 950 nm; (c) 700 and 900 nm; (d) 760 and 850 nm. The inlays show corresponding histograms of the saturation values 
in vessel 1 (red line) and vessel 2 (blue line).

Table 1. Average StO2 level in vessel 1 (upper row) and vessel 2 (lower row) with its standard deviations (presented as StO(I,II)
2  (λ1, 

λ2)  ±  σI,II (λ1, λ2)) determined at different wavelengths pairs λ1, λ2. For non-physiological saturation values (StO2  <  0, StO2  >  1)  
dispersion values are omitted.

λ1
λ2 700 760 805 850 885 900 950 1069

8 65 >1 0.90  ±  0.04 0.68  ±  0.08 0.71  ±  0.06 0.75  ±  0.06 0.74  ±  0.06 0.68  ±  0.07 0.67  ±  0.09
>1 0.77  ±  0.07 0.57  ±  0.08 0.56  ±  0.07 0.58  ±  0.06 0.60  ±  0.06 0.49  ±  0.13 0.53  ±  0.11

0 70 — 0.87  ±  0.07 0.57  ±  0.11 0.64  ±  0.05 0.68  ±  0.05 0.68  ±  0.05 0.60  ±  0.09 0.61  ±  0.09
0.83  ±  0.10 0.58  ±  0.11 0.56  ±  0.08 0.59  ±  0.07 0.61  ±  0.05 0.49  ±  0.13 0.53  ±  0.12

0 76 — — 0.16  ±  0.15 0.41  ±  0.08 0.50  ±  0.09 0.49  ±  0.09 0.41  ±  0.14 0.44  ±  0.13
0.28  ±  0.10 0.34  ±  0.11 0.40  ±  0.12 0.42  ±  0.12 0.30  ±  0.18 0.40  ±  0.15

5 80 — — — 0.92  ±  0.42 >1 >1 0.71  ±  0.38 0.70  ±  0.29
0.46  ±  0.28 0.62  ±  0.31 0.70  ±  0.38 0.36  ±  0.42 0.47  ±  0.36

0 85 — — — — >1 >1 >1 >1
>1 <0 >1 >1

5 88 — — — — — >1 0.16  ±  0.75 0.35  ±  0.70
>1 0.08  ±  0.95 0.31  ±  0.98

0 90 — — — — — — 0.20  ±  0.75 0.36  ±  0.70
 0.01  ±  0.86  0.29  ±  0.90

0 95 — — — — — — — <0
>1

Laser Phys. Lett. 16 (2019) 116201



9

V V Perekatova et al

wavelengths is a promising way to a cost-effective technol-
ogy. We estimated StO2 value from equation  (4) employing 
all available wavelength pairs from the entire set of probing 
wavelengths. Saturation values were calculated only for the 
pixels where the OA SNR exceeds 10 at the chosen pair of 
wavelengths. The obtained saturation maps superimposed 
on the corresponding grayscale OA B-scans are depicted in  
figure 7 together with the saturation distribution histograms.

Saturation values StO(I,II)
2  (λ1, λ2) calculated for vessels 1,2 

for each wavelengths pair (λ1, λ2) and averaged over the ves-
sel area are summarized in table 1 (vessel number is shown 
in Roman numerals). Since the in vivo saturation values in 
these vessels cannot be measured independently by another 
technique, the criteria for adequacy of the obtained results are 
based on the physiologic values typical for a rat veins and esti-
mated as 0.57  ±  0.02 [37]. Another criterion is the agreement 
of the value derived by the wavelength pair with the value 
derived from the entire spectrum (depicted in figure 6).

However, for some pairs of wavelengths the values of StO2 
vary greatly within a vessel and differ significantly both from 
the averaged and the reference saturation [37] (see, for exam-
ple, figure  7(b)). This indicates that these pairs of probing 
wavelengths are not valid for the reconstruction. Another cri-
terion of the results adequacy can serve the dispersion of StO2 
values reconstructed by the pair of wavelengths from that 
reconstructed by the entire spectrum (figure 6(b)). The inlays 
in figure 7 demonstrate the histograms of StO2 distribution in 
each vessel for the given wavelength pair. One can see that both 
the pair of [658 nm and 1069 nm] and [700 nm and 900 nm]  
provide StO2 values which are close to each other and to 
physiological one (figures 7(a) and (c)); however, the standard 
deviation for the pair [700 nm and 900 nm] is much smaller 
which makes this pair more preferable for measurements with 
the given laser pulse energies. Standard deviation of saturation 
values σI (λ1, λ2) and σII (λ1, λ2) are summarized in table 1 
within each vessel for each wavelength pair.

In order to find the optimal wavelengths pair which suits 
all the criteria discussed above we proposed a numerical score 
which is calculated as a sum of scores Sf and Sd responsible 
for particular criteria:

S = Sf + Sd =

ñ
|σI (λ1,λ2)|

StOI
2 (λ1,λ2)

+
|σII (λ1,λ2)|
StOII

2 (λ1,λ2)

ô

+

[
StOI

2 (λ1,λ2)− StOI
2

StOI
2

+
StOII

2 (λ1,λ2)− StOI,II
2 StOII

2

StOII
2

]
,

 (10)
where σI,II (λ1, λ2) are the standard deviations of satur-
ation values, StOI,II

2  are the saturation values obtained from 
the entire spectrum and averaged over the respective vessel, 
StOI,II

2 (λ1,λ2) (λ1, λ2) are the saturation values in vessels 1,2 
(vessel number is shown in Roman numerals), respectively, 
for the considered wavelength pair. Scores Sf and Sd repre-
sent relative fluctuation of StO2 value and deviation from the 
spectrally average StO2 value, respectively, summed over both 
vessels for a given pair of wavelengths. Lesser values of the 
score indicate smaller discrepancy of the StO2 value obtained 
for the considered wavelength pair from the average StO2 
value estimated for the whole spectral range and smaller vari-
ations of StO2 level within the vessel.

Figure 8 demonstrates diagrams of scores Sf and Sd and the 
summarizing score S in dependence of both wavelengths λ1 
and λ2. Diagrams for Sf and Sd criteria indicate that, in a pair 
of wavelengths minimizing each score, the first one should 
be chosen as 658 nm or 700 nm while the second one should 
be chosen from the range of 805–1069 nm. The summariz-
ing score S confirms this conclusion while specifying that the 
most optimal wavelength pairs are 700 and a wavelength from 
the range of 850–1069 nm. Note that the values of optimal 
wavelengths in each found pair lie on opposite sides of the 
isosbestic point (near 805 nm [17]).

4. Discussion

In this study we compare two approaches to reconstruction of 
oxygen saturation from multispectral OA measurements: a cal-
ibration-free evaluation of the effective attenuation coefficient 
derived from in-depth OA signal decay (DMA) and determi-
nation of optical absorption coefficient from OA amplitudes 
(AMA). Both approaches were tested in phantom, in vitro, 
and in vivo experiments. Experiment with tissue-mimicking 

Figure 8. Diagrams of Sf representing StO2 fluctuation (a), Sd representing value StO2 deviation from the spectrally averaged value (b), and 
summarizing score S (c).
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phantoms demonstrated good agreement of the phantom opti-
cal properties reconstructed by both approaches with the values 
obtained from independent spectrophotometry measurements 
confirming the applicability of both techniques (figure 2). 
However, in in vitro experiment with blood sample DMA 
demonstrated much lower potential as compared to AMA 
(figure 3(b) versus (c)) due to large difference between exper-
imentally obtained µeff spectra and the data from [32]. This 
discrepancy can be explained by the difference in properties 
of the blood samples in the compared experiments. The latter 
assumption is partially confirmed by agreement of µeff spectra 
obtained from OA measurements with those from spectropho-
tometry measurements. On the contrary, the µa spectra derived 
from OA amplitudes demonstrate good agreement both 
with spectrophotometric measurements and literature data  
(figure 3(c)) showing that employment of reconstructed µa 
values for determination of saturation is more preferable as 
compared to µeff values.

Similar to in vitro results, in in vivo measurements the 
reconstructed dependence of µeff differs significantly from the 
literature data in the entire range of wavelengths (figure 5(c)). 
Moreover, the µeff values for two veins differ from each other 
(up to 5 times), which is in contrary with the physiological 
principles. This discrepancy cannot be explained by the dif-
ference in reduced scattering coefficient of the blood from the 
literature data, since the observed blood vessels are the similar 
veins. The largest discrepancy takes place at the wavelengths 
in the range of 950–1100 nm, where the signal-to-noise ratio 
is very small due to low laser pulse energy. The only reason-
able result for both vessels is observed at 658 nm where the 
laser pulse energy is maximal. The values of µeff reconstructed 
at 658 nm correspond to 0.44 and 0.41 saturation values for 
vessel 1 and vessel 2, respectively.

Moreover, DMA yields a µeff value averaged over the in-
depth region where the signal decay is fitted, while AMA 
gives a saturation map providing a µa value in each point 
where the OA signal-to-noise ratio is sufficient. The above-
mentioned drawbacks of DMA make AMA more preferable 
for in vivo estimations of blood saturation although the latter 
needs accounting for optical fluence.

The study results demonstrate for StO2 determination from 
µeff using DMA, a high signal-to-noise ratio is required, which 
can be achieved in large blood vessels, preferably by using 
high numerical aperture detectors or/and high energy of laser 
pulses. In particular, this technique has high potential to deter-
mine StO2 in deep single vessels, where AMA gives a large 
error associated with the assessment of the optical fluence at 
depths. However, for 2D or 3D OA visualization of surface 
vessels (at the depth of a few millimeters), AMA is more pref-
erable, since in this imaging area the blood vessels’ diameters 
are usually small. In our in vivo experiments the increase of 
optical fluence within the limits permitted by ANSI Z136.1 
standard for laser safety can enhance the signal-to-noise ratio, 
and, hence, the accuracy of StO2 measurements.

For blood vessels adjacent to each other in a lateral direc-
tion (figure 4(a)), the simple method of exponential fluence 
compensation applied to OA data gives good results. However, 
in case of two blood vessels arranged one above the other in 

the axial direction the exponential compensation will lead to 
an inaccurate estimate of StO2 for the lower vessel. This is 
connected with the strong fluence attenuation in the upper 
blood vessel. Therefore, the optical fluence will demonstrate 
complicated depth-dependence. Note, that in the therapeutic 
transparency window of 650–1100 nm the blood absorption 
coefficient is relatively small and, therefore, the effect of shad-
ows from superficial blood vessels is minimized [8]. Thus, the 
contribution of superficial microvascular bed to attenuation of 
optical fluence does not strongly affect its general exponential 
shape.

The calculations of µa spectra from OA signal amplitudes 
for both in vivo and in vitro experiments demonstrated that 
the dependencies trend correspond to that for the literature 
data. The best match for in vitro measurements (figure 3(c)) 
is observed in the wavelength range of 650–900 nm, how-
ever, similar to the estimates of µeff, in the wavelength range 
of 500–600 nm the reconstructed values of µa for StO2  =  1 
overlap with literature data both for deoxygenated and fully 
oxygenated blood. Hence, this wavelength range should not 
be used in our setup for accurate measurements of blood oxy-
gen saturation.

From in vivo measurements and AMA, StO2 can be deter-
mined by fitting the experimentally measured µa spectrum 
with a spectrum for particular saturation derived from the lit-
erature data. In the obtained OA B-scan for two veins of the 
rat thoracic spine the obtained StO2 values are 0.57  ±  0.08 
and 0.50  ±  0.07 (figure 6(a)). These values are close to each 
other and are in good agreement with physiological values 
for venous blood oxygenation in a rat [37], that amounts 
0.57  ±  0.02. The obtained StO2 values are also within the 
physiological range of venous blood oxygenation [38, 39].

From figure 5(d) one can see that the measured µa spectrum 
for vessel 1 differs from the all curves derived from literature 
data, nevertheless, the difference between the reconstructed µa 
spectra in two vessels lie within the confidence bounds of the 
measured value. Most likely, the variations of the OA signal 
for particular wavelengths are associated with insufficiently 
accurate normalization to the laser pulse energy, originating 
from the change in the laser beam shape at the OPO laser out-
put as a result of wavelength tuning. The change in the beam 
shape may affect the distribution of intensity at the entrances 
of both the reference fiber bundle where the reference pulse 
energy is measured for normalization, and the object fiber 
bundle that delivers probing radiation to the object. The elimi-
nation of this drawback (the use of lasers with a more stable 
output beam shape, the use of an optical homogenizer, etc) is 
likely to increase the accuracy of the obtained value. Another 
possible reason of inaccuracy consists in a laboratory animal 
breathing that also may lead to variations of saturation values 
in a vein during measurement.

To increase the cost efficiency of the proposed technique, 
a pair of probing wavelength can be employed for OA meas-
urements instead of multiple wavelength measurements 
providing a µa spectrum. We demonstrated that the optimal 
wavelength pairs are 700 nm and a wavelength from the range 
[850 nm, 1069 nm]. The values of optimal wavelengths in each 
found pair lie on opposite sides of the isosbestic point (near 
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805 nm). Unfortunately, the employed laser source provides 
low energy of the probing pulse at the wavelength of 1069 nm, 
hence, lower wavelengths are preferable for measurements. 
Employment of the pair [700 nm, 900 nm] yields the values of 
0.68  ±  0.05 and 0.61  ±  0.05 for vessel 1 and vessel 2, respec-
tively. These results are in good agreement with our previous 
prediction [8] that employment of this wavelength pair gives 
an error of 5% in saturation determination when the optical 
properties are approximately known.

5. Conclusion

We report on the comparison of two approaches to the recon-
struction of oxygen saturation within blood vessels from mul-
tispectral OA measurements: a spatially-resolving approach 
based on determination of absorption coefficient from OA 
signal amplitudes, and a calibration-free approach based on 
evaluation of effective optical attenuation coefficient from the 
in-depth OA signal decay. Both approaches were verified in 
phantom, in vitro and in vivo measurements. For the first time, 
to our knowledge, spectra of optical absorption coefficient and 
effective optical attenuation coefficient were reconstructed in 
a rat in vivo simultaneously. The results of µa spectra recon-
struction from the in vitro and in vivo measurements of OA 
amplitudes demonstrate good agreement with the published 
data, while calibration-free approach based on signal decay 
measurements failed to provide good correspondence with 
the literature data. This indicates that the first reconstruc-
tion approach is preferable for the in vivo determination of 
StO2 as compared to the second approach. Reconstruction of 
blood oxygen saturation from the in vivo measured OA sig-
nal amplitudes in a rat yields the values of 0.57  ±  0.08 and 
0.50  ±  0.07 for the two vessels which is in good agreement 
with the physiological values. We demonstrate that for cost-
effective measurements a dual-probing wavelength scheme 
can be employed instead of multiple wavelength probing. 
We found that the wavelength of 700 nm combined with a 
wavelength from the range of 850–1069 nm provides recon-
structed saturation values close to the reference ones derived 
from multiple wavelength measurements in the entire range of 
658‒1069 nm.
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