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Abstract-- We present a multi-wavelength semiconductor laser 
system in combination with a standard clinical ultrasound 
system for photoacoustic blood oxygenation imaging. We 
demonstrate its ability to measure blood oxygenation 
quantitatively. To model human whole blood properties we used 
porcine whole blood samples. The resulting oxygenation values 
are in good agreement with the values obtained by a 
commercially available blood oxygenation measurement system 
(R2=0.96) over a wide range of oxygen saturations. By using a 
blood vessel mimicking sample we demonstrate quantitative 
spatially resolved oxygenation imaging. 

Keywords-- Semiconductor Lasers; Photoacoustic Imaging; 
Blood oxygenation; Multi-wavelength Semiconductor Laser 
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I. INTRODUCTION 
Non-invasive spatially resolved blood oxygenation 

imaging of subcutaneous blood vessels would be a valuable 
tool for monitoring wound healing [1], brain injuries [2] o r for 
functional brain imaging [3]. This can be done by multi-
wavelength photoacoustic imaging. As has already been 
shown in [4], photoacoustic imaging allows for imaging of 
cerebral structures. Laufer et al. [5,6], demonstrated in vitro 
oxygenation measurements by using a saline suspension of 
red blood cells. Petrova et al. [7] presented in vivo blood 
oxygenation determination within the superior sagittal sinus 
of a sheep. Unfortunately, this new biomedical imaging 
technique still suffers from the need of expensive and bulky 
Nd:YAG-lasers in  combination with  Optical-Parametric-
Oscillators (Nd:YAG-OPO). We present a compact and cost 
effective semiconductor laser based mult i-wavelength 
photoacoustic system as an alternative. Semiconductor lasers 
exhibit lower pulse energies than their bulky competitors, but 
this drawback can be compensated by coded excitation 
techniques as has been reported in [8] and [9]. 

First experiments of Kolkman et  al. [10] and A llen et al. 
[11] already showed that semiconductor lasers are ab le to 
generate photoacoustic signals in blood vessels and allow for 
qualitative oxygen saturation measurements. Kolkman et  al. 
[10] demonstrated how blood can be used as natural contrast 
agent for in vivo spatially resolved subcutaneous vessel 
imaging, but did not encounter any blood oxygenation 
measurements. Within their experiment the spatially resolved 
image was generated by scanning a custom made single 
element transducer across the investigated blood vessel.                         
Allen et  al. [11] presented in vivo qualitative oxygenation 
measurements without spatial resolution employing also a 
single element transducer. 

Because of their high sensitivity single element 
transducers might be the best choice to detect photoacoustic 
signals excited by semiconductor lasers, but for photoacoustic 
imaging u ltrasound transducer arrays would  be easier to use. 
However, these arrays are commonly less sensitive than 
single element transducers.  Therefore the scope of this study 
is to document the ability of semiconductor laser based 
photoacoustic systems to allow for quantitative oxygen 
saturation determination in general, and even quantitative 
oxygenation imaging by using a standard ultrasound 
transducer array. 

In this article we p resent a four wavelength semiconductor 
laser system to demonstrate quantitative photoacoustic blood 
oxygenation measurements in vitro using porcine whole blood 
as a model of human blood.  

In section II.A we describe the model we used to 
photoacoustically determine the oxygen saturation. This 
section is followed  by a description of the reference system. 
Then we motivate the use of porcine blood and describe the 
sample generation. After presenting the experimental setups 
we exp lain our calibrat ion sequence. The last part includes the 
experimental results followed by a conclusion. 

II. METHODS AND MATERIALS 

A. Photoacoustic Detection Model  
Photoacoustic imaging is based on the photoacoustic 

effect. According to [12, 13], the generated photoacoustic 
signal can be derived from the following quasi-stationary 
equation: 

gen a thp F= Γµ η           (1) 

In Eq. (1), genp defines the initial pressure amplitude, Γ  is 
the Grüneisen parameter, aµ is the optical absorption 
coefficient of the sample, thη  is the heat conversion 
efficiency factor and F  the incident fluence of the laser beam. 
This equation shows that the photoacoustic signal is directly 
proportional to the optical absorption coefficient of the 
illuminated material. Spectrally differently absorbing 
materials can be separated, for example, by using multi-
wavelength laser sources. 

Photoacoustic blood oxygenation imaging is based on the 
different molar extinction coefficients of oxygenated and 
deoxygenated hemoglobin at  certain  wavelengths. A simple 
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approach to determine the concentration of each hemoglobin 
compound, as, for instance, mentioned in [5], can be derived 
by using the following relation between the absorption 
coefficient   and the molar ext inction coefficients 

2HbOε and 

Hbε  of oxygenated and deoxygenated hemoglobin, 
respectively: 

( ) ( ) ( )
( ) ( )

ln(10) c ca i HbO HbO i Hb Hb i2 2

K KHbO HbO i Hb Hb i2 2

 
µ λ = ⋅ ⋅ ε λ + ⋅ ε λ  

 

= ⋅ ε λ + ⋅ ε λ

 (2) 

Here, 
2HbOc and Hbc are the concentrations of oxygenated 

and deoxygenated hemoglobin. HbK  and 
2HbOK can be used to 

derive the oxygen saturation 2SatO  which is defined as 

c KHbO HbO2 2SatO 100% 100%2 c c K KHb HbO Hb HbO2 2

= ⋅ = ⋅
+ +

 (3) 

Eq. (1) can be transformed by using Eq. (2) into: 

( ) ( )p K K Fgen HbO HbO i Hb Hb i th2 2

 
= Γ ⋅ ⋅ ε λ + ⋅ ε λ ⋅η ⋅  

       
(4) 

Eq. (4) describes the generation of the photoacoustic 
pressure amplitude genp . The measured photoacoustic 
amplitude is somewhat different: According to [14] the 
detected photoacoustic signal consists of three princip le 
factors: A fluence factor describ ing the properties of the 
optical source, a sample factor describing the sample’s optical 
and acoustical behavior and a transfer function factor 
describing the system dependent response.These contributions 
are discussed in more detail in the fo llowing: 

1)  Fluence Factor:   
The fluence factor is represented in Eq. (4) by the fluence 

F . Eq. (4) expects F  to be constant and especially not to be a 
function of the wavelength iλ . For our multi-wavelength 
semiconductor laser system this might not be the case: It 
consists of different laser d iodes emitting different laser beam 
profiles which will result in different intensity distributions. 
In addition, the laser diode beams are often focused to 
increase the intensity resulting in d ifferent spot sizes. 
Therefore a wavelength dependent correction factor iN( )λ  
has to be included. 

Furthermore, Eq . (4) is only valid for non-scattering 
materials. As has been demonstrated in [15], whole blood is a 
scattering material. Moreover, the scattering itself also 
depends on the wavelength and the oxygen saturation of the 
blood. The scattering produces a subsurface increase in 
optical intensity as the photons remain in the adjacent region 
below the b lood surface fo r a longer time which  results in  a 
larger number o f absorbing events. Eq. (4) therefore has to be 
changed to ([16])  

( ) ( ) ( ) ( ) ( )genp M K M K N FHbO i HbO HbO i Hb i Hb Hb i i th2 2 2

 
= Γ ⋅ λ ⋅ ⋅ ε λ + λ ⋅ ⋅ ε λ ⋅ λ ⋅η ⋅ 

    
(5) 

( )
2HbO iM λ  and ( )Hb iM λ  model the changes due to 

scattering of the photoacoustic pressure amplitude.  

As has been described in [16], the increase of the detected 
photoacoustic signal due to scattering can be observed at light 
penetration depths larger than the effective light penetration 

depth
eff

1
µ

. effµ , the effect ive attenuation coefficient, is 

defined as: 

( ) ( ) ( ) ( ) ( )( )µ3 1 geff i a i a i s i i
 λ = ⋅µ λ ⋅ µ λ +µ λ − λ 
 

 (6) 

Here, ( )s iµ λ  is the scattering coefficient and ( )ig λ  is the 
anisotropy factor of the blood. As has been demonstrated in 
[14] the acoustic spectrum can be used to determine the 
influence of the scattering on the photoacoustic signal. 
Unfortunately, this approach requires a broad bandwidth 
ultrasound transducer. The bandwidths of the standard 
transducers employed within this study are too limited and the 
generated photoacoustic signal has been too weak to apply 
this approach. 

2)  Acoustical and Optical Properties:   
The sample’s acoustical and optical properties are 

modeled in Eq. (5) by the Grüneisen coefficient Γ  and the 
optical absorption coefficient expressed in terms of the molar 
extinction coefficients 

2HbOε  and Hbε . This simple approach is 
only valid  under ideal circumstances: It assumes that 
oxygenated and deoxygenated hemoglobin  are the only 
absorbing materials within  the sample. Other hemoglobin 
derivatives, like for instance methemoglobin and any other 
absorbing constituents of the blood, are not considered. 
According to [5], apart from water absorption other absorbing 
substances within the blood sample can be neglected. The 
absorption coefficient of water (as has been reported in [17]) 
within the wavelength range from 650nm to 905nm is at least 
50 times lower than the absorption of the hemoglobin 
derivatives assuming a minimal hemoglobin concentration in 
porcine blood of 6.8 mmol/L ([18]). Especially at 650nm, 
where the difference between the extinct ion coefficients of 
oxygenated and deoxygenated hemoglobin is very 
pronounced, the water absorption is more than 500 times 
lower than the absorption of the corresponding hemoglobin 
derivatives. Therefore water absorption can be neglected in 
the following. 

3)  Transfer Function:   
The influence of the sytem’s transfer function on the 

detected photoacoustic signal can be reduced to a simple 
factor Q  if the amplitude of the demodulated acoustical signal 
is used (absolute value of the analytic signal) and if we 
assume linear acoustic behavior: 

( ) ( ) ( ) ( ) ( )p( ) Q M K M K N Fi HbO i HbO HbO i Hb i Hb Hb i i th2 2 2

  
 λ = ⋅ Γ ⋅ λ ⋅ ⋅ ε λ + λ ⋅ ⋅ ε λ ⋅ λ ⋅η ⋅     

  

(7) 

 We did not use flowing blood during our experiments, 
therefore ( )

2HbO iM λ  and ( )Hb iM λ  are potentially  additionally 
influenced by sedimentation. Hence, for a quantitative 
measurement of the oxygen saturation, the unknown 
parameters ( )

2HbO iM λ  and ( )Hb iM λ  have to be determined 
within  a calibrat ion sequence. Afterwards, Eq. (7) can be used 
to form a system of equations by using different wavelengths 
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and HbK  and 
2HbOK  can be determined by a pseudo-inverse 

matrix technique to be able to calculate 2SatO  from Eq. (3). 

If the light penetration depth is lower than the effect ive 
light penetration depth due to the blood sample geometry, Eq. 
(7) reduces to 

( ) ( ) ( )p( ) Q K K N Fi HbO HbO i Hb Hb i i th2 2

  
 λ = ⋅ Γ ⋅ ⋅ ε λ + ⋅ ε λ ⋅ λ ⋅η ⋅     

(8) 

B. Porcine Whole Blood Model 
We used porcine whole blood to model human b lood. 

Porcine blood is easier to obtain in sufficient amounts and 
there are less strict handling restrict ions. According to [19] 
the optical behavior of porcine and human hemoglobin is 
quite similar. We used the molar ext inction coefficients for 
porcine hemoglobin listed in [19] for the photoacoustic 
determination of the oxygen saturation values.  

Using whole blood samples is more realistic  than using 
hemoglobin d ilutions: W ithin whole blood the hemoglobin 
molecules are contained in red blood cells (RBC) and, 
according to [15], the difference between the refractive 
indices of the RBCs and the surrounding blood plasma results 
in optical scattering. Therefore the optical scattering behavior 
would differ from in vivo measurements if only hemoglobin 
dilutions were used. Even red b lood cell d ilutions might show 
different optical and acoustical behavior compared to whole 
blood, because other blood particles may also influence the 
measured photoacoustic signal. 

C. Reference System 
In order to demonstrate the accuracy of our photoacoustic 

oxygen saturation detection system a reference system is 
necessary. The reference system we used was an IRMA 
TruPoint Blood Analysis System(R) which measures the 
partial pressure of Oxygen 2,SpO , the partial pressure of 
carbon dioxide 2,SpCO  and the pH  value at a temperature T  
of 37°C. To determine the oxygen saturation from the partial 
oxygen pressure 2pO  at standard conditions we use the 
standard porcine oxygen dissociation curve presented in [20]: 

( )
( )

3.02
2

2,ref 3.02
2

0.13534 pO
SatO

0.13534 pO 91.2

⋅
=

⋅ +
  (9) 

The oxygen dissociation curve represents the binding 
properties of hemoglobin  by relating the part ial oxygen 
pressure to the oxygen saturation which describes the oxygen 
bound to hemoglobin. A lthough porcine blood shows similar 
optical behavior the oxygen dissociation curve of porcine 
hemoglobin  differs significantly  from human hemoglobin. 
That is why a standard porcine oxygen dissociation curve has 
to be used. This standard oxygen dissociation curve is only 
valid for pH 7.4= , 2pCO 40mmHg=  and T 37 C= ° . For 
measurements, with different pH - and 2pCO -values, the 
oxygen dissociation curve is shifted to higher or lower partial 
oxygen pressures. To be able to use the standard oxygen 
dissociation curve, it has to be accounted for these shifts.  

According to [21], the shift  for porcine blood due to a pH  
change can be derived by multiply ing the measured partial 

pressure by an empirical factor. For human  blood the 2pCO -
changes can be modeled  by another empirical factor [22]. 
Here we presume a similar behavior for porcine blood. The 
modified partial oxygen pressure, which is used to calculate 
the oxygen saturation, is therefore 

( ) ( ) ( )( )10 2,S0.06 log 40 log pCO-0.441 7.4-pH
2 2,SpO pO 10 10 −
= ⋅ ⋅  (10) 

A temperature correction of the oxygen saturation is not 
necessary according to [23] and [24]. Its temperature 
dependence is, in contrast to the influence on the partial 
oxygen pressure, negligible over a wide temperature range. 
Therefore, 2,refSatO  is considered to remain constant during 
the optical measurements. The oxygen saturation values 
obtained by this procedure are afflicted by a maximum 
relative error of 6-13% (below 2,refSatO 85%= : 13%, above: 
6%) due to uncertainties of the three measured parameters and 
the correction factors. This results, for instance, in a 
maximum absolute uncertainty of the oxygen saturation value 
of 2,refSatO 5.4%∆ = ±  at a saturation level of 

2,refSatO 90%=  for the reference system. 

D. Sample Preparation 
Fresh porcine blood was obtained from a slaughterhouse 

and stabilized with Heparin (Heparin-Natrium-5000 
ratiopharm, 5000 i.u. / 0.2ml solution per 1 liter porcine 
blood). It was completely deoxygenated by using nitrogen. 
Afterwards the blood was oxygenated within an artificial 
blood circuit by a MEDOS HILITE 7000 oxygenator 
(MEDOS Medizintechnik AG, Germany) up to various 
saturation levels. The resulting blood samples were stored in 
syringes. Within the first setup OptiCell(TM) sample 
containers were used for each blood sample. The part ial 
oxygen pressure measurement was performed twice, directly 
before filling the OptiCell(TM) and after the photoacoustic 
measurements. The resulting partial oxygen pressure did not 
differ significantly before and after the photoacoustic 
measurements.  

In the second setup for quantitative spatially resolved 
oxygen saturation measurements we used two PVC-hoses 
with an inner diameter of approximately 0.45mm. Firstly, 
both tubes were filled with  the same porcine blood sample 
and secondly the blood sample was changed in one of them. 

III. SETUP DESCRIPTION 
The experimental setups we used are shown in Fig. 1 and 

Fig. 2. The photoacoustic signal is obtained in transmission 
geometry. 

The semiconductor laser source consisted of four d ifferent 
semiconductor lasers with four different wavelengths (650nm, 
19 emitter custom made by Ferdinand-Braun-Institut für 
Höchstfrequenztechnik, Germany; 808nm, JOLD-225-QPFN-
1L 808, Jenoptik, Germany; 850nm, CVD 197-90-00, LDI, 
USA; 905nm, 905D3S3J08U, Laser Components, Germany) 
which are coupled into a 600µm-core fiber bundle. The 
semiconductor lasers are used in pulse operation mode with a 
pulse width of 100ns and a repetition frequency of 1041Hz. 
The emitted pulse energies are approximately 8.5µJ at 650nm, 
5.5µJ at  808nm, 5µJ at 850nm and 12µJ at  905nm. To 
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optimize the generated photoacoustic signal, the laser light is 
focused on the sample. The generated acoustic signal is 
detected by a single element transducer (Olympus 
Panametrics-C380, center frequency: 3.5 MHz, focal length: 
75 mm) combined with a cascade of two  amplifiers (Miteq 
AU-3A-0110, 58dB and Olympus Panametrics NDT 5900PR) 
in the first setup or by a curved transducer array (C5-2/60, 
Ultrasonix Medical Corp., Canada, nominal center frequency: 
3.5 MHz) combined with a modified clinical u ltrasound 
system (Sonix RP, Ultrasonix Medical Corp.) in the second 
setup.  

 
Fig. 1 Setup 1: OptiCell blood sample detected by single element transducer. 

 
Fig. 2 Setup 2: Blood vessel mimicking sample detected by transducer array. 

We use two different setups. The first one (Fig. 1) consists 
of the OptiCell(TM)-sample which is illuminated by the 
described semiconductor laser system and the resulting 
photoacoustic signal is detected by the single element 
transducer. This setup was used to demonstrate the princip le 
ability of the system to measure oxygen saturation 
quantitatively. The calibrat ion was done with in the same 
geometry. 

To demonstrate the system’s capability of the spatially 
resolved quantitative oxygen saturation determination, we 
exchanged the OptiCell(TM)-sample by the blood vessel 
mimicking sample (two PVC-hoses placed in water, inner 
diameter: approximately 0.45mm, Fig. 2). For spatially 
resolved oxygenation imaging it  is necessary that the 
illumination patterns of all laser beams are equal. This could 
be realized for two different wavelengths only within this 
setup. In this setup the single element transducer was replaced 
by the curved transducer array. 

IV. CALIBRATION SEQUENCE 
The calib ration sequence can be subdivided into two parts: 

First, the obtained photoacoustic signal has to be normalized 
to the incident optical intensity for each wavelength. This is 
done by photoacoustically measuring a neutral density filter 
(NG9, Schott AG, Germany) within the used setup. The 

photoacoustic signal is divided by the known optical 
absorption of the filter and the result is used as a normalizing 
divisor. In th is way, the wavelength dependent factor 

( )i thN Fλ ⋅η ⋅  can be eliminated. 

If it is necessary to account for scattering influences on the 
photoacoustic signal, the parameters ( )

2HbO iM λ  and 

( )Hb iM λ  have to be determined within a second step by 
using two blood samples with different oxygen saturation 
values. Within this calibration step a system of two equations 
for each wavelength based on Eq. (7) is built to determine two 
unknown virtual parameters Hb i( )η λ  and 

2HbO i( )η λ  by the 
known parameters ip( )λ , HbK  and 

2HbOK  (indirectly by using 

2SatO ). Hb i( )η λ  and 
2HbO i( )η λ  are defined as 

Hb i Hb i( ) Q M ( )η λ = ⋅Γ ⋅ λ     (11) 

2 2HbO i HbO i( ) Q M ( )η λ = ⋅Γ ⋅ λ     (12) 

Therefore ( )
2HbO iM λ  and ( )Hb iM λ  are only indirectly  

determined by this calibration sequence. Best results are 
obtained by using one almost completely deoxygenated and 
one almost completely oxygenated blood sample of known 
oxygen saturation. This lowers the influence of measurement 
errors on the calibration parameters. 

V. EXPERIMENTAL RESULTS 
Using the first experimental setup, Fig. 3 and Fig. 4 show 

the dependency of the measured photoacoustic signal 
amplitude on the oxygen saturation values determined by the 
reference system. The photoacoustic signal amplitude has 
been normalized to the incident optical intensity (first 
calibrat ion step). The photoacoustic signal amplitude has been 
obtained by averaging (1000 times) and demodulating the 
transducers voltage signal by using the absolute value of the 
analytical signal.  

If we assume that the total hemoglobin content remains 
constant for all blood samples, the sum 

2HbO HbK K K= +  also 
remains constant and Eq. (7) can be changed into 

( )2 2

Hb i Hb i
i i th HbO i HbO i Hb i Hb i 2

M ( ) ( )p( ) Q N( ) F K M ( ) ( ) M ( ) ( ) SatO
K

λ ⋅ ε λ λ = ⋅Γ ⋅ λ ⋅η ⋅ ⋅ ⋅ λ ⋅ ε λ − λ ⋅ ε λ ⋅ +  
(13) 

In theory the photoacoustic signal amplitude therefore 
depends linearly on the oxygen saturation value. This 
theoretical linear dependency has been fitted to the 
experimental values obtained for the excitation wavelengths 
650nm, 808nm, 850nm and 905nm. The results are illustrated 
in Fig. 3 and Fig. 4.  Please note that the data shown in Fig. 3 
and Fig. 4 are not calibrated. The uncertainties of the 
reference system are also depicted to define the accuracy 
limits of this measurement. The coefficient of determination 
R2 of this fitting is highly  wavelength dependent: The best 
linear behavior is obtained at an  excitation wavelength of 
650nm (R2=0.94) whereas the near in frared wavelengths show 
less agreement with the theory (808nm: R2=0.43, 850nm: 
R2=0.80, 905nm: R2=0.70). These differences to the 
theoretical linear behavior result, most probably, from the 
combination of low light pulse energies of the excit ing lasers 
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with low d ifferences in the optical absorption between the two 
hemoglobin derivatives at the regarded wavelength. In 
addition to this the wavelength dependent scattering 
coefficient of blood may also cause a higher signal-to-noise 
ratio at 650nm than at any near infrared wavelength. The 
higher scattering coefficient at 650nm produces a subsurface 
increase in optical intensity as the photons remain in the 
adjacent region below the blood surface for a longer time. 
This results in a larger number of absorbing events and a 
stronger photoacoustic signal ([15], [16]). Both effects lead to 
a stronger scattering of the photoacoustic measurement data 
for near infrared wavelengths. According to this explanation 
visible light emitt ing laser diodes, like the 650nm 
semiconductor laser, are necessary for accurate oxygen 
saturation measurements.  

    
  Fig. 3 Dependence of the demodulated photoacoustic signal amplitude 
normalized to the incident optical intensity on the reference saturation 

SatO2,ref at  the optical wavelength 650nm. 

The quantitative results obtained by calibration with the 
first setup are depicted in Fig. 5. The photoacoustically 
determined values 2,PASatO  are in good agreement with the 
reference values 2,refSatO . The deviations from the ideal 
straight line can be explained by the limited accuracy of the 
reference system. The horizontal error bars in Fig. 5 are the 
error bars of the reference system. Comparing the 
photoacoustically  determined oxygen saturation values to the 
ideal straight line results in a R2-value of 2R 0.96= . Th is 

  
    Fig. 4 Dependence of the demodulated photoacoustic signal amplitude 

normalized to the incident optical intensity on the reference saturation 
SatO2,ref at  the optical wavelengths 808nm, 850nm and 905nm. 

result indicates that the photoacoustic detection offers at least 
accuracy comparable to the reference system. 

   
Fig. 5 Dependence of the photoacoustically determined oxygen saturation 
SatO2,PA on the reference saturation SatO2,ref using all four wavelengths. 

   
Fig. 6 Experiment 1: Normalized and interpolated photoacoustic image of the 

blood vessel mimicking sample filled with deoxygenated porcine blood 
during illumination at 650nm. 

   
Fig. 7 Experiment 2: Normalized and interpolated photoacoustic image of the 

blood vessel mimicking sample filled with oxygenated (top) and 
deoxygenated (bottom) porcine blood during illumination at 650nm. 

Fig. 6-9 show the resulting images of the blood vessel 
mimicking sample containing either the same blood (both 
tubes SatO2,ref = 26.9%, Experiment 1) or blood with different 
oxygen saturation levels (top tube SatO2,ref = 98.7%, bottom 
tube SatO2,ref = 26.9%, Experiment 2) fo r the two different 
wavelengths (650nm and 850nm). These images were 
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obtained by averaging 200 t imes and by using a delay-and-
sum beamforming algorithm. As can be seen from Fig. 6 and 
Fig. 8 both wavelength beams illuminate the two tubes evenly. 
The tube filled with almost completely oxygenated blood 
disappears within  the image obtained by illuminating the 
sample at  650nm (Fig. 9). Both tubes remain v isible in the 
photoacoustic image by using an excitation wavelength of 
850nm (Fig. 11).  

   
Fig. 8 Experiment 1: Normalized and interpolated photoacoustic image of the 

blood vessel mimicking sample filled with deoxygenated porcine blood 
during illumination at 850nm. 

   
Fig. 9 Experiment 2: Normalized and interpolated photoacoustic image of the 

blood vessel mimicking sample filled with oxygenated (top) and 
deoxygenated (bottom) porcine blood during illumination at 850nm. 
Due to the small tube diameter, the second step of the 

calibrat ion procedure may be neglected for quantitative 
oxygen saturation imaging (Eq. (8)). Calculations using the 
absorption coefficients, the scattering coefficients and the 
anisotropy factor provided in [15] lead to a minimum 

effective optical penetration depth 
eff

1
µ

 (worst case) at 

650nm of 0.393 mm for a hematocrit value of 42% (porcine 
blood typically  possesses a hematocrit  value between  30%-
42% [18] ) and an oxygen saturation value of 50% according 
to Eq. (6). The mean optical path length through a tube with a 
diameter of 0.45mm is 0.353mm which is comparab le to the 
effective optical penetration depth. Therefore, the influence of 
scattering on the detected photoacoustic signal can be 
neglected as long as the blood sample is not completely 
deoxygenated. The resulting oxygen saturation values of each 
tube are shown in Fig. 10. The photoacoustically determined 
oxygen saturation values have been calculated from the 

maximum photoacoustic signal amplitude of each tube. It can 
be seen that the oxygen saturation values are in good 
agreement with the values of the reference system. Due to our 
approximation to neglect the scattering influence, the results 
at low oxygen saturation are less accurate.  

   
Fig. 10 Dependence of the photoacoustically determined oxygen saturation 

SatO2,PA on the reference saturation SatO2,ref of the two blood vessel 
mimicking sample experiments. 

VI. CONCLUSIONS 
We demonstrated that semiconductor laser systems allow 

for photoacoustic blood oxygenation measurements. We used 
porcine whole blood to emulate the behavior of human whole 
blood. Even though the photoacoustic signal is influenced by 
optical backscattering within the blood sample there was a 
good agreement (R2=0.96) between the photoacoustically 
measured oxygen saturation values and the values determined 
by the reference system. Additionally, our results show that 
wavelengths (like 650nm) o ffering large d ifferences between 
the optical extinction coefficients of oxygenated and 
deoxygenated hemoglobin are preferab le to wavelengths with 
small d ifferences.  

Furthermore we demonstrated quantitative photoacoustic 
blood oxygenation imaging based on semiconductor lasers by 
employing a standard transducer array and by using a blood 
vessel mimicking sample. As at very s mall blood vessel 
diameters optical backscattering is negligible, this was 
possible without additional calibration. This experiment 
documents the ability of semiconductor lasers to be used in 
combination with standard ultrasound transducer arrays for 
biomedical imaging purposes. 

In the future, semiconductor laser based photoacoustic 
blood oxygenation measurement systems could be a cost-
effective alternative to other blood oxygenation imaging 
systems. As has been reported in [25] in vivo measurements 
within  turbid media are more challenging, but this is a general 
issue which does not depend on the laser excitation system 
and therefore is beyond the scope of this study. Employing 
broad bandwidth ultrasound detectors might solve this 
problem by using inversion scheme approaches like, for 
instance, being presented in [6]. 
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