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 This paper presented the use of a three-wavelength system coupled with  
a prediction-correction model for the measurement of a person’s tissue 
oxygen levels and in the efforts towards the development of a field-portable 
system. This study considered light wavelength of market-available emitters 
in the range 500 − 650 nm for its practical implementation. This approach 
required the use of light attenuation and hemoglobin absorptivity information 

of three different wavelengths in determining tissue oxygen saturation value, 
StO2. It was found through the analysis of results using Monte Carlo method 
that considerable improvement in the accuracy of the predictions was 
obtained using the corrective models (ρ =0.874). The low mean prediction 
errors of similar magnitude, not exceeding 4 %, given by two wavelength 
combinations 538, 560, 633 nm and 538, 560, 650 nm were observed for 
signals with signal-noise ratio (SNR) of down to 30 dB. A significant 
statistical difference was found between the prediction errors and the 

wavelength combination used under this noise condition (ρ =0.011).  
This work concluded that the findings of this study provide insights into 
technology implementation of skin oximetry and the possible impacts it 
might have in medical arena. 
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1. INTRODUCTION  

Oxygen is an important element for life. An interruption in the supply of oxygen to tissue cells 

especially that in human brain, can have fatal consequences. An adequate supply of tissues with oxygen 

complemented with active uptake of nutrients, and coupled with a person’s positive general physical and 

environmental conditions would permit favorable cell viability and growth. The importance of the information 

on tissue oxygen levels in microcirculation systems has been highlighted in many clinical studies, which include 
its use as a marker for clinical assessment of tissue vascularization in the research of tumor [1] and graft 

outcome [2], for the evaluation of wound healing [3] and in interventional clinical studies [4].  

Various technologies emerged in recent years to determine tissue oxygen consumption in different 

skin areas of a body (both human and animal); these include the use of pressure oxygen tension technique, 

opto-acoustic system [5], non-invasive Positron Emission Tomography (PET) [6-7], spectroscopy approach 

[8-9] and a hybrid of aforementioned approaches [10]. Among these techniques optical spectroscopy is  

a widely adopted approach that has attracted increasing attention owing to the system’s inherent flexibility, 

cost efficiency and simplicity for use. The next new idea related to this non-invasive system includes its 
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utility for real time applications with high portability. This is viable with a system exhibiting fast data 

acquisition and processing capabilities, and through optimal design of system parameters.  

The common strategy in the prediction of tissue oxygen saturation level, StO2, using optical 

spectroscopy technique involves detection of lights of different wavelength, which have sufficiently 

propagated in the investigated medium before backscattered from, or transmitted through, the tissue under 

study. Therefore the appropriate choice of light wavelengths that carry the most significant information is 

often considered as a key factor in the design of a spectroscopy system. The earliest arterial blood oxygen 

saturation measurement device involved the use of a heating probe for application on ear [11]. This device 
allowed measurement of signals of red and green lights for the interpretation of arterial blood oxygenation 

status. This concept of dual-wavelength spectrometry is adopted in worldwide clinically recognized pulse 

oximeters for their application on extremities. Due to the nature of clinical trials and ethic populations used in 

the sampling of calibration data, reliability of pulse oximeters is often a subject for dispute [12-13]. This is 

owing to its inconsistencies when use on individuals of other ethnic origins or under hypoxic conditions.  

Many recent investigations have advanced from pulse oximetry technology. While some attempted 

to eliminate the use of calibration data in their prediction, others improved the system application and process 

by adopting non-contact imaging approach to produce two-dimensional information of StO2. The latter is 

feasible with the use of either a hyperspectral or multispectral imaging system. Earlier studies [14-15] 

demonstrated the use of lights of three wavelengths carefully chosen using simulation results for oximetry. 

These authors argued that an important factor affecting accuracy of the prediction is the sufficiency of the 

employed model in describing light propagation behavior in a scattering-absorbing medium. Such works, 
however, have not taken into account market availability and other practical aspects of their chosen 

wavelengths. Others [8, 16-17] demonstrated the use of more light wavelength bands in the proposed 

information processing strategies to increase the prediction accuracy and robustness of the analysis system. 

This was further supported by previous studies [18-19] revealing a strong light reflectance contrast with the 

variability in hemoglobin absorptivity in the optical diagnostic window across visible light range of 500 to 

650 nm. These proposals have, however, posed a great setback in terms of either placing a high demand on 

the system’s speed performance or increasing system complexity and bulkiness.  

The above mentioned approaches, each with their own strengths and weaknesses, have contributed 

significantly to our understanding of microcirculation systems. These imaging systems are often limited for 

laboratory use, so there remains a gap for developing a lightweight and portable device for measurement of 

tissue oxygen level on any parts of a human body. This paper aims to investigate and discuss the feasibility of 
realizing a field-portable device for calibration-free and non-invasive imaging of tissue oxygenation status 

using a three-wavelength system with corrective model. In this study, for the first time, the optimum 

wavelengths for skin oximetry are chosen from those that are readily available in market. 

 

 

2. RESEARCH METHOD  

2.1. Monte carlo simulation of light propagation  

This study begins with simulation of light propagation in a medium that exhibits similar optical 

properties as human skin. The Monte Carlo (MC) simulation model [20] was used here for the investigation 

work due to its known blood oxygen saturation value in the medium. The simulation results from this MC 

model was previously shown to be in good agreement with experimental data of absorbing-scattering 
phantom media (refer to [21] for the details). In this study, human skin was modeled as a two-layered 

medium with homogeneously distributed scattering and absorbing centers: the upper layer was an infinite 

slab of thickness 100 µm superimposed on a semi-infinite bottom layer.  

While this work assumed the two-layered medium to have the same light scattering properties  

(i.e. reduced scattering coefficient, µs′) shown in Figure 1, the upper layer was a hemoglobin-free medium, 

which light absorption was entirely by that of melanosomes. The wavelength dependent melanin light 

absorption, µa(m), in units of mm-1 is given by [22]: 

 

                   (1) 

 

where light wavelength, λ, is in units of nm. The light absorption in this layer is given by the product of µa(m) 

and volume fraction of melanosomes, fv(mel), which was taken here as 2 %. This value is in agreement with 

that of fair skinned individuals [20]. This work considered oxyhemoglobin, HbO2, and deoxyhemoglobin, 

Hb, as light absorbing hemoglobin components in the bottom layer of the modeled system following 

discussions on the negligible light absorption by other chromophores across the considered visible light range 

in healthy tissue [23-24]. Light absorptivity of this semi-infinite medium, µa(b), in mm-1 is linearly related to 

StO2 given by: 
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      (                   )  (2) 

 

where the extinction coefficient, ε, to which each hemoglobin component referred is indicated by its 

subscript. The extinction coefficients of these hemoglobins are shown in Figure 1 while total (whole blood) 

hemoglobin concentration, T, was assumed as 268 µmolL-1. The wavelength dependent melanin light 

absorption and StO2 dependent µa(b) given in (2) were introduced into the upper and bottom layer of the 

modeled system. 
 

 

 
 

Figure 1. Wavelength dependent optical properties used in simulation model. µa(m): melanin absorption 

coefficient, µs′: reduced scattering coefficient, HbO2: oxyhemoglobin, Hb: deoxyhemoglobin 

 
 

The StO2 in (2) is given by the percent ratio of oxy-to total hemoglobin concentration. In this work 

this value was varied from 30 to 85 % at a step of 5 %, producing changes in the optical properties of the 

lower medium. The choice of this range was based on literature findings [9, 18-19] for the reported most 

probable tissue oxygen levels determined for different skin regions of humans using multispectral and 

hyperspectral systems, which were used to capture a series of data in the wavelength of visible range.  

Since the spatial resolution of these spectroscopy systems is poor, the StO2 is the average of tissue oxygen 

levels in the imaged microvascular networks.  

The light source used in this simulation was an infinitely thin pencil-beam of photons launched at 

normal incidence. Both the emitter and annular detector shown in Figure 2 were placed in contact with the 
medium. The propagation behavior of one million photons traveled in this scattering-absorbing medium was 

traced and the cutoff photon pathlength is given by 1000 mm. The time dependent distribution of photons 

back-scattered and exited the medium within the numerical aperture of the detector with inner and outer 

detection radius of 2 mm and 4 mm, respectively, was recorded. Also shown in this figure is an example of 

banana-shaped light paths indicating the most probable paths of photons between the source and detector in a 

turbid medium. Measurement of light attenuation (O.D.) is required in the calculation of StO2, it is given by 

the logarithm of fraction of photons detected. 
 

 

 
 

Figure 2. Light transport in a two-layered skin model 
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This work considered also statistical fluctuations in the measured signals due to the existence of 

system noises and measurement uncertainties. For this purpose, normal gaussian white noise (AWGN) was 

used as the noise source and added in the MC simulated light attenuation spectra to generate noise-embedded 

signals with SNR of 40, 30 and 20 dB using MATLAB (version 2016a).  

 

2.2.  Simultaneous equations system 

The prediction of StO2 was via a linear wavelength dependent light attenuation equation given in (3). 

This equation is the assumption made on the relationship between light attenuation, A, and light absorption, 
µa, in an absorbing-scattering medium. 

 

               (3) 

 

This model is empirically remodeled from the well known Modified Lambert Beer law (MLBL) by 

allowing the term G, which is often taken as scattering dependent attenuation offset, to vary linearly with the 

wavelength. This is to approximate the relatively linear changes in light attenuation due to wavelength 

dependent light scattering and melanin absorptivity shown in Figure 1. The µa is given in (2) to give light 

attenuation equation as a function of StO2.  

There are three unknowns in (3) (i.e. G, d, and StO2 in µa), thus the use of information of three 

wavelengths (i.e. λ1, λ2 and λ3) in (3) shown by (4)-(6) would sufficiently provide the solution of these unknowns. 

 

          ((                 )            )   (4) 

 

          ((                 )            )   (5) 

 

          ((                 )            )    (6) 

 
Herein, the StO2 is obtained by solving the simultaneous equations shown by (4)-(6) to give 

 

     
                                                     

                                               
 (7) 

 

where the subscript in symbol A and ε denotes the wavelength index. The Δεn is given by subtracting εHb(λn) 

from εHbO2(λn) value. 

 

2.3.  Three-wavelength system 

Light attenuation and hemoglobin light absorptivity at three different wavelengths are required in the 

prediction of StO2 as shown by (7). This study considered only lights of visible wavelengths in the range of 

500 to 650 nm; the chosen market available light sources of either coherent or non-coherent type emitting 

lights within this range are presented in Table 1. These light wavelength values are separated by at least 10 

nm of wavelength to prevent overlapping of wavelength range due to the broad spectrum of incoherent 

sources. Meanwhile the coherent sources listed in Table 1 have irradiance value of no more than 1 mWcm-2 

as in accordance to the maximum exposure limit permitted by laser safety standards. Each diode has physical 

dimensions not exceeding 10 mm×10 mm and current rating of less than 200 mA for the ease and practical 

integration into portable devices.  

Twenty sets of three wavelengths combined from that listed in Table 1 and arranged in non-specific 

order were evaluated in terms of accuracy in the predictions. Using the simulation results obtained in section 
2.1, the information correspond to each combination of three wavelengths was substituted into (7) to 

calculate for the required StO2 value. 
 
 

Table 1. Specifications of the chosen market available light sources 
Num Part No. (manufacturer) Type Center wavelength, λc (nm) 

1 LED525L (Thorlabs Inc) non-coherent 525 

2 LNJ647W8CRA (Panasonic) non-coherent 538 

3 LP T655-Q1R2-25 (OSRAM) non-coherent 560 

4 LED600L (Thorlabs Inc) non-coherent 600 

5 HL63163DG (Thorlabs Inc) coherent 633 

6 L650P007 (Thorlabs Inc) coherent 650 
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3. RESULTS AND ANALYSIS  

The accuracy of the StO2 value determined from (7) using information of each three-wavelength 

combination was investigated. For ease of viewing, the performance of five combinations giving the least 

error in their predictions is plotted against the actual StO2 used in simulations in Figure 3. The prediction 

error, ΔStO2, is given by subtracting the estimated value from that used in the simulation. The dotted line, 

drawn for reference, is the zero level. 

 

 

 
 

Figure 3. Error in the predicted StO2 versus the value set in simulation for the selected three-wavelength 

combinations 

 

 

Based on the results in Figure 3 wavelength combinations of 538, 560 and {600, 633, 650}nm, 

wherein wavelength value inside the curly parentheses indicates the selection of either one, yield similar 

results and remarkably lower error in their predictions. These combinations of wavelengths produced an 
average absolute mean (standard deviation, SD) error of 6.78(0.64) %. For the ease of analysis, this study 

focused on the performance of these three combinations for their application in practice. A plot of the 

predicted values, Sest, against the value used in simulations, Sact, for these chosen combinations is shown in 

Figure 4. The relationship between the Sest and Sact is considerably linear for these combinations, thus linear 

regression model was used to correct for the predicted value. The best fitted linear regression line and the 

residuals of the fit (represented by symbol e) for each wavelength combination is also shown in this diagram. 

These regression equations were used as corrective models to approximate the actual StO2. 

The investigation of the performance of this analytical approach for practical use was achieved by 

considering ten sets of noise-corrupted data of different SNR levels discussed in section 2.1. The mean (SD) 

of ΔStO2 given by the corrective models for signals with different SNR value is plotted in Figure 5.  
The average of these values is calculated and summarized in Table 2. The time taken for each prediction was 

approximately 1.1 ms. 

 

 

 
 

Figure 4. Linear regression model for prediction correction for each wavelength combination.  

e: Fitting residuals 
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Figure 5. The calculated error in the prediction corrected values for (a) `noiseless' MC data, and noise-

corrupted data with SNR of (b) 40 dB (c) 30 dB (d) 20 dB 

 

 

Table 2. Mean (standard deviation, SD) of absolute error in the prediction corrected values for ten sets of 

simulation data corrupted with different noise levels 
Wavelength 

combination 
Noiseless 

Signal SNR 

40 dB 30 dB 20 dB 

538, 560, 600 nm 5.54 % 5.20 (3.21) % 6.24 (10.31) % 10.52 (28.23) % 

538, 560, 633 nm 0.77 % 1.08 (3.52) % 3.71 (11.31) % 9.85 (30.94) % 

538, 560, 650 nm 0.50 % 0.99 (3.56) % 3.65 (11.43) % 9.89 (31.28) % 

 

 

The difference in the results shown in Figure 3 and Figure 5(a) was tested for its statistical 

significance using a two-tailed paired sample t-test (SPSS 22, Inc., Chicago, Illinois) with confidence level of 

95 %. This statistical test revealed a significance value of ρ = 0.874. The statistical comparison in the 

magnitude of errors depending on the wavelength combination used was also performed using ANOVA test 

for signals with different noise levels. The results revealed a strong correlation with ρ = 0.000 between the 

considered wavelength combination and ΔStO2 for both noiseless signals and signals with SNR of 40 dB. 
While a weak association (ρ = 0.011) was found for the relationship between the wavelengths used and the 

calculated errors for signals with SNR of 30 dB, no significance in this relationship was seen for signals 

having SNR value of 20 dB (ρ = 0.561). 
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4. DISCUSSION 

Referring to Figure 3, it is interesting to note that, both 538, 560, 633 nm and 538, 560, 650 nm 

combinations produced low error at StO2 of 50 %, whereas 538, 560, 600 nm showed the same at StO2 of 

around 60 %. An investigation into the light absorptivity of hemoglobins at these wavelengths revealed that 

light absorption at wavelength 538 nm and 560 nm is strongly dominated by HbO2 and Hb, respectively. 

Meanwhile the light absorptivity by these hemoglobin components is relatively consistent at wavelength 633 

nm and 650 nm. This yields a similar performance in their predictions. While this work observed an 

underestimation in the value predicted using these combinations in high StO2 regions, the value was 

appreciably overestimated under low StO2 conditions. The error increased in a considerably linear manner 

from StO2 of around 50-60 % towards both ends of the range. The main factor contributing to these 
discrepancies is the assumption made on the linear µa and light attenuation relationship. Even though the 

performance of MLBL was enhanced by incorporating the wavelength varying term (i.e. Gλ) in (3), this has 

only loosely represented the wavelength dependent scattering and melanin absorption effects shown in  

Figure 1. This error is further accentuated with the poor assumption of the variable d, which is taken here as a 

constant. Photon pathlength in a diffusive medium is a nonlinear function of light absorption and scattering, 

both of which varied independently with light wavelength.  

It is encouraging to observe that the use of corrective models obtained from the results shown in 

Figure 4 showed promising results by significantly reducing error in the predictions shown by Figure 5(a) (ρ 

= 0.874). Both 538, 560, 633 nm and 538, 560, 650 nm combinations produced low errors under moderate 

noise conditions as compared to 538, 560, 600 nm combination. This statistical significance is evidence with 

the calculated ρ = 0.011 between the calculated error and wavelengths used for signals with SNR of 30 dB. 
Based on the comparatively larger norm of residuals of 1.91 for the latter combination shown in Figure 4, 

these observed errors are likely attributable to the weak representation of the relationship between the Sact and 

Sest using the deduced model. Nonetheless both the average mean and variation of absolute errors of the 

former two combinations are found to increase with the signal noise level as shown by Table 2, bringing the 

values closer to that given by 538, 560, 600 nm combination (ρ =0.561). The increase was more substantial in 

these two combinations, suggesting that the employed corrective models are likely to become unreliable 

under heavy noise conditions. It must, however, be mentioned that these errors may be minimized using 

either averaging of more scans or by adopting a pre-processing noise reduction system.  

The technology realization of skin oximetry also requires attention on the stability of the emitters 

and slew rate of optical circuit; this is because changing of illumination wavelength in a sequential order is 

necessary for measurement of light attenuation needed in the estimation of the required value. The fast 

response time of detection system is even more crucial for real time applications. Even though this study 
evaluated the robustness of the proposed analytical strategy by considering signals with different SNR values 

(i.e. down to 20 dB), typical low cost two-dimensional cameras able to produce a signal SNR of 

approximately 30 - 40 dB, which is greater than that considered here. This, therefore, relaxes the technical 

requirement in the light detection system. Other aspects to consider include integrability of light sources and 

detector in a hollow housing to provide a dark environment for portable measurement of skin oxygenation. 

This dark chamber is necessary to minimize the effects of stray lights that may affect the measured light 

reflectance. 

Even though the use of this proposed approach is feasible for real time system implementation with 

average processing time of 1.1 ms, this is at the price of poorer performance stability. By increasing the 

complexity of the analytic model, for example through the adequate representation of non-linear µa and light 

attenuation relationship [20-25], the accuracy of the prediction could be improved. Such system, however, 
requires the use of a more advanced processing strategy involving more light wavelength bands, placing a 

higher demand on the processing power. This alternative also requires a more complex architecture design of 

a portable device. 

 

 

5. CONCLUSION  

This work demonstrated the possibility of using a three-wavelength system for portable and real 

time measurement of skin oxygen levels. It was found that the optimum three wavelengths comprised of 

those that have distinctive features in the hemoglobin light absorptivity. Wavelengths combinations 538, 560, 

633 nm and 538, 560, 650 nm were found to produce relatively similar performances and considerably low 

error in their predictions under moderate noise conditions. The findings of this study can be translated into 

technology that would exert a positive impact on diagnostic tools and redefine health management systems. 
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