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Abstract  This paper investigated the minimum 

spectral resolution and optimal spectra range for optical 

monitoring of skin blood oxygen saturation (StO2). For this 

purpose, this study recruited fourteen Asian volunteers for 

demonstration work. The performed measurements 

included reflectance information collected from the 

recruits during at rest and after a pressure of 140 mmHg 

was applied on their upper right arm. The prediction of the 

required value was via analysis of data of the considered 

visible ranges of 500 – 660 nm, 520 – 645 nm, 520 – 600 

nm, and 530 – 570 nm, with sampling resolutions of 1 nm, 

2 nm, 5 nm, and 10 nm. The offline data analysis using 

Extended Modified Lambert Beer model revealed that the 

StO2 value predicted using spectral data in the range 530 – 

570 nm showed considerable similarity with that obtained 

from 520 – 645 nm range at spectral resolutions of up to 5 

nm. The mean and standard deviation of the differences in 

the values obtained from these spectral ranges in the case 

of 5 nm sampling is given by 7 ± 8.6 % and 14 ± 3.2 % for 

at rest and blood occlusion experiment, respectively. The 

higher variability in the value predicted for the latter 

experiment is likely due to insufficiency of the employed 

technique to extricate the distinctive features in 

hemoglobin spectra using the corresponding resolution. 

The findings of this study may be useful as a guide to 

facilitate in the design of multispectral imaging system for 

optical monitoring of one’s StO2 with high speed.  
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1. Introduction

The investigation of StO2 is of the utmost importance in 

the study of skin grafting, wound healing and skin 

rejuvenation to determine sustainability of living cells [1,2]. 

This is largely owing to the fact that oxygen is one of the 

important factors influencing the rate of cell growth and 

regulation of metabolism processes. Therefore information 

on StO2 of the investigated skin site would allow one to 

evaluate the general health of the local cells and predict the 

healing outcomes of a wound, so that further effective 

intervention may be undertaken. 

The measurement of StO2 can be performed via either 

invasive or non-invasive means. While the invasive 

approach, which required drawing of a small sample of 

blood for measurement using arterial blood gas analyser, 

is the common practice in the clinical settings, the 

non-invasive technique is often the preferable option. The 

use of the latter is often based on the optical approach; it 

is able to provide a quick and painless experience to its 

users. Multispectral and hyperspectral imaging modalities 

are among the frequently employed optical spectroscopy 

technique in the study of physical and structural properties 

of the examined medium. Both systems produce a 

three-dimensional data containing spatial and spectral 

information of the investigated medium. Previous studies 

showed a remarkable performance of hyperspectral 

imaging technology in healthcare industries such as 

non-invasive assessment of superficial wound healing 

progress [3, 4] and in visualization of tumor progression 

[5]. These works analyzed reflectance data in the visible 

regions in their clinical diagnosis. There is, however, 

variation in the selection of wavelength range and spectral 

resolution used. Miclos et al. [6] used wavelength range 

of 500 – 660 nm at spectral resolution of 2 nm in the 

estimation of cutaneous tissue oxygen level, whereas other 

works showed percent of oxygen level in sickle cell 

disease patients [7] and in investigations of retinal oxygen 

levels [8] using 520 – 645 nm range. A similar work by 
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Huong et al. [4] suggested the use of 520 – 600 nm at step 

size of 10 nm in the prediction of oxygen saturation for 

clinical assessment of acute wounds healing. This 

contributed to the variation in the StO2 value reported in 

these studies; this variability was exacerbated with 

differences in the experimental conditions such as the 

optical arrangement, detector performance, and selected 

skin site [9]. 

Meanwhile many studies recently focused on removing 

redundant spectral bands than that is necessary for 

analysis, and considered only the distinct ones that have 

high sensitivity to the underlying physical properties. 

These were chosen using either supervised or 

unsupervised principle component analysis [10], or 

machine learning approach [11]. However, the selection 

was inconclusive. In general, the chosen spectral band 

should be a compromise between longer ranges placing 

higher demand on acquisition and processing time, and 

shorter ones providing insufficient information for the 

prediction of the required value. Besides a very fine 

sampling interval may not necessarily improve the 

accuracy of prediction, and a reasonably good result could 

be achieved at a course resolution. It is, therefore, the aim 

of this research to propose the most probable wavelength 

range and minimal spectral resolution suitably used for 

optical investigation of StO2. The findings of this work 

would be useful in the design of multispectral system for 

optical monitoring of StO2 with high sampling and fast 

computation time. 

2. Materials and Methods 

2.1. Experiment System and Subject 

A diagram of the arrangement of the reflectance point 

spectroscopy system used in this study is drawn in Fig. 1. 

The illumination source used was a 9 W white light 

emitting diode (LED) (Model no. SMD 5730 from Aira 

Technologies) held in place using a make-shift stand. The 

illumination was at a distance of 90 mm from targeted site 

and an angle of 25° from normal. This work used point 

spectroscopy device (USB 4000-UV-VIS from Ocean 

Optics Inc., Florida) for measurement of the reflected light 

intensity spectrum. The separation between the tip of the 

fiber optic probe and the investigated skin site was 

approximately 10 mm to allow a non-contact 

measurement of the reflectance signals. The detection was 

at an angle of approximately 15° from normal. The 

experiment started with collection of reflectance data from 

white reference (spectralon panel from Labsphere, Inc.) 

and dark reference (with the tip of the fiber optic 

covered). 

This work recruited fourteen (n = 14) Asian volunteers 

(seven males and seven females) aged between 22 and 26 

years to participate in this study. This study was approved 

by the medical executive committee in the clinical center 

of Universiti Tun Hussein Onn Malaysia (UTHM). The 

subjects were the home students at UTHM. Each recruit 

self-declared a non-smoker, and has no history of 

hypertension and underlying illness; they gave their 

written consent prior to the measurement. These 

volunteers were instructed to rest in a chair for at least 

five minutes before the experiment. Next, they were 

required to place their right hand at a level close to their 

heart and against a black matte background shown in Fig. 

1 before reflected signals were collected from their right 

thumb. These experiment procedures followed that 

described in [12]. These recruits were advised to remain 

still throughout the experiments conducted in a dark, quiet 

room. The detection integration time was chosen as 60 s 

while scanning to average and filtering function in 

SpectraSuite software were both turned off. In the arterial 

blood occlusion experiment oxygen carrying blood was 

blocked from flowing into the lower extremities. This is 

via inflation of an arm pressure to 140 mmHg on upper 

right arm of the same subjects for two minutes. The same 

experiment procedure as described above was repeated 

immediately after the inflation time. 

 

Figure 1.  Optical arrangement of point spectroscopy system 

The employed 16-bit spectrometer shown in Fig. 1 is 

able to detect and measure light intensity spectrum across 

wavelengths ranging from 178 nm to 893 nm at a spectral 

resolution of 0.2 nm. However, we considered only 

spectral data in the visible region of 500 – 660 nm, 520 – 

645 nm, 520 – 600 nm and 530 – 570 nm owing to the 

large variability in the hemoglobin light absorption across 

these ranges. Light of visible range probed at a skin depth 

of 550 – 650 µm [13], therefore the predicted StO2 is 

presumably the mean of that of capillaries, arteries and 

veins located down to papillary dermis layer. Next, the 

acquired data were down sampled offline to different 

sampling rate of 1 nm, 2 nm, 5 nm and 10 nm for the 

investigation works. This work required the information 

of wavelength dependent light attenuation, A(λ), 

calculated from (1) in the estimation of one’s StO2. 

𝐴(𝜆) = log (
𝐼𝑊(𝜆)−𝐼𝐷(𝜆)

𝐼𝑆(𝜆)−𝐼𝐷(𝜆)
)          (1) 

The symbols IW, ID and IS represent reflectance data from 

white and dark reference, and from the targeted skin, 

respectively. 
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2.2. Analytic Model and Data Fitting Routine 

We considered Extended Modified Lambert Beer model 

(EMLB) previously proposed in Huong and Ngu [13] in the 

prediction of blood oxygen and carbon monoxide 

saturation. The light absorption, μa, dependent light 

attenuation is given by: 

𝐴(𝜆) = 𝐺0 + 𝜇𝑎(𝜆)𝑑0 + 𝐺1 + 𝜆𝑒−𝜇𝑎(𝜆)𝑑1 .      (2) 

This model proved to be an agreeable approximation of 

light attenuation as a function of light scattering and 

absorbing in an absorbing turbid medium. Equation (2) 

included the effects of light absorption by both melanin and 

hemoglobin. The representation and detailed description of 

each term can be found in [13]. Since the recruited 

volunteers were non-smokers, and declared that they did 

not recently expose themselves to any poisonous gases, it 

was assumed that the carboxyhemoglobin level in their 

blood is negligible. The wavelength dependent total light 

absorption as a function of StO2 and extinction coefficient 

(ε) of oxyhemoglobin, HbO2, and deoxyhemoglobin, Hb, is 

given by [4]: 

𝜇𝑎(𝜆) = ((𝜀𝐻𝑏𝑂2(𝜆) − 𝜀𝐻𝑏(𝜆))𝑆𝑡𝑂2 + 𝜀𝐻𝑏(𝜆)) 𝑇.    (3) 

The value of εHbO2 and εHb can be found in [14] while 

the value of total hemoglobin concentration, T, is taken 

here as 268 µM. Substituting (3) into (2) gives an 

expression of light attenuation as a function of StO2. The 

optimization fitting function used in this work was based 

on fminsearch in MATLAB to non-linearly search for the 

optimum value for all the unknowns (G0, d0, G1, d1 and 

StO2) in (2). This fitting routine did not apply boundary to 

the value of each unknown. The fitting iteration was set to 

200, and the search of the optimized value was based on 

the calculated difference between the measured light 

attenuation in (1) and the value given from (2), ∆A. This 

fitting process was terminated when either the iteration 

limit has exceeded or the sum of ∆A² is lesser or equal to 

10
-10

. 

3. Results and Analysis 

The StO2 predicted for each recruited volunteer during 

at rest and arterial blood occlusion experiment using data 

with spectral resolution of 1 nm, 2 nm, 5 nm and 10 nm 

across the considered four wavelength ranges is shown on 

the left panels of Fig. 2. Shown on the right panels of Fig. 

2 is the overall mean and standard deviation in the StO2 

predicted using data of different wavelength ranges. The 

results revealed high repeatability in the StO2 calculated as 

87.9 ± 4.2 % estimated for at rest condition throughout 

different wavelength ranges using sampling step of no 

greater than 5 nm in Fig. 2(a) – (c). Meanwhile a lower 

mean with larger variability of 36.16 ± 18 % is observed 

in the case of blood occlusion. 

Since spectral data with sample interval of 1 nm has the 

highest information content, the predictions shown in Fig. 

2(a) are used here as the gold standard. In addition it was 

also presumed that analysis using highly sampled data is 

likely to be unaffected by the presence of noise in the 

signals. The differences in the prediction using that 

between interval 1 nm (Fig. 2 (a)) and other lower spectral 

resolutions shown in Fig. 2(b)-(d) were statistically 

analyzed using a two-tailed independent samples t-test 

analysis with confidence level of 95 % (IBM SPSS statistic 

22). While the majority of the results showed statistical 

significance with ρ > 0.05 for StO2 estimated for the 

conducted experiments, ρ < 0.05 was calculated for StO2 

from at rest and blood occlusion experiment using 

sampling step of 10 nm across wavelength range of 520 – 

600 nm and 530 – 570 nm, respectively. 

 

(a) Spectral resolution: 1 nm 
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(b) Spectral resolution: 2 nm 

 

(c)Spectral resolution: 5 nm 

 

(d)Spectral resolution: 5 nm 

Figure 2.  (Left) The StO2 predicted for volunteers (n = 14) during at rest and arterial blood occlusion condition using spectral data of different 

wavelength range and sampling interval a – d. (Right) The mean and standard deviation (error bar) in the StO2 predicted using data of different spectral 

range 
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4. Discussion 

Based on the results shown in Fig. 2, it is shown that 

different wavelength range yielded differences in the 

approximated StO2. The results revealed that the predicted 

mean values did not show a gradual trend with either an 

increase in the wavelength range or sampling interval. A 

relatively high consistency in the StO2 value of 80 – 90 % 

for at rest condition is obtained using wavelength range of 

530 – 570 nm and its longer range counterparts, and across 

different sampling intervals. All the considered wavelength 

ranges showed a decrease in the calculated StO2 following 

the disruption of oxygen supply to the local tissues. The 

greatest change in the predicted value with interruption of 

tissue microcirculation is via the use of 520-600 nm range. 

There is, however, significant inconsistency between its 

predictions using 10 nm and 1 nm sampling interval (ρ = 

0.000) during at rest condition. 

The 520-645 nm range shows a striking consistency in 

the value estimated using different sample intervals and 

with varying experiment conditions shown in Fig. 2. This is 

followed by the value given by the 530 – 570 nm range 

whose predictions were considerably similar to that 

produced using 520 – 645 nm range for sampling size of up 

to 5 nm. A comparison in the value given by both of these 

ranges using 5 nm sampling step shows an absolute mean 

difference of 7 ± 8.6 % and 14 ± 3.2 %, respectively, for the 

StO2 predicted for at rest and occlusion experiment. The 

greatest difference is, however, observed for StO2 during 

occlusion experiment in Fig. 2(d) using this smallest 

wavelength range and with the largest sampling step (i.e. 

10 nm). This is supported by the computed ρ value of 0.03 

in the statistical test between the results from sampling 

interval of 10 nm and 1 nm for blood occlusion experiment. 

It must be mentioned that the use of long wavelength range 

(i.e. 500 – 660 nm) does not necessarily guarantee 

consistency in the results with different sampling size; thus 

suggesting the possibility of data oversampling using this 

range than that is necessary in the estimation of the 

required value. 

The results in Fig. 2 show that the variability is larger for 

blood occlusion measurement than that is for at rest 

condition. This may be explained by the change in the 

optical signature of hemoglobin under these conditions. 

The presence of troughs and peaks in the light attenuation 

spectrum detected under high StO2 condition (at rest 

condition) can clearly be seen in the visible range as can be 

illustrated in [14]; they are contributed largely by the 

absorptivity of oxyhemoglobin. This variability is 

gradually reduced to a single hump following a decrease in 

the StO2 value (blood occlusion condition); thus suggesting 

the dependence of the employed analytic technique on the 

distinct bands that are sensitive to the underlying medium 

absorption. 

Figure 2 shows an increase in the variability in the value 

with increasing sampling size. Since the employed 

analytical technique used fitting approach in its prediction, 

a lack in the sample size is likely to be more sensitive to 

noise in the signals hence affecting the overall performance. 

This might be the reason for the presence of outliers 

marked by circle observed for the same recruit when using 

larger sampling steps (i.e. 5 nm and 10 nm). In addition, the 

variability in the StO2 can also be contributed by 

differences in the physical and environmental factors such 

as daily activity, lifestyle, skin condition, diets and health 

status of each individual. 

Even though there is no commonly accepted gold 

standard to the measurement of StO2 as this value may vary 

depending on the experimental conditions and the 

investigated skin regions, an overall result shows that all 

the considered wavelength ranges are viable in the 

monitoring of oxygen saturation. In this regard, a relative 

measurement of StO2 would be more suitable to evaluate 

and compare the tissue oxygenation status following 

medical treatment or intervention. Thus far, the 520 – 645 

range emerged as the optimum range with the highest 

robustness to noise and there is high repeatability in the 

value predicted using different spectra resolutions. 

Nonetheless even with the 10 nm sampling step, the use of 

this range in the design of multispectral imaging system 

would place a high demand on the system required for data 

acquisition, transportation, processing and storage. This is 

as compared to 530 – 570 nm range with sampling 

resolution of 5 nm (that produced nine bands), which 

produced predictions similar to that from its 520 – 645 nm 

counterpart. 

5. Conclusions 

This study considered a variance in the wavelength 

range and data sampling interval in the prediction of StO2. 

This work observed a notable similarity in the value 

estimated using wavelength range of 520 – 645 nm and 

530 – 570 nm for different experiment conditions using 

sampling resolutions of up to 5 nm. This study attributed 

inconsistency in the predicted value following a disruption 

in the tissues oxygen supply to the lack in the optical 

sensitivity of the chosen wavelength bands. This scenario 

is aggravated under the undersampling setting when the 

analytic approach may be more sensitive to the noise 

presence in the signals. This study concluded that the use 

of spectral data of wavelength range of 530 – 570 nm and 

sampling size of 5 nm may have potential for using in the 

design of multispectral imaging system with high speed. 
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