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Introduction

Real-time monitoring of
parameters such  as

reduced

Diffuse reflectance-based spectroscopic technique
for real-time estimation of localized blood
oxygenation parameters from human fingertips: a
preliminary studyt

Ajay Kumar, @2° Kalaivani Chellappan, ©°¢ Aulia Nasution,® Dnyandeo Pawar, ©°
Manoj Kumar Patel® and Rajesh Kanawade @ *2°

Non-invasive and real-time measurement of localized blood oxygenation parameters such as reduced
hemoglobin, oxyhemoglobin, and oxygen saturation is regularly required by emergency & rescue teams as
well as by intensive care units (ICUs). These parameters vary with gender and age. Therefore, the aim of this
study is to investigate the ability of diffuse reflectance spectroscopy (DRS) to measure localized blood
oxygenation parameters from the fingertips of human subjects and their variation with gender and age. 91
healthy subjects (male = 55 and female = 36) aged between 22 to 51 years were selected. The subjects
were categorized into 5 age groups (20-24 years, 25-29 years, 30-34 years, 35-39 years, and above 40
years). DRS experiments were performed on the fingertips of each subject to record three sets of 150
diffuse reflectance spectra. The localized blood oxygenation parameters were derived from the recorded
spectra. To compare gender and age-based variations in the relative change in reduced hemoglobin
(ARHb), oxyhemoglobin (AHbO,), and oxygen saturation (ASO,), the Mann-Whitney U test and Kruskal-
Wallis ANOVA test were performed, respectively. We found in the gender difference study that the female
subjects have a significantly higher ARHb and ASO,, but lower AHbO, than the male subjects (p < 0.001).
The age variation study concludes that with the increase in age, ARHb is found to significantly increase,
while AHbO, and ASO, are found to significantly decrease (p < 0.05). Thus, the preliminary investigation
suggests that DRS has potential for real-time estimation of localized blood oxygenation parameters from
the fingertips of human subjects which may be used to improve medical diagnosis and therapeutic
assessment in ICU patients.

treatment and assessment, fluid replacement therapy,
suspected hemorrhaging, diabetic foot ulcer treatment and its
assessment, photodynamic therapy (PDT), hemoglobin-based
blood substitution and resuscitation."™ Furthermore, blood

localized blood oxygenation
hemoglobin  (RHb),

oxyhemoglobin (HbO,), and oxygen saturation (SO,) is critically
important for clinical monitoring purposes such as COVID-19
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oxygenation parameters are regularly required by surgical
departments, emergency & rescue teams and intensive care
units (ICUs) for bedside continuous monitoring of patients.
Studies reported that gender and age affect these blood
oxygenation parameters. It has been reported that adult males
and females have different hemoglobin concentration levels in
their bodies.* The normal range of hemoglobin for men is 13.5
to 17.5 grams per deciliter and for women is 12.0 to 15.5 grams
per deciliter. Studies also reported that with an increase in age,
the reduced hemoglobin and oxyhemoglobin concentration
levels also alter.” Therefore, the age and gender factors affect
effective diagnosis, treatment planning, and accuracy of blood
oxygenation parameter monitoring.
Currently, multiple optical
oximetry,® spectrophotometry,”®

techniques like pulse
near-infrared spectroscopy

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(NIR),”™ photoacoustic imaging,'*> thermal imaging,"® and
hyperspectral imaging'*"> are used for non-invasive blood
oxygenation measurement. The existing techniques are
inexpensive, portable, and not technically demanding, and
do an excellent job of determining the average blood
oxygenation state in tissue. However, these techniques cannot
provide information on reduced hemoglobin and are also not
able to resolve the relative local blood volume fraction of
reduced hemoglobin/oxyhemoglobin within the bulk of
highly scattering tissue media. Therefore, there remains a
need for a technique that can overcome this limitation and
provide continuous, real-time, age and gender-based accurate
measurements of blood oxygenation parameters.

In this regard, diffuse reflectance spectroscopy (DRS) is
probably the best option among the available optical
methods. This is because of its ability to investigate
structures and functions of tissue or even whole organism
levels."®™® DRS signals are sensitive to the absorption and
scattering properties of tissue. The absorption is directly
related to the concentration of chromophores such as
reduced hemoglobin and oxyhemoglobin, and the scattering
coefficient reflects the size and density of scattering
structures such as cellular nuclei, collagen fibers, and the
surrounding components of the tissue.”® Studies reported
that DRS has been used for patient monitoring in ICUs for
applications like monitoring oxygen saturation
changes in the brain,> evaluation of the severity of
psoriasis,”* and photodynamic therapy and its assessment.*’
In addition, DRS has also been explored to distinguish the
normal and malignant states of different types of tissues by
measuring the oxygenation level.>® DRS can investigate
tissues up to a depth of several millimeters and can be used
to study various aspects of pathophysiological functions by
measuring the absorption of blood.>® The applicability of
DRS techniques to detect real-time oxygenation changes
associated with tissue and blood vessel spatial patterns for
early clinical shock detection has been reported elsewhere.””

Thus, considering the above advantages, the aim of the
study is to prove the applicability of DRS to monitoring
localized blood oxygenation parameters from the fingertips
of male and female healthy subjects of various age groups.
Effort was focused on improving the accuracy of the real-time
reduced hemoglobin, oxyhemoglobin, and oxygen saturation
monitoring techniques for intensive care units and for
emergency & rescue teams.

various

Materials and methods

Experimental setup and diffuse reflectance spectra
measurement procedure

A reflection-backscattering bifurcated fiber probe (FCB-
UVIR600-2, Avantes, The Netherlands) was used to deliver and
collect the incident and diffusely reflected light, respectively. It
consists of six illumination fibers (0.22 NA, 600 um core,
multimode) and a single collection fiber at the centre of the
probe. A white light source (HL-2000-FHSA, Ocean Optics, USA)

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

was connected to the illumination fiber to illuminate the index
fingertip. The diffusely reflected light from the fingertip was
collected using the collection fiber with the other end
connected to a high-resolution spectrometer (Avaspec UL 3648,
wavelength range: 200-1100 nm, Avantes, The Netherlands) for
detection (Fig. 1). The measurements were performed at a 5
mm distance from the fingertip. Since the finger size of each
subject varies, in order to maintain the 5 mm distance between
the fiber probe and fingertip of each subject, the fiber probe
was fixed on an adjustable stand (shown in Fig. 1).
Furthermore, to avoid errors in the collection of diffuse
reflected light due to the motion of a fingertip, the subjects
remained at rest in a sitting position for 5 minutes and then
the measurement was performed on the subjects’ index
fingertip resting on a fixed table. In total, 91 healthy subjects of
male and female genders having ages between 22 to 51 years
old were selected and tested. Furthermore, for the age variation
blood oxygenation monitoring study, these 91 healthy subjects
were categorized into 5 age groups (20-24 years, 25-29 years,
30-34 years, 35-39 years, and above 40 years). Precautions for
having male and female genders in each age group were taken
for the age variation blood oxygenation monitoring study.

The raw spectra were processed to compute the diffuse
reflectance spectra corrected for stray light and light source
emission spectra. The measurements were carried out under
constant conditions of minimized environmental stray light,
under normal physiological conditions. In order to get
sufficient data for further statistical analysis, 150 diffuse
reflectance spectra were collected from each subject under
the same experimental conditions; however, the first 10
spectra were not considered during the data analysis. Each
measurement was repeated three times (n = 3). This study
was approved by the Institutional Ethical Committee (IEC) of
CSIR-Central Scientific Instruments Organisation, India
(approval no. IEC/CSIO/2020). The experiments were
performed in accordance with relevant guidelines and
regulations. Before measurement, health parameters such as
heartbeat, oxygen saturation, and blood pressure of the

Adjustable
Monitoring System Avaspec: 3640 ey
6¥S Spectrometer -
Bifurcated Fiber
00 Probe
HL-2000-FHSA
_" Index Fingentip

Light Source

O Hllumination Fiber
. @ Collection Fiber
Fig. 1 Schematics of the experimental setup used for diffuse

reflectance measurement from the index fingertip of a healthy subject.
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subject were measured with the help of a pulse oximeter (Dr.
Trust, Nureca Inc. USA) and blood pressure unit (HEM-8712,
Omron, Kyoto, Japan), respectively.

Blood oxygenation calculation

The diffuse reflectance spectra of the subjects were measured
as a function of visible wavelengths over a broad range from
A =400 nm to A = 700 nm. Three adjacent wavelengths 1, 4;,
and 1;,; were selected to deduce equations that allowed us to
retrieve the local volume fractions of reduced hemoglobin/
oxyhemoglobin and oxygen saturation. The data processing
method used for the reduced hemoglobin/oxyhemoglobin
concentration and oxygen saturation determinations is
explained elsewhere.'®*”*® Taylor series expansion is used to
build three equations from the measured diffuse reflectance
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to assess differences in ARHb, AHbO,, and ASO, among the
age variation groups. Whenever differences were detected,
Dunn's multiple comparison post hoc test was performed to
identify the age groups that differed from each other. In all
statistical tests, a ‘p-value’ less than 0.05 was considered
statistically significant. The data were processed and analysed
using OriginPro, Version 2020 software.

Results
Blood oxygenation measured from a human fingertip

Fig. 2 shows the measured diffuse reflectance spectra and
derived RHb, HbO,, and SO, in arbitrary units measured
from the diffuse reflectance spectra of subject number 12.
The observed reduced hemoglobin/oxyhemoglobin

spectra for three adjacent wavelengths 2o, 4;, and 2,.'**"*® concentrations show relative trends (Fig. 2b-d).*® The
Rd (%) = Rd(%) + % { rotn (Ko sole) * i o) ) + o0, (astoo, () * Moo, (o) ) } ®

a
reproducibility =~ of the reduced hemoglobin and
R {R(71) = R(%0) } X Mty o, = {R(22) = R(%0) } X Mty v, oxyhemoglobin measurements (from 150 spectra of three sets
I CRHED = ' ~ of recordings (n = 3)) is shown with error bars in Fig. 2(b-d
e {Aﬂl‘RHb X Bt 100, = Moty XAﬂLHbOZ} for subjectglz.( Smal)l) deviations are observed in thegred(uce(i
(2) hemoglobin and oxyhemoglobin concentrations. This small
deviation is likely from biological artefacts. Furthermore,
ECHbO :_{R(j'l)_R(;“O)}XAﬂZ,RHb + {R(42) ~R(%0) } X Mty gy similar trends are observed for the reduced hemoglobin/
oL, : { My 1m0, X D ret — M 1o, ¥ Aﬂz.RHb} oxyhemoglobin concentration measurements from all the
' ' ' subjects. Relatively good oxyhemoglobin has been reported
(3) from the index fingertip as the palm of the hand's vascular
50, — 4 1 ‘ () System has a high content of capillary beds;*"** thus, the
(RUh1) ~R(0)) Mtz o, = (R(2) ~RUo)) Mt sivo, overall perfusion and vascularization is high. Studies have

1+ ~(R(41) = R(20)) Aty gy, + (R(22) = R(Z0)) Mty gy

where Rd(4,;) - diffuse reflectance measured at wavelength A;

aBTIZCRHb and %CHbOZ are the relative volume fractions of

reduced hemoglobin and oxyhemoglobin; and SO, is the
oxygen saturation. Meanwhile, #, rub(z) and fa mbo,(,) are the
absorption coefficients of reduced and oxygenated
hemoglobin at wavelength /; respectively. The terms Ay rup
and Ay, rup are used for the absorption difference between
wavelengths (11, 4o), and (1,, o) respectively, measured for
reduced hemoglobin. Similarly, the terms Auq o, and
Mt o, are used for the absorption difference for
oxyhemoglobin. Three adjacent wavelengths A, = 618 nm, 4, =
628 nm and /, = 638 nm were used for signal analysis.***°

Statistical analysis

The local volume fractions of RHb, HbO,, and SO, values
were derived from each measured spectra using eqn (2)-(4),
respectively. For the gender and age variation study, the
ARHb, AHbO,, and ASO, values were calculated from the
obtained RHb, HbO,, and SO,, respectively, for each subject.
To compare the ARHb, AHbO,, and ASO, between the male
and female groups, the Mann-Whitney U test was performed.
Furthermore, the Kruskal-Wallis ANOVA test was carried out

1238 | Sens. Diagn., 2022, 1,1236-1242

reported that most of the blood (around 77%) is found in
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Fig. 2 (a) Measured diffuse reflectance spectra; (b) reduced
hemoglobin, (c) oxyhemoglobin, and (d) oxygen saturation

concentration derived from the measured diffuse reflectance spectra
of subject 12 (n = 3).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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capillary beds and small venules.**** Therefore, the fingertip
selected for this Further, the
measurements showed that the diffuse reflectance spectra of
the subject may vary. The optical response of the fingertip/
any tissue strongly depends upon the blood and its relevant
parameters such as oxygenation and hematocrit values.""*®
Therefore, the perfusion rate and localized blood volume
could be the reason for the variation in spectral behaviour.

was measurement.

Gender analysis for the identified parameters

The ARHb, AHbO,, and ASO, for the female (z = 36) and
male (n = 55) healthy subject groups are shown in Fig. 3. We
found that female subjects have a significantly larger ARHb
than male subjects (Fig. 3a, medians = 0.360 and 0.126, for
females and males respectively, U = 122, n1 = 36, n2 =55, p <
0.001; Mann-Whitney U test). In contrast, male subjects have
a significantly larger AHbO, than female subjects (Fig. 3b,
medians = 0.531 and 0.875, for females and males
respectively, U = 1887, n1 = 36, n2 = 55, p < 0.001; Mann-
Whitney U test). These observations are also supported by the
literature; reported values show that adult females have an
approximately 12% lower mean hemoglobin concentration in
their body than adult males.**> This could be the reason for
the lower oxyhemoglobin concentrations in the female
subjects than in the male subjects.

However, ASO, values measured from female subjects are
significantly higher than those from male subjects (Fig. 3c,
medians = 0.642 and 0.604, for females and males
respectively, U = 1204, nl1 = 36, n2 = 55, p < 0.05; Mann-
Whitney U test). The measured average SO, values (%) with
the pulse oximeter (Dr. Trust, Nureca Inc. USA) from the
fingertip of the female and male subjects are 98.94 + 0.67
and 98.40 + 0.60, respectively (shown in Fig. S1 in the ESIf}).
The measured trend is in agreement with our obtained trend.
Furthermore, this finding is also consistent with the
literature, which reports that healthy young female adults
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Fig. 3 Box plots comparing the relative change in (a) reduced
hemoglobin (ARHb), (b) oxyhemoglobin (AHbO,), and (c) oxygen
saturation (ASO,) for female and male subjects, respectively.
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have a higher (1.5%) SO, than their male counterparts.*® The
reason for the high SO, value in females could be that
females have smaller conducting airways than males. This
may cause a reduction in dead space in female lungs as
compared to male lungs of a matching size.’® Thus, lower
dead space may support efficient oxygen exchange and higher
SO, concentration in females as compared to males.

Age analysis for the identified parameters

Table 1 shows the number of subjects for different age
groups used in this study.

Age variation comparisons of the relative changes in
reduced hemoglobin, oxyhemoglobin and oxygen saturation
for the age groups A = 20-24 years, B = 25-29 years, C = 30-
34 years, D = 35-39 years, and E = above 40 years are shown
in Fig. 4. The Kruskal-Wallis ANOVA test was performed and
significant differences in ARHb, AHbO, and ASO, were found
with age variation (x> (4) = 39.78, n = 5, p < 0.001; x> (4) =
41.69,n =5, p < 0.001; and y” (4) = 33.78, n = 5, p < 0.001 for
ARHD, AHDO,, and ASO,, respectively). After confirmation of
the statistical difference of ARHb, AHbO, and ASO, from the
Kruskal-Wallis ANOVA test, Dunn's multiple comparison post
hoc test was performed to identify the age groups that
differed from each other. It was observed that ARHb shows a
significantly increasing trend with age (Fig. 4a: n = 14,
median = 0.172, IQR = 0.103-0.277; n = 32, median = 0.260,
IQR = 0.182-0.285; n = 22, median = 0.329, IQR = 0.220-
0.450; n = 11, median = 0.421, IQR = 0.321-0.522; and n = 12,
median = 0.522, IQR = 0.457-0.583 for age groups A-E,
respectively: Dunn's multiple comparison post hoc test p <
0.05). In contrast, AHbO, shows a significantly decreasing
trend with age (Fig. 4b: n = 14, median = 0.787, IQR = 722-
0.887; n = 32, median = 0.740, IQR = 0.714-0.817; n = 22,
median = 0.645, IQR = 0.556-0.672; n = 11, median = 0.578,
IQR = 0.477-0.678 and n = 12, median = 0.477, IQR = 0.416-
0.542 for age groups A-E, respectively: Dunn's multiple
comparison post hoc test p < 0.05).

Furthermore, ASO, shows a significantly decreasing trend
with age; however, age groups A and B (p = 0.585) and C and
D (p = 0.571) have shown no significant difference (Fig. 4c: n
= 14, median = 0.599, IQR = 0.496-0.682; n = 32, median =
0.595, IQR = 0.540-0.608; n = 22, median = 0.498, IQR
0.439-0.512; n = 11, median = 0.486, IQR = 0.436-0.514; and
n = 12, median = 0.363, IQR = 0.296-0.420 for age groups A-
E, respectively: Dunn's multiple comparison post hoc test p <
0.05). Dunn's multiple comparison post hoc test statistics for

Table 1 Number of subjects in each age group

S. No. Age group (years) Number of subjects (1)
1 A =20-24 14
2 B =25-29 32
3 C =30-34 22
4 D =35-39 11
5 E = above 40 12

Sens. Diagn., 2022, 1,1236-1242 | 1239
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Fig. 4 Box plots comparing the relative change in (a) reduced
hemoglobin (ARHb), (b) oxyhemoglobin (AHbO;), and (c) oxygen
saturation (ASO,) measured from healthy subjects of different age
groups (A = 20-24 years, B = 25-29 years, C = 30-34 years, D = 35-39
years, and E = above 40 years).

the age variation study of ARHb, AHbO, and ASO, are given
in the ESI (Table S1). In addition, the measured average SO,
values (%) with the pulse oximeter for the different age
groups A-E are 99.07 £ 0.62; 98.56 + 0.61; 98.50 + 0.67; 98.45
+ 0.52 and 98.40 + 0.66, respectively (shown in Fig. S2 in the
ESIt), and in agreement with our obtained trend.

These observations are also in agreement with the
literature which reports that with an increase in age, the
hemoglobin concentration in subjects decreases.””” The
reason for the decrease in hemoglobin could be reduced
hematopoietic activity with an increase in age, a decrease in
bone marrow cellularity of up to 50% in individuals beyond
the age of 60 years, and a significant reduction in peripheral
blood counts.”*** Similarly, the decrease in oxygen
saturation with increasing age can be associated with
variation in the effect of aging on lung function.’® Chest wall
compliance and increasing air trapping are associated with
aging. Further, progressive reduction of vital capacity with an
increase of residual volume, a reduction of pulmonary
compliance, an increase in uneven ventilation, increasing
arterial stiffness, and a reduced diffusing capacity may also
affect the decrease in oxygen saturation with an increase in
age.’®! In addition, our obtained trend in Fig. 5(c) ie.,
decrease in oxygen saturation with increase in age is also in
agreement with the study of Sharma G. and Goodwin ].*?
(1981).

Discussion

This study demonstrates the feasibility of diffuse reflectance
spectroscopy for non-invasive optical monitoring of RHDb,
HbO,, and SO, from the index fingertips of 91 human
subjects. RHb and HbO, are governed by different perfusion
rates and localized blood volumes which are further used to

1240 | Sens. Diagn., 2022, 1,1236-1242
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deduce the SO,. Although the measurements showed that the
diffuse reflectance spectra of each subject are different, a
similar trend of reduced hemoglobin/oxyhemoglobin
concentrations is observed from all 91 measured subjects. In
gender analysis, female subjects (36 subjects) have shown a
comparatively higher ARHb than male subjects (55 subjects)
measured from the median values while male subjects have a
higher AHbO, than female subjects measured under normal
physiological conditions. These observations are consistent
with the literature; reported values show that adult females
have approximately 12% lower mean hemoglobin
concentrations in their body than adult males.* The ASO,
measured from females is slightly higher than the values
measured from males. This observation is consistent with
the literature, which reports that healthy young female adults
have a higher (1.5%) SO, than their male counterparts.*®*!
In the age variation study, we observed that with an increase
in age, the trend of ARHb increases while that of AHbO,
decreases. These observations are consistent with the
literature, which reports that with an increase in age, the
hemoglobin concentrations in male and female subjects
decrease.” Furthermore, with an increase in age, the ASO,
also decreases.

Researchers have used various DRS-based approaches for
monitoring the average blood oxygenation state for various
applications. Feather et al. used the logarithmic inverse of
diffuse reflectance signals to monitor skin pigments.*®
Stratonnikov et al. have used Taylor series expansion of DRS
attenuated signals to monitor finger occlusion by oxygen
saturation and hemoglobin concentration (HbT).** Knoefel
et al. used linear square fit approximation by converting DR
signals into apparent absorbance to measure the oxygen
saturation for monitoring the pancreatic microcirculation.®
Subash et al. used the diffuse reflectance intensity ratio of
oxyhemoglobin  bands  (R540/R575) for determining
malignant lesions and normal mucosa of the oral cavity.*®
Anand et al used a similar ratiometric approach with
oxyhemoglobin bands (R542/R580) and oxy- and deoxy-
hemoglobin bands (R580/R555) for the assessment of foot
ulcer healing.>” Bachir et al. used the second derivative of
diffuse reflectance to measure tissue oxygen saturation (StO,)
for estimating tissue hypoxia.”” All these DRS-based
approaches monitor the average blood oxygenation state
based on the alterations in blood oxygenation level and
perfusion. In the same line, the presented DRS method gives
an alternative approach to monitor age- and gender-wise
variations in blood oxygenation parameters. This method
provides real-time information on reduced hemoglobin,
oxyhemoglobin, and oxygen saturation from the localized
vascular beds of the human fingertips. In addition, this
method is also able to resolve the relative local blood volume
fraction of reduced hemoglobin/oxyhemoglobin within the
bulk of highly scattering tissue media.

The cognitions of the work could be the foundation for
further research of clinical diagnostic tools related to tissue
oxygenation. These findings could improve clinical diagnosis,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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treatment of COVID-19 patients, non-invasive rapid
assessment of tissue oxyhemoglobin concentration during
fluid replacement, assessment of haemorrhaging, and
hemoglobin-based blood substitution. Furthermore, these
findings and the proposed blood oxygenation monitoring
approach can be used for the assessment of reconstituted
blood supply in free and pedicle flaps (organ implantations),
diabetic foot ulcer treatment and assessment, and cancer
diagnostics as well as PDT treatments. Although the non-
invasive broadband diffuse reflectance spectroscopy can
monitor the relative change in reduced and oxygenated blood
concentrations from human tissues, some study limitations
should be noted. The current blood oxygenation monitoring
prototype is limited to a single source-detector. Therefore,
some measurements could be influenced by strong
absorption (blood vessels) or scattering inhomogeneities. The
oxygen saturation values measured from the skin are affected
to some degree by a number of relative differences that might
occur in the amount of vasodilation or vasoconstriction due
to instantaneous physiological changes in the upper limb.
Moreover, the lower limb was not included in this study.
Further studies could be extended to the lower limb with the
toe as the location for blood oxygenation measurement,
which could help to understand the oxygen saturation in
tissues of diabetes patients to estimate the potential of early
ulcer development.

Conclusions

In conclusion, the preliminary result shows that the proposed
diffuse reflectance spectroscopy-based approach can sensibly
monitor relative changes in local blood oxygenation
parameters such as RHb, HbO,, and SO, from the fingertips
of human subjects. The gender and age variation study found
different concentration trends of blood oxygenation. In the
gender study, the female subjects have shown a significantly
higher ARHb than the male subjects (p < 0.001). However,
the female subjects have a lower AHDbO, than the male
subjects (p < 0.001). Furthermore, females have shown a
slightly higher ASO, than the male subjects (p < 0.05). The
age variation study concludes that with an increase in age,
ARHD is significantly found to increase, while AHbO, and
ASO, gradually decrease (p < 0.05). The obtained results
suggest that the proposed approach of diffuse reflectance
spectroscopy could be used to improve non-invasive
diagnosis, and rapid assessment of tissue oxyhemoglobin
concentration required by emergency & rescue teams as well
as by ICUs. However, further studies will need to confirm the
potential clinical applicability and accuracy of the technique
for various health complications that are related to blood
oxygenation variations.
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