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Abstract. Hemoglobin (Hb), as one of main components of blood, has a unique quaternary structure. lts release of
oxygen is controlled by oxygen partial pressure (PO,). We investigate the specific spectroscopic changes in Hb
under different PO, levels to optimize clinical methods of measuring tissue PO,. The transmissivity of Hb under
different PO, levels is measured with a UV/Vis fiber optic spectrometer. Its plotted absorption spectral curve shows
two high absorption peaks at 540 and 576 nm and an absorption valley at 560 nm when PO, is higher than 100 mm
Hg. The two high absorption peaks decrease gradually with a decrease in PO,, whereas the absorption valley at
560 nm increases. When PO, decreases to approximately 0 mm Hg, the two high absorption peaks disappear
completely, while the absorption valley has a hypochromic shift (8 to 10 nm) and forms a specific high absorption
peak at approximately 550 nm. The same phenomena can be observed in visible reflectance spectra of finger-tip
microcirculation. Specific changes in extinction coefficient and absorption spectra of Hb occur along with varia-
tions in PO,, which could be used to explain pathological changes caused by tissue hypoxia and for early detection
of oxygen deficiency diseases in clinical monitoring. © 2012 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1
JBO.17.12.125002]
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1 Introduction

Hemoglobin (Hb) is an important biomolecule that transports O,
and CO, in vertebrates. Human Hb (HbA), which has an a, — f3,
tetramer structure and exhibits positive cooperativity in oxygen
binding, has been extensively investigated using various meth-
ods.! X-ray crystallographic studies have demonstrated the pre-
sence of two quaternary structures of Hb, namely, the T (tense)
and R (relaxed) states, which correspond to low- and high-
affinity states, respectively,”* and whose typical structures are
known as deoxy-Hb and oxy-Hb. As the main conformation
of deoxy-Hb, the T state has a lower affinity with oxygen com-
pared with the R state. The oxygen binding of Hb is cooperative
—in terms of a reversible transition between the two quaternary
structures, the switching of which takes place at a certain num-
ber of bound ligands.*° Hb is a type of allosteric protein that can
regulate its biological activity through interactions between sub-
units, making binding easier when oxygen molecules have
already combined.”'* The positive cooperativity in oxygen
binding makes it possible to transport oxygen effectively in vivo.

The state of Hb is determined by oxygen partial pressure
(PO,: the tension force that is caused by the dissolved oxygen)
levels. The fractional saturation of the hemoglobin (Y) is
approximately 0.97 in the pulmonary alveoli, whose PO, is
100 mm Hg, while the Y is approximately 0.25 in the capillaries
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of working muscles, whose PO, is 20 mm Hg."> The combina-
tion of the first oxygen molecule with a subunit triggers a struc-
tural change in the globin, which makes it easier to select the
next oxygen molecule. When blood flows to organs with low
levels of PO,, Hbs with high levels of oxygen saturation (the
volume ratio between the oxy-hemoglobin and the effective
hemoglobin, which is mainly decided by the oxygen partial
pressure) begin to release oxygen molecules. The release of
the first oxygen molecule alters the structure of the tetramers,
thereby easily setting the other oxygen molecules free,'® which
results in an increase in the concentration of deoxy-Hb.

The clinical manifestation of the tissue hypoxia (which
mainly refers to the hypotonic hypoxia and circulatory hypoxia)
is an increase in deoxy-Hb concentration and induces a series of
physiological and pathological phenomena, in which cyanosis is
one of the most common forms. When the deoxy-Hb concen-
tration of the human blood capillary is more than 50 g/L, a
bluish discoloration of the skin and mucous membranes may
appear because of the inadequate oxygenation of the blood,"”
which could be observed in areas that have thinner skin, less
pigmentation, and sufficient blood capillaries, such as the lips,
apex nasi, genal region, auricle, and tips of the fingers or toes.
Cyanosis is dependent on an absolute amount of reduced Hb
present in the capillary bed.

Factors that can lead to the low binding rate of oxygen mole-
cules to Hb in the blood may cause cyanosis. Apart from these,
many other accompanying symptoms could also be monitored.
Among these are expiratory dyspnea, which occurs
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predominantly in cardiopulmonary diseases; acropachy, which
is always seen in congenital heart diseases of the cyanotic
types; and disturbance of consciousness, which always occurs
in drug or chemical poisoning, shock, respiratory failure, and
severe cardiac dysfunction.'®!

Venous blood and arterial blood differ essentially in their
PO, levels, with the PO, values being approximately 37 to
40 mm Hg and 80 to 110 mm Hg, respectively. The Hb oxygen
saturation levels of venous blood and arterial blood correspond
to approximately 64% and 96%, respectively.”’ Normally,
because arterial blood is bright red and venous blood is dark
red, differences between them can be identified by a variation
in color that is observable by the naked eye.

The methods used to detect the level of oxygen supply in the
clinical treatment could fall into two major categories: the elec-
trochemistry method and the optical method. Although they use
different principles, the measuring results of the two methods
represent the oxygen saturation of the arterial blood. The mea-
surement procedure of the electrochemical method is arterial
blood sampling by artery puncturing or intubation and then elec-
trochemical analysis with the blood gas analyzer. Though the
measuring results are relatively accurate, the patient must be suf-
fering and can’t realize the continuous monitoring. Compared
with the electrochemistry method, the optical method is much
more widely used for its continuous nondestructive measuring
features, and finger cot oxygen saturation is one of the most
typical examples. The measuring principle of it is based on
the fact that the light absorption amount of the arterial blood
changes along with the arteriopalmus. It regards the light of
660 and 940 nm as the incident light and calculates the
blood oxygen saturation by measuring the light transmission
intensity of the organization. In addition to these, there are
many other near-infrared tissue oximeters being researched,
such as spatially resolved spectroscopy and time-resolved spec-
troscopy. Because of the strong tissue-penetrating ability of
near-infrared spectroscopy, these methods are always used in
the deep tissue, such as the detection of the oxygen supply levels
of the brain and muscles.? ™ The current techniques for PO,
measurement include the oxygen electrode method (such as
the oxygen surface electrode and the polarographic needle oxy-
gen electrode) and the fiber optic oxygen sensor. The oxygen
electrode method has been widely used in the industry and agri-
culture, and it could realize the PO, detection of multi-layer tis-
sues in scientific experiments by changing the penetration
depth,26 but it has not been used in clinical PO, detection,
because the results are obtained by inserting the electrode
into the tissue. The fiber optic oxygen sensor could detect
the PO, by using the fluorescence of the ruthenium complex,
because the degree of the fluorescence quenching is associated
with the oxygen concentration or the PO, level in the film. This
method could detect the dissolved oxygen and the PO, of the
atmosphere, but it has not been used in clinical tissue PO, detec-
tion, because of its high traumatic feature.

In summary, variations in PO, in organs will ultimately be
reflected by specific color changes, even though they are some-
times not observable by the naked eye. Based on this, the rela-
tionship between specific spectral changes in tissue and the
related PO, levels warrants detection, which makes it possible
to estimate the PO, simply by measuring spectroscopic altera-
tions in the tissue. This study would provide a strong foundation
for further investigation of the proposed method for painless and
harmless early detection of oxygen deficiency diseases.
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2 Materials and Methods

2.1 Separation and Purification of Hb

Blood was extracted from volunteers with HbA via anticoagu-
lant treatment with Liquaemin Sodium (Xin Rui Biological
Technology Company, Shanghai, China). Samples were centri-
fuged at 1,500 rpm and 4°C for 10 min to remove upper white
blood cells and soterocyte, and then washed with 0.145 mol/L
normal saline at the rate of 1:1 three times. Hb was obtained by
mixing with tetrachloride and double distilled water at the pro-
portion of 1:0.4:1 and centrifugation at 3,000 rpm for 10 min
after 30 min of shaking. The upper liquid was specifically
sampled. The hemoglobin was extracted to reduce the interfer-
ence from the scattering effects of the red cell suspension during
the experiment. The concentration of the Hb solution was mea-
sured using the HiCN method.

2.2 Control of PO,

PO, was controlled by stabilizing the fluid flow of N, in
500 ml/ min and regulating the flow of O, after the internal
air of the whole container was replaced with N, as shown in
Fig. 1. The PO, value of the Hb solution was measured with an
Oxi3310 dissolved oxygen meter (WTW Company, Germany)
(measurement range = 0 — 199.9 mbar). The data could be
read automatically, which made it easier to read the PO,
value when the O, flow changed.

2.3 Measurement of the Absorption Spectra and
Extinction Coefficients

The transmitted spectra of Hb under different PO, levels were
measured by setting the transmissivity of PBS (0.01 mol/L) at
100%, and Hb samples were prepared by diluting the extracted
Hb with 0.01 mol/L PBS (pH 7.4) at the rate of 1:199. The pri-
mary equipment used to detect the transmitted spectra of Hb was
a USB4000 UV/VIS fiber optic spectrometer and a T300-RT-UV-
VIS transmission dip probe (American Ocean Optics). LS-1
Tungsten Halogen Light Source (American Ocean Optics)
(wavelength 360 to 2,000 nm) was used as the excitation light
source, and it was switched on approximately 1 min before
the detection step to guarantee the stability of the spectra. The
platform and accessories were connected by optic fiber. The para-
meters for the detection step were set as follows: integration time
(the time required for the optic spectrometer to complete a full
scanning), 3.7 ms; average times, 10; and flatness, 5. The gas
tightness of the equipment was checked before the experiment,
and the natural light was shielded.

When the solution is irradiated by a cluster of monochrome
incident light with known strength, some light is absorbed,
whereas other light goes through the solution. The relationship
between the absorption ratio (A) and transmissivity (7') can be
described as

A=-1gT.

Extinction coefficients represent the degree of attenuation of
electromagnetic waves that is equal to the relative attenuation
value caused by absorption and scattering when the electromag-
netic waves spread in the medium for unit distance. The extinc-
tion coefficient (¢) of Hb solution can be expressed as

e=A/(bc),
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where b is the optical path length, and c is the concentration of
the Hb solution. To reduce the interference from scattering
effects of the red cell suspension, the hemoglobin was measured
in vitro. The optical path length was decided by the thickness of
the hemoglobin solution, which was 4 mm in this experiment.

2.4 Measurement of the Reflectance Spectra of the
Human Nail Fold Under Ischemic Conditions

The reflectance spectra of the nail folds of 10 healthy adults
were detected to determine whether the specific relationship
between spectroscopic changes and the related PO, discovered
in the Hb solution could be applied in tissue. As shown in Fig. 2,
the LS-1 Tungsten Halogen Light was used as the equal-energy
source, and the WS-1 standard reflection version (American
Ocean Optics) was used to normalize it, with its reflectivity
defined as 100%. An R400-7 reflection probe (American
Ocean Optics) (wavelength coverage = 250 to 800 nm) was
used to collect the visible reflectance spectra of the nail folds
by irradiating it to the nail folds vertically. As emotion, exercise,
smoking, and drinking all affect skin temperature, which might
ultimately influence the reflectance spectra of tissues, the sub-
jects who volunteered to participate in this study were asked to
relax for 10 to 20 min before the measurements to keep their
breathing even and moods stable. The subjects were asked to
place their hands flat at the same level as their heart, and contact
between the skin and the probe was set such that a squeezing
effect did not occur to avoid any unnecessary influence caused
by different contact pressures.”’-?® Meanwhile, the ischemic con-
ditions of the nail folds were constructed by pressurizing the
femoral vein to maintain the pressure at the level of 40 mm
Hg higher than the systolic blood pressure of the healthy adults.
Data were recorded every 3 s until the subjects’ fingers began to
feel numb, during which the room temperature was kept within a
range of 23 to 25°C, and interference from natural or irradiation
light was avoided. This experiment has strictly followed the
requirements of the Institutional Review Board, which has
been approved it. The volunteers who participated in this
study all gave informed consent, and no volunteers were harmed
during this experiment.

3 Results

3.1 Variation in the Extinction Coefficient Curve of
Hb Under PO, in Normal Atmosphere

Figure 3 shows the extinction coefficient curve of Hb under PO,
in normal atmosphere, in which two specific high peaks at 540
and 576 nm and a specific valley at 560 nm can be observed.
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Fig. 2 The visual reflective spectral system.

The extinction coefficient value of the high peaks was approxi-
mately 0.875 L/g*cm, whereas that of the valley was approxi-
mately 0.55 L/g*cm. In addition, a higher extinction coefficient
value within the range of 380 to 420 nm was detected. When the
wavelength was higher than 600 nm, the extinction coefficient
of the Hb tended toward 0 L/g*cm.

3.2 Changes in the Absorption Spectra of
Hb Under Difterent PO, Levels

The absorption spectra of Hb changed regularly when PO,
decreased from more than 100 to O mm Hg (Fig. 4). When
PO, was higher than 100 mm Hg, three characteristic absorption
bands were detected at 540, 560, and 576 nm. The absorption
ratios at 540 and 576 nm were approximately 61.5% and 62%,
respectively, forming two high absorption spectral peaks,
whereas the absorption ratio at 560 nm was approximately
48.5% and constituted a specific absorption valley. Along
with a decrease in PO,, the two high absorption spectral
peaks decreased gradually, whereas the absorption valley at
560 nm increased. When PO, was reduced to approximately
0 mm Hg, the two high absorption spectral peaks disappeared
completely, whereas the absorption spectral valley had a hypo-
chromic shift of 8 to 10 nm and formed a specific high absorp-
tion spectral peak at approximately 550 nm, with an absorption
ratio of approximately 58.5%.

3.3 Variation in the Absorption Spectra of Hb at
Fixed Wavelengths When PO, Changed

Figure 5 shows the absorption spectra of Hb observed at 540,
560, and 576 nm when PO, decreased from higher than 100 to
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Fig. 1 Device used to detect the transmitted spectra of Hb under different PO, levels. The equipment was composed of three parts: gas output reg-

ulation, a miniature culture dish, and spectrum acquisition.
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Fig. 3 Extinction coefficient curve of Hb under PO, in normal
atmosphere.

0 mm Hg. The maximum absorption ratios at 540 and 576 nm
were approximately 61% and 61.9%, respectively, whereas the
minimum value at 560 nm was approximately 48%. The varia-
tion in the absorption spectrum of Hb at 560 nm was much smal-
ler when PO, was within the range of 60 to more than 100 mm
Hg, whereas the absorption spectra at 540 and 576 nm decreased
slowly when PO, decreased from higher than 100 to 55 mm Hg.
With a further decrease in PO,, the absorption spectra at 540 and
576 nm began to descend, whereas that at 560 nm began to
ascend. When PO, was reduced to approximately 0 mm Hg,
the minimum values of the absorption ratios at 540 and
576 nm appeared, which were approximately 54% and 52%,
respectively, whereas the absorption ratio at 560 nm achieved
its maximum value of approximately 57.5%. In the process
of PO, decreasing from higher than 100 to 0 mm Hg, the varia-
tion range of the absorption spectrum at 576 nm was much lar-
ger than that of the absorption spectra at 540 and 560 nm,
indicating that the absorption spectrum at 576 nm was much
more sensitive to alterations in PO,. The curve-fitting results
between the absorption ratios of hemoglobin at 540, 560, and
576 nm and their related PO, levels are shown in Fig. 6. The
coefficients of determination (R? ) of the three were 0.9952,
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Fig. 4 Changes in the absorption spectra of Hb when the PO, decreases
from higher than 100 mm Hg to approximately 0 mm Hg.
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Fig. 5 Variation in the absorption spectra of Hb at fixed wavelengths
(540, 560, and 576 nm) when PO, decreases from higher than
100 mm Hg to approximately 0 mm Hg.

0.9949, and 0.9928, respectively, indicating that the curve
had a good fit to the data, which could testify to the feasibility
of PO, detection by measuring its absorption spectra.

3.4 Variation in the Reflectance Spectra of the
Nail Fold Under Ischemic Conditions

Specific changes in the reflectance spectra of the microcircula-
tion under ischemic conditions were observed by detecting the
reflectance spectra of the nail fold. Because all subjects demon-
strated the same characteristics of spectra during ischemia and
only £2.5% deviation in the reflection spectra, the spectra curve
(Fig. 7) was plotted with the median of the 10 sets. Two specific
reflectance valleys at 540 and 576 nm and a high reflectance
spectral peak at 560 nm were detected. With an increase in
the ischemia time, the PO, of the nail fold began to decrease,
and the reflectance spectra at 540, 560, and 576 nm completely
increased, during which the rising degrees at 540 and 576 nm
were much larger than that at 560 nm. At approximately 100 s,
the specific reflectance valleys at 540 and 576 nm disappeared
completely, whereas the high reflectance spectral peak at
560 nm had a hypochromic shift of 8 to 10 nm, which resulted
in the appearance of a reflectance spectral valley at approxi-
mately 550 nm.

The +2.5% deviation in the reflection spectra and the £10 s
deviation in the tolerant times can be attributed to the different
characteristics of the subjects.

4 Discussion

Research on non-invasive continuous monitoring methods for
vascular oxygen supply dates to before World War II and has
developed rapidly because of the demands of military aviation.
Whatever the cause of diseases, the death of patients is ulti-
mately caused by the lack of oxygen transported to the brain
and heart. Thus, continuous monitoring of tissue oxygen supply
is a terrifying race against time, which is also why oxygen sup-
ply should be measured during clinical treatments. In recent
years, with the development of clinical care, the importance
of tissue oxygen supply monitoring has been increasingly recog-
nized, and finger cot oxygen saturation testing is one of the most
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Fig. 6 The curve-fitting results between the absorption ratios of the
hemoglobin and their related PO, levels. (a), (b), (c) indicate the
curve-fitting results between the absorption ratios of hemoglobin at
540, 560, and 576 nm and their related PO, levels.

widely used methods for continuous monitoring of tissue oxy-
gen supply in clinical applications.

As we have expected, a specific relationship between the
color appearance and PO, of the Hb solution in vitro exists.
The absorption spectra of Hb under different PO, levels showed
a specific variation tendency of absorption spectra of Hb when
PO, decreased from higher than 100 to 0 mm Hg, in which the
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Fig. 7 Variation in the reflectance spectra of the nail fold under
ischemic conditions, in which the decrease of the PO, is represented
by the increasing of the pressurization time.

absorption ratio of Hb at given wavelengths changed regularly
as the PO, changed. At particular wavelengths, such as 540 or
576 nm, when PO, decreased from higher than 100 to 0 mm Hg,
exactly one spectral absorption coefficient value corresponded
with the PO, of Hb (Figs. 4 and 5), which made it possible to
detect the PO, of Hb by simply measuring its absorption ratio at
given wavelengths. When tissue was irradiated by equal-energy
light, some light went through or was absorbed by the object,
whereas the rest was scatter-reflected by it. As some tissues are
non-transparent bodies and the light intensity that goes through
tissues is too weak to be taken into account, the variation ten-
dency of the reflectance spectra is opposite that of the absorption
spectra of the tissues. Therefore, the validation experiment per-
formed by measuring the reflectance spectra of the nail folds
confirmed the feasibility of this corollary on the other side:
With an increase in the ischemia time (corresponding to a
decrease in tissue PO,), the reflectance ratios at 540 and
576 nm for the microcirculation system increased regularly
(Fig. 7) and corresponded to the reductions in the absorption
ratio of Hb (Figs. 4 and 5).

The absorption spectra of Hb under different PO, levels
showed that the absorption spectral valley at approximately
560 nm had a hypochromic shift of 8 to 10 nm when PO,
decreased from higher than 100 to 0 mm Hg, which accounts
for the colorimetric difference between arterial blood and
venous blood.

The dominating research objects of the specific extinction
coefficient peaks were the two within the range of 492 to
577 nm, in spite of the existence of a more apparent peak within
380 to 420 nm. This can be primarily explained by the fact that
the weighting coefficient of the range of 492 to 577 nm was
hundreds of times larger than that of the other range, although
the extinction coefficient values of the former range were
approximately one-third as large as that of the latter range, as
shown in the weighting tables of CIE tristimulus values.
When the light source is standard illuminant Dgs, the weighting
efficiencies of X,q and Y,y at 400 nm are 0.136 and 0.014,
respectively, whereas the corresponding values at 560 nm are
6.069 and 8.583,% indicating that the range of 492-577-nm
(green wave) light significantly contributes to the color of the
blood compared with the 380-420-nm (violet) light based on
the colorimetric theories.
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In addition, the new detection method could be used to
explain some physiological and pathological phenomena,
with the appearance of cyanosis given as an example. The nor-
mal concentrations of Hb are 110 to 150 g/L in adult females
and 120 to 160 g/L in adult males. Cyanopathy appears when
the concentration of deoxy-Hb in the human capillary is in
excess of 50 g/L and PO, is approximately 40 mm Hg by esti-
mating the oxygen dissociation curve of Hb. The absorption
ratios of Hb at 540, 560, and 576 nm change greatly when
PO, is lower than 40 mm Hg, indicating alterations in quatern-
ary structure, which makes it easier for the oxygen molecules to
dissociate from the Hb subunits. The specific relationship
between the absorption spectra and the PO, of Hb (Fig. 5) sug-
gests that patients might have cyanopathy when the absorption
ratio of Hb at 576 nm is lower than approximately 61%.

Recently, the finger cot oxygen saturation technique has been
increasingly used in clinical tissue oxygen supply monitoring,
the principle of which is fixing the probe on the finger vertically
and regarding the finger as a medium for transparent storage of
Hb, using 660 and 940 nm near-infrared as incident light sources
to measure the light transmission of the organ. Although it
makes it easier to realize clinical tissue oxygen supply monitor-
ing, the finger cot oxygen saturation technique has imperfec-
tions. As blood oxygen saturation is obtained using the
unshrinking artery as the background and the shrinking artery
as the foreground, the measurement results of this method
are nothing but the Hb oxygen saturation of the small arteries
when the vessel constricts. The results of the clinical measure-
ment can show that the finger cot oxygen saturation technique
can only detect oxygen saturation of the arterial blood.*® This
has fatal flaws, such as relative result lags that make it difficult
to evaluate and reflect organ blood oxygen saturation in time.
The principle of the new PO, detection method described in
this study significantly differs from the finger cot oxygen satura-
tion technique, for the changes in tissue PO, during the constric-
tion and dilation of blood vessels could actually be reflected
through the alterations in the specific absorption spectra of
Hb in the capillary bed, which could be realized by detecting
the reflectance spectra of tissue at the Hb-specific absorption
wavelengths.

Because of the strong penetrability of the near infrared light,
the near infrared tissue oximeters (including spatially-resolved
spectroscopy and time-resolved spectroscopy) are always used
to detect the oxygen supply level of the deep tissue (such as
brain and muscles) and could not be used in the detection of
the shallow blood vessels. Both the oxygen electrode method
and the fiber optic oxygen sensor could detect the dissolved oxy-
gen and the PO, of the atmosphere, and the oxygen electrode
method could even realize the tissue PO, detection in scientific
experiments, but neither has been used in clinical PO, detection,
because of their high traumatic feature. For the selection of the
target wavelength (500 to 600 nm), which could arrive at the
capillary layer of the dermis, the new detection method has
its advantage in the PO, detection of the capillary bed in the
shallow organizations, such as lips and nail folds, the detection
of which has certain clinical values in the diagnosis of hypoxia
caused by cardiovascular diseases.

The level of oxygen supply could be determined by detect-
ing the PO, of a particular point in tissue. This would be used
to evaluate cardiovascular disease and other oxygen deficiency
diseases indirectly. In addition, the scope of applicability of the
new method is considerably wider than that of the cot oxygen
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saturation technique, because it could be used in such tissues as
lips, tongue tip, and apex nasi, among others, not only in the
finger.

5 Conclusion

We have plotted the absorption spectra of Hb when the PO,
decreases, and we have analyzed the specific absorption spectra
of the Hb at a given wavelength. The specific relationship
between the absorption ratio of Hb at a given wavelength
and its related PO, has been found, which has established a
foundation for a new method to detect tissue PO, during the
constriction and dilation of blood vessels by detecting the reflec-
tance spectra of tissue. This method has no relative result lags
when compared with the finger cot oxygen saturation. Due to
the conditional restrictions of the experiment, more accurate
absorption ratios when disease occurs could not be obtained
temporarily. Further research should be carried out, including
specific spectral measurements of lip cyanosis for patients
with cardiopulmonary insufficiency.
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