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Analytical Methods

A novel method that uses ANOVA was proposed to the wavelength selection for oximetry, which
can be put into other spectral analysis.
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Abstract—In order to improve the precision and the reliability of the spectral measurement of blood
oxygen saturation, the method of test analysis of variance was employed. We selected the preferred
wavelength combination by the analysis of the coefficient distribution of oximetry from different
wavelength combinations. Calculated by different combinations of wavelengths (660nm and 940nm,
660nm and 805nm, 805nm and 940nm, which are common used.) through the clinical data under
different oxygen saturation, we firstly established the single factor test analysis of variance model
of the oxygen saturation coefficient. Then the relative preferably wavelength combination can be
selected out by comparative analysis of different combinations of wavelengths from the
photoelectric volume pulse to provide a reliable intermediate data for further modeling. The
experiment results showed that the wavelength combination of 660nm and 805nm responded more
significantly to the changes in blood oxygen saturation. The introduced noise and method error are
relatively smaller of this combination than other wavelength combination, which could improve the
measurement accuracy of oximetry. The study applied the test variance analysis to the selection of
wavelength combination in the blood oxygen result measurement, which result is significant. The
study provided a new idea for the blood oxygen measurements and other spectroscopy quantitative
analysis.

Keywords—The analysis of variance; Oximetry; Wavelength selection; Photoplethysmography
(PPG); NIR Spectroscopy; Biomedical optics

INTRODUCTION

In the near-infrared spectroscopy noninvasive measurement of blood components, only blood
oxygen monitoring have been widely used in clinic. The value of human blood oxygen saturation
has a direct relationship with cardiopulmonary function, the respiratory and circulatory system. In
anesthesia, medical care and in the research on the process during exercise and sleep, monitoring
blood oxygen has a very important role *-*.Scholars have done a lot of studies on oxygen detection
48 and a variety of commercial oximeter are sold on the market °. The low radiation attenuation in
the human tissues in the spectral interval [600-1100nml], the so-called therapeutic window, makes
the light of the window to the most potential tool for the blood component noninvasive measurement
10, However, according to the fact that the blood volume changes in the cyclical fluctuation followed
by the heartbeat, different researchers extracted different wavelength combinations from
Photoplethysmography (PPG) for oximetry. Silva ** et al. presented a transmittance pulse oximetry
system based on near-infrared (NIR) laser diodes (750 and 850 nm) for monitoring a wide range of
oxygen saturation levels of arterial blood hemoglobin. Lopez-Silva. *? et al. have been working onto
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the application of near infrared range wavelengths to replace those of the classical pulse oximeter
with the development of laser diodes based sensors, processing algorithms, a calibration procedure.
Meanwhile, the relevant researchers have discussed a series of methods which is used to select the
wavelengths of the visible-near infrared spectral for the measurements of various components in
blood. They have analyzed the wavelength range which can be more effective for spectral
measurements. Zourabian *° et al chose the most optimal wavelengths (the first in the range of 670—
720 nm and the second in the range of 825-925 nm) and discuss the dependence of their
measurements on the fetal position. Mannheimer ** et al found that sensors fabricated with 735 and
890 nm emitters had read more accurately at low saturation under a variety of conditions than
sensors made with conventionally used 660 and 900 nm band emitters from numerical modeling.
Camille *et al. have taken the standard deviation as the indicator, based on the two-dimensional
correlation spectroscopy at the range of 650nm~1000nm, they found that the obtained standard
deviation are the smallest at all the noise levels in a variety of oxygen measurement, when the
wavelength combination the 660nm and 735nm , 660nm and 640nm selected. Uyuklu 6 et al. have
used standard deviation and the variance as an indicator, then observed that the reversible
aggregation of red blood cells is significant around 800nm of the transmission spectrum at
500~900nm. The above analysis method for wavelength selecting is much more complex, and some
researchers selected the wavelengths without a description. Furthermore, no wavelength
combination selected from actual clinical oximetry to be compared and analyze underlying reasons.
Thus, it is of a very important significance to find a suitable method to wavelength selection of
oxygen measurement for further study.

ANOVA 72! (Analysis of Variance) is a method to study the correlation between a number of
factors and an indicator, i.e. the significance level of the impact of factors on the indicator. Single-
factor test is a test that only one factor changes, the other factors remain unchanged. In the tobacco
industry *°, metal smelting ?°, psychological behavior ?* and many other fields of scientific research
and experimental data processing, test analysis of variance has been widely used. However, in the
near-infrared measurement of blood components, analysis of variance test is rarely used for the
analysis and processing of measurement data. A variety of spectral processing methods inevitably
produce the theoretical error, and it is impossible to completely eliminate spectral measurement
noise. Therefore, these errors can be combined as the total random noise ?, we can apply the single
factor analysis of variance model to determine whether the changes in spectral data are really caused
by component concentration.

In the measurement of blood oxygen saturation, two specific wavelengths has been selected to
calculate the intermediate value, oxygen saturation coefficient, then the oxygen saturation value can
be obtained by empirical formulas or fitting methods. In this work, we apply the statistical method
of test analysis of variance to comparatively analyze the significance of oxygen saturation
coefficients, calculated by different wavelength combinations (660nm and 940nm, 660nm and
805nm, 805nm and 940nm). Furthermore, we should analyze the difference of the intermediate
values under the specified wavelength combination of different oxygen saturations. If this difference
becomes larger than random noise, then this difference cannot be explained by random disturbances,
but only caused by the changes of oxygen saturations, so it is valid to extract this wavelength
combination for further analysis model. Conversely, if this difference equally matches random noise,
then it is considered that the wavelength combination cannot reflect the information of oxygen
saturation. Also the significance strength lever of the difference can be judged by the indicators of
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analysis of variance.

This idea has a potential to be applied to other spectral analysis. The effective information
which adequately represents the measured can be extracted by the analysis of variance. The total
measured interference information can be also eliminated.

METHODOLOGY

In visible-near infrared band, 300~1500nm, the absorption coefficient curves 2 of reduced
hemoglobin (Hb), oxyhemoglobin (HbO;) and water (H2O) are shown in Figure 1. For oxygen
saturation measurement, Lambert-Beer's law is commonly used based on the method of light
transmission and the difference between the light absorption coefficient of Hb and HbO; is
employed. In the commercial pulse oximeter, oxygen pulse components are considered only caused
by the arterial pulse, not the other part. The corresponding pulse wave signal can be obtained by
filtering and separating from alternating current (AC) and direct current (DC) components of
photoplethysmography (PPG). Usually finger and ear lobe are selected to measure the blood oxygen.
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FIGURE 1 Absorption spectra of hemoglobin and water at 300~1500nm
When a specific wavelength incident light o irradiating to the finger, the transmitted light
intensity can be written as

_ ~&,CoLy o~ EH00, Cboy L =115 CripL
I_IOe 000 HbO HbOze Hb“Hb (1)
The transmitted optical signal is consist of the two parts. One is the attenuated signal after
absorbed by the skin, muscles and tissues. This transmitted light intensity, the non-pulsating
component, is called DC component, denoted Ipc. Its absorption coefficient, the concentration of
light-absorbing material and the light path length are expressed as o, Co and Lo, respectively. The

other is the reduction light intensity absorbed by Hb and HbO- in blood. The transmitted light
intensity is marked as lac. The absorption coefficient and the concentration of oxygenated

hemoglobin (HbO) are expressed as €y, and CHbo2 . The absorption coefficient and the

concentration of reduced hemoglobin (Hb) are expressed as £, and CHb, and the optical path

length is denoted by L. Since the vasodilation is caused by arterial pulse, the optical length L
increases AL and the transmitted light intensity Ipc changes to
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—( C +&,Crip)*
€Ho0p “Hooy T EHL “Ho/* AL (2)

pc ~'ac T IDCe

D =In[Cloe = 1a)/Toc]= (&40, Crno, +€Crip AL ©)

D is defined as a variable for calculating conveniently. Although the change of optical path
length of the incident light transmitting in the human tissue is difficult to determine, path length
change 4L of different wavelength light is basically the same. So two beams of different
wavelengths (A1 and A2) were selected simultaneously to transact with human tissues and the
following formula can be obtained.

D, _ |n[(|Dcﬂ1 - |Ac]1)/|Dc11] 3 gHbofCHboz +8Hb/hCHb

= = (4)
p p p A
D, In[(Ipe” =1y 2)/IDC ’] Ewo, “Chivo, T €r Crap
When 4 =805nm , &,y,0, = €y - The oxygen saturation, SaOz, can be calculated by
C % D, A
Sa0, = HbO, _ o _ Sy (5)

Ciivo, +Crp gHbJQ _gHbof2 D, ‘c"Hsz _gHbOZJQ
In the transmitted light, AC component representing the DC component ratio is usually much

_ I
I_n(l X) =1, —*%can be used to approximate the alternative

less than 1%, so according to lim
x—0
DC

IN[(15c — 1 5c)/15c]-TWoO constant coefficients A and B are introduced in the actual application,

A A
A= %  B= % (©)
Ehb ~ ~ Ehwo, Ehb -~ Ehwo,
| 11/| A
Sa0, = A2 BC__B=AR-B )
| /| X
AC DC
Where R is called as oxygen saturation coefficient,
PPyl P
R = % ®)
AC / DC
In the actual calculation, the oxygen saturation calculation is modified 226 by
Sa0, = A*R*+B*R+C, ©)

Therefore, after determining the constant values, A1, B1 and Cs, the oxygen saturation values
can be calculated by R values measured by two-wavelength absorption and Eq.9.

EXPERIMENT

Experiment Setup
The spectral data for blood oxygen saturation were measured by the light transmission through
finger in vivo. Figure 2 shows the schematic diagram of the measurement system. The measurement
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system comprises four main parts- a light source, the optical fiber, the spectrometer, and a PC. The
broadband source was a 50 W tungsten-halogen lamp (Philips). The broadband source lamp was
supplied by a direct-current power source. The final spectra has been processed through the pre-
elimination of background noise. The convex lens with a focal length F=63 mm was used to
concentrate light. The fiber bundle as a “-” line consisted of several fibers with numerical aperture
(NA) of 0.22, which was connected to the spectrometer (AvaSpec-Hs1024>568TEC-USB2, Avantes).
The spectrometer has a built-in cooling type back-illuminated CCD detector. The wavelength of the
spectrometer ranged from 200 to 1160nm and the wavelength resolution can be variable from 1.5nm
to 20nm. A USB was been employed to connect the spectrometer and the computer. After the
pending completion of data collection, data were transferred to a PC for saving. We chose the
wavelength range 600.29 to 1147.50 nm in the study. During the data collection process, the
spectrometer integration time per data point was set to 10ms, so the sample frequency was 100 Hz.
Each person has been measured 2000 times.

Constant Voltage

Power

Spectrometer

USB Cable

FIGURE 2 The schematic diagram of the measurement system

We have performed a serial experiments from July 23 to August 24 in 2012 at the intensive
care unit (ICU) of PLA 304 Hospital. From 7:00 to 9:00am every day, ICU patients were being
measured. The instrument was allowed to warm up for at least 15 minutes before the measurement.
Patients were requested to keep quietly and keep their one finger at the entrance of the fiber on the
platform shown in Figure 2 during the measurement. We assisted them to remain the contact
pressure stable and avoid body noise caused by the swing. During the measurement time, the
patient’s oxygen saturation was considered to maintain a constant. Figure 3 showed the photoelectric
volume pulse wave (PPG) of No.l patient in the test. At the same time, the patients’ oxygen
saturation were measured by a commercial pulse oximeter. When data acquisition completed, the
tested object’s arterial blood sample was immediately collected by the hospital professionals and
the oxygen content has been analyzed through the Blood Gas Analyzer (Critical Care Xpress, Nova,
USA).
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FIGURE 3 The 20s PPG of No.l patient. In the timeline, each pulse wave can be seen
corresponding to the wavelength, the transmission spectrum at different times can be seen
from the wavelength axis, the depth of color in the figure represents the intensity of the
transmitted light intensity. During this time the patient’ s oxygen saturation is considered

to be not changeable.

These experiments were carried out in accordance with the guidelines issued by the Ethical
Committee of Tianjin University. The experiments were also performed according to the relevant
laws and institutional guidelines in order to not introduce any damages to the volunteers and all
involved volunteers and their doctors were agreed to participate in this experiment in advance.

Spectral data preprocessing

According to the principle of oximetry, we have taken the extraction method of frequency
domain analysis 2> 2”29 in this experiment. Based on the similarities of pulse waveforms and the
linearity of the Fourier transform, frequency-domain analysis is proposed to solve the difficulties
of extracting a single pulse peak directly at the low sample rate in the actual acquisition. The
frequency spectrum has been obtained from each wavelength A of each example spectral data by
discrete Fourier transform (DFT). Then we extracted the frequency of OHz, the DC component, Ipc’
and extracted the first concentrated energy points of the spectrum (the frequency is 0.5~2Hz
corresponding to the pulse period), the AC component, Iac*. The DC and AC components were used
to calculate the oxygen saturation coefficient, R.

At the same time, we have collected oxygen saturation (rounded to integer) of each patient
through blood gas analysis. The standard value could be enrolled in carrying on the preliminary
analysis. We have taken the data of 57 patients into use in all. Table 1 shows the distribution of
persons at different oxygen saturations from 90% to 100%.

TABLE 1 The distribution of persons at different oxygen saturations

Oxygen saturation (%) 90 95 96 97 98 99

Numbers (ni) 1 2 3 5 10 36

Variance analysis model by selecting 660 nm and 805 nm wavelength combination
Many researchers have selected the wavelengths of 660nm and 805nm as a combination to
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measure the oxygen saturation 2. As is shown in Figure 1, at 650nm, the light absorption
coefficient difference between the Hb and HbO: is the maximum, so the detection sensitivity is the
highest there. At 805nm, the light absorption coefficients of HbO, and Hb have the maximum
gradient varying with the wavelength. From 805nm to 1000nm, the absorption coefficient difference
of both is not particularly large. According to the data conversion of these two wavelengths, the
value of HbO_ and Hb can be easily obtained®? 2,

Thus we first extracted the spectral data near 660nm and 805nm from the clinical tests. The
actual spectrometer data acquisition were at the wavelength of 660.04nm and 805.29nm. After
extracting Ioc and lac of each patient by DFT from spectral data, we have calculated 57 oxygen
saturation coefficients, according to Eq.8. Based on the theory of test of analysis of variance, the 57
oxygen saturation coefficients were listed in Table 2.

TABLE 2 The R-values when 660nm and 805nm selected

oxygen saturation C1 C2 Cs Ca Cs Cs

(%) 90 95 96 97 98 99
Y1 0.785956 0.615788 0.571652 0.498135 0.482101 0.455877
Y2 0.585246 0.555875 0.532186 0.461732 0.488569
Y3 0.560315 0.520278 0.488512 0.440352
Ya 0.519985 0.469901 0.450758
Ys 0.538634 0.494435 0.471654
Ys 0.502347 0.407414
Y7 0.523014 0.421324
Ys 0.472834 0.431245
Yo 0.431347 0.453435
Y10 0.452375 0.407275
Yu 0.454925
Y39 0.418437

In Table 2, each column is response to a different oxygen saturation value. Based on the oxygen
saturation measuring principle, R is a single theoretical value corresponding to each oxygen
saturation value. In fact, because of the experimental measurement error, individual differences, the
wavelength spectrum selection and extraction method, and the method of calculating the R-value,
actual R-value has the deviation with the theoretical value. According to the basic idea of analysis
of variance, we can compare the deviation and the impact of oxygen saturation to determine whether
the R value still plays a significant role under such a series of errors in the spectral data and its
extraction method when oxygen saturation changes.

The method of ANOVA has the following hypotheses:

(a) at different oxygen saturation C;, the spectral data are normally distributed,

Yij ~ N(,ui,O'Z), i=1,2,...,6, where i, o> are unknown parameters.

(b) Under the C; oxygen saturation, the obtained Yij, j= 1, 2, ..., n;, is a simple random sample.
The samples of each of the oxygen saturation are independent. There is n; samples under
each blood oxygen saturation.

(c) The method of ANOVA test the hypotheses that, Ho: u1=u2=...=us.

However, as ANOVA is not robust to unequal variances with unequal sample sizes— as in the
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present example. The homogeneity (equivalent) of variance should be tested based on the Levene's
Test or the modified Bartlett test before using ANOVA® 33 2 Only the significance value
corresponding to the Levene statistic is greater than 0.05, the hypothesis that the group variances
are equal could not be rejected. In general, variances of different groups from the experiment data
of repetitive measurements are commonly treated to be approximately equal. The results of test of
homogeneity of variances were listed in Table 3 calculated by SPSS software.

Y is the R-value calculated from the spectral intensity at the j-th measurement under the
oxygen saturation Cj, as is shown in Table 1. Y. is the mean of R-values under the oxygen
saturation of Cj, so the grand mean of all R-values can be calculated by the table data.

— 6
Y = %ZYL =0.565361 (10
i=1

Take the calculated values as a group under the same oxygen saturation and the squared
deviations of this group is

V=Y, - Vi) (1D
j=1

The V; reflects the size of the random error. Since the noise levels of the tests are the same, i.e.
the experimental variances are the same. The sum of each V; can be used to represent the test error,
which is denoted as

n

6 _
Se = (Y, - Yi)’ 2V, +...+V, = 0030463 (12)
i=1 j=

Eq.12 is called as the sum of squares within the group samples, or the sum of squares of the
error. The difference of R-values under the same oxygen saturation among the different spectral

measurement data can be reflected by their own means Y. and the total average is Y , which is
related with the number of tests.
6 — —
S,=>.n(Yi.—Y)*=0.19825 (13)
i=1

Sa is called as the sum of squares between the group samples.

The basic idea of variance analysis is to find ratio of the sum of squares between groups and
within the group, the ratio is denoted as F. The greater F is, the more significant the factor is. On
the contrary, the smaller F shows the factor has no significant effect. In order to eliminate the
disturbance of the number of data and the number of groups, the F value should be also divided by
degrees of freedom. Here, the Sa should be divided by 5 (the number of groups minus 1), the Sg is
divided by 51 (total number of trials minus the number of groups), we can get

F—3a/5 _ 6638102 (14)
S /51

Thus the analysis of variance table can be listed, as is shown in Table.4.
Variance analysis model by selecting 660 nm and 940 nm wavelength combination

To achieve the desired measurement sensitivity, the biggest different points of the absorption
coefficients of the HbO, and Hb are selected at two wavelengths as the oxygen changes can be more
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sensitive to be reflected. In the vicinity of 660nm and 940nm, light absorption coefficients of HbO,
and Hb are of the maximum difference, and the absolute value of it were the opposite, as shown in
Figure 1. In recent years, LEDs, with their center wavelengths at 660nm and 940nm, are usually
selected as a light source in commercial oximetry instruments.

We also have extracted the spectral data near 660nm and 940nm from the clinical test. The
actual spectrometer data acquisition were at the wavelength of 660.04nm and 940.27nm. According
to Eq.8, 57 oxygen saturation coefficients have been calculated and Ipc and Iac of each patient by
DFT from spectral data have been extracted. Based on Levene's Test and the theory of test of
analysis of variance, the results were listed in Table 3 and 4.

Variance analysis model by selecting 805 nm and 940 nm wavelength combination

From the above analysis, it is known that 640nm, 940nm and 805nm are the important points
for the oximetry, which represent the light absorption coefficient maximum difference points of Hb
and HbO; and represent the maximum gradient point of light absorption coefficient varies with the
wavelength. To a further comparative study, we have selected the wavelength combination of 805nm
and 940nm to measure the oxygen saturation.

The data around the center wavelength of 805nm and 940nm were extracted from the clinical
trial data. The actual spectrometer data acquisition were at the wavelength of 805.29nm and
940.27nm. According to Eq.8, 57 oxygen saturation coefficients have been calculated and Ipc and
Iac of each patient by DFT from spectral data have been extracted. The results of test of
homogeneity of variances were listed in Table 3 and the analysis of variance table was listed in
Table 4.

Table 3 Test of Homogeneity of Variances (R-vlaues)

Levene  Degree of Degree of

wavelength combine
Statistic  Freedom 1# Freedom 2#

660nm and 805nm 1.299 4 51 0.283
660nm and 940nm 1.478 4 51 0.223
805nm and 940nm 1.790 4 51 0.145

TABLE 4 The test analysis of variance table when different wavelength combines selected

. Sumof  Degree of Mean F-criterion p
wavelength combine
Source Square freedom Square 3.399505 0.01

A1=660nm Between Samples  0.136942 5 0.027388 F1 p1

and Within Samples  0.099485 51 0.001951 14.040458 1.23823E-08
X2=940nm Total 0.236427 56
A1=660nm Between Samples  0.198250 5 0.039650 Fa2 p2

and Within Samples  0.030463 51 0.000597 66.381023 4.00104E-21
A3=805nm Total 0.228712 56
A3=805nm Between Samples  0.025349 5 0.005070 F3 p3

and Within Samples  0.341881 51 0.006704  0.756283 0.585460
X2=940nm Total 0.367230 56

9/13
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DISCUSSION

According to the Levene statistic, as all the Sig. were all greater than 0.05 of different
wavelength combinations in Table 3 (at the confidence level of 0.95), the hypothesis that the group
variances were equal could not be rejected. So these data sets of the oxygen coefficient could be put
into the analysis of variance. As can be seen from Table 4, when R-value obtained by the wavelength
combination of A;=660nm and A,=940nm, at the confidence level of 0.99, F; is greater than the F
distribution quantile Fog9(5, 51)=3.363276 and p. is less than the 0.01, the very small p-value
indicates that differences between column means are highly significant, so the hypothesis HO has
been rejected. The R-value calculated by the wavelength selection of 660nm and 940nm can reflect
relatively significantly the oxygen saturation changes at 99% confidence level, which can be applied
to further analysis and modeling. Through the analysis of variance on the above two wavelength
combinations, 2:1=660nm and 1,=940nm, 1:=660nm and 13=805nm, the measuring principle has
been verified and calculation method has been proved to be feasible as the oxygen saturation can be
significantly reflected by the oxygen saturation coefficient calculated from the spectral data. While
when the wavelength combination of 13=805nm and 1,=940nm selected to be analyzed, the
calculated oxygen saturation coefficient could not significantly reflect the different oxygen
saturations, which has indicated that this group of combination could not effectively be used to
measure oxygen saturation. From the principle of test analysis of variance, the larger the F-value of
an extracting method is, i.e. the smaller p-value is, the more significantly to apply this extraction
method to composition measurements and which can be more effective in distinguishing the
component concentration differences. In the first two wavelength combinations, Fi<F,, p1>p2.
Therefore, the comparative study of the test analysis of variance has shown that, under the same
condition of the measurement principle and the calculation method, the wavelength combination of
A1= 660nm and As= 805nm, compared with the wavelength combination of A= 660nm and
A2=940nm, can more significantly reflect the change in oxygen saturation. That is to say, the former
carried more information of the oxygen saturation and its overall synthesized noise from the
measurement method and the calculate error was smaller, so the wavelength combination of 11=
660nm and A3= 805nm is proved to be more efficient for oxygen saturation measurements.

In order to verify the select effectiveness of the wavelength combination, A1 = 660nm and A3 =
805nm, we compared differences between the oxygen saturation by the wavelength combination
after ANOVA and accurate oxygen saturation by the blood gas analysis. According to Eg.9 and R-
value in Table 2, the oxygen saturations were fitted. The calibration curve of oxygen saturation is
shown in Figure 4.

96

94

R2= 0.9997

Sa0, (%)

92

90
8g : , :
4 0.45 0.5 0.55 06 0.65 07 075 0.8 0.85
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Figure 4 The calibration curve of oxygen saturation. R2is the correlation coefficient between
the fitted curve and the measured values. In axis X, R is the oxygen saturation coefficient.

When the wavelength combination of A1 = 660nm and Az = 805nm selected, in the range of 88%
-100%, oxygen saturation is calculated as

Sa0, % =-5.264.R*-19.61-R+108.7 (15)

Linear correlation analysis was performed between oximeter measurements and the results of
blood gas analysis, as is shown in Figure 5(a). According to Eq.15, oxygen saturations of 57 cases
were calculated with R-value in Table 2. The calculated oxygen saturations were rounded off. Linear
correlation analysis between the oxygen saturations after ANOVA and the results of blood gas
analysis is shown in Figure 5(b). Compared to the actual application of the oximeter measurements,
the calculated oxygen saturation value is closer to the true value. The coefficient R-value of the
selected wavelength combination represented the change of oxygen saturation more significantly
than the oximeter.

100 100
R?= 0.7176 * R?= 0.9187 °
98" + * 98 o o
* + o
5 3
& 96 o < 9
E + + ]
3 &
© 94- + * + + + g 94
> B
] o~
& 92/ 8 92
90 909
+
8%0 92 94 96 98 100 8%0 92 94 96 98 100
ESaO2 via Blood Gas Analyzer SaO2 via Blood Gas Analyzer

(a) {b)

Figure 5 Comparison with the results of blood gas analyzer
(a) Results by the oximeter (b) Results by the combination after ANOVA

Furthermore, the absorption coefficients of the main components of blood in the visible-near
infrared band were analyzed to make a preliminary explanation of above results. The absorption
curve of reduced hemoglobin (Hb), oxygenated hemoglobin (HbO;) and water (H.O) at 300 ~
1500nm is shown in Figure 1. Water absorption is the minimum at the 660nm and water has an
absorption valley at 805nm where the absorption curves of Hb and HbO; are intersecting. However,
near 940nm, the absorption coefficient difference of Hb, HbO; is less. Blood consists of four main
components: plasma, red blood cells, white blood cells, and platelets. Plasma Accounts for 55-60%
of total blood, while in plasma, water accounts for about 90-92%. Blood cells have a proportion
about 40-45% in total blood volume, and in which water has a larger proportion than hemoglobin.
The oximetry can eliminate influence of other components theoretically, but in the actual
measurement process, the influence of other ingredients cannot be completely eliminated, especially
the effects of water inevitably introduces the noise. Therefore it can be considered that, when
A3=805nm or 1,=940nm involved to model, the large degree of information of water results in the
relatively poor significance. So when the wavelength combination of 13=805nm and 1,=940nm

selected to the analysis of variance, the oxygen saturation coefficient R cannot significantly explain
11/13
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the changes in oxygen saturation. When the wavelength combination of 2;=660nm and 1,=940nm
selected for analysis, compared to the wavelength combination of 13=805nm and 1,=940nm
wavelength combinations, the oxygen saturation coefficient R-value can just relatively significantly
reflect the changes in oxygen saturation as water absorption is relatively small. Instead, when the
wavelength combination of A;=660nm and A3=805nm selected, because of the minimal water
absorption, the oxygen saturation coefficient thus can better significantly reflect the changes in
oxygen saturation, which has verified the results of the analysis of variance. Through the above
analysis, in the future study, we can select the large point of the water absorption curve for the first
calculation step, and then calculate the error caused by the absorption of water at other wavelengths
(such as 805nm, 940nm), finally make the error compensation to increase the accuracy of oxygen
measurement.

CONCLUSION

A new method based on test to the wavelength selection for oximetry has been proposed.
Through the analysis and calculation of the wavelength combination, F-value and p-value, the
indicators of test analysis of variance can be applied to determine the significance between the
wavelength combination and oxygen saturation. In the experiment, after establishing the analysis of
variance model of three wavelength combinations, 660nm and 940nm, 660nm and 805nm, 805nm
and 940nm, we found that the wavelengths combination of 660nm and 805nm can be more effective
for oximetry. In the analysis of variance model, the calculated oxygen saturation coefficient R
contains a combination influence brought by the wavelength selection, calculation methods,
measurement noise, etc. In comparative experiments, the differences between the results of the
analysis of variance mainly caused by the different selections of wavelength combination. After
analyzing the absorption coefficients of Hb, HbO, and water at 300~1500nm, we have explained
the phenomenon why the measurements were relatively poor when the spectral data of 805nm,
940nm involved into calculation. Therefore, test analysis of variance can be used as a method to
judge the superior wavelength selection for oximetry. This work has given a new idea to the
characteristic wavelength selection, noise separation and the validation for the calculation method
in the NIR noninvasive blood component measurement. Also the study has provided a way to further
improve the accuracy of spectral data analysis.
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