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Abstract: The measurement of muscle oxygenation levels by near infrared spectroscopy
imaging technology is hindered by light scattering and absorption in tissues. This leads to a
limited measurement range and necessitates a significant amount of time for optical signal
acquisition. Therefore, this article used photosensitive T-conjugated materials for measurement
optimization in near infrared spectroscopy imaging technology. Firstly, photosensitive -
conjugated materials were applied to near infrared spectrometers for spectral measurements.
Secondly, the elimination of uninformative variables and the ratio of regression coefficients to
spectral residuals were used for wavelength screening. Subsequently, the spectral data was
preprocessed, and principal component analysis was used for quantitative correction. Finally,
the effectiveness of near infrared spectroscopy imaging technology optimized using
photosensitive m-conjugated materials was verified through experiments. In terms of
measurement range, the near infrared spectrometer optimized using photosensitive -
conjugated materials expanded the measurement range by 42.7%; in terms of optical signal
acquisition time and measurement accuracy, the acquisition time of near infrared spectrometers
optimized with photosensitive m-conjugated materials was shorter than that of near infrared
spectrometers optimized without photosensitive n-conjugated materials. In terms of
measurement accuracy, the near infrared spectrometer optimized using photosensitive -
conjugated materials had higher accuracy, both exceeding 98%. The use of photosensitive -
conjugated materials in near infrared spectral imaging analysis had good monitoring effects,
and could quickly, accurately, and comprehensively measure muscle oxygenation levels,
making it very suitable for application in sports.

Keywords: muscle oxygenation levels; near infrared spectroscopy imaging; photosensitive -
conjugated materials; wavelength screening; spectral pretreatment

1. Introduction

Muscle fatigue is a common condition in sports activities. By observing changes
in muscle oxygenation levels, the fatigue level of muscles during sports can be
evaluated. When muscles feel tired, the use and supply of oxygen may be restricted,
resulting in a decrease in muscle oxygenation levels. Traditional near infrared
spectroscopy imaging technology is susceptible to factors such as blood flow and
tissue scattering when measuring muscle oxygenation levels, thereby reducing
detection accuracy. The muscle tissue structure and blood flow situation may vary
among different populations, which limits the comprehensive evaluation of the
oxygenation level of the entire muscle using near infrared spectroscopy technology. It
can only measure the surface of the muscle and cannot obtain the oxygenation level of
deep muscle tissue. Therefore, based on traditional near infrared spectroscopy imaging
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technology, photosensitive m-conjugated materials are used to optimize and monitor
changes in muscle oxygenation levels. When this material comes into contact with
muscles or is placed on the skin, it can perceive changes in the near infrared light
reflection of muscle tissue and convert these changes into corresponding signals. In
addition, it can also detect the dynamic changes in intramuscular oxygen concentration
and monitor the metabolic process and oxygen supply status of muscles in real-time.
These are of great importance for in-depth research in sports physiology, real-time
monitoring of sports training, and comprehensive evaluation of the rehabilitation stage.

Currently, research on monitoring muscle oxygenation levels is receiving
increasing attention. Measuring muscle oxygen levels can evaluate muscle oxygen
supply capacity, fatigue during sports, and recovery effectiveness [1,2]. This helps to
arrange sports training more reasonably, optimize rehabilitation plans, and improve
sports performance and rehabilitation effectiveness [3,4]. Jiang and Dai [5]
summarized the basic theory of muscle oxygen measurement, as well as the research
progress in functional state evaluation, assessment of aerobic metabolic capacity, load
intensity monitoring, sports effectiveness and rehabilitation ability judgment through
literature review. Li et al. [6] and Duan and Li [7] used neuromuscular electrical
stimulation (NMES) on the basis of monitoring muscle oxygen levels to perform lower
limb resistance training on hemiplegic patients after stroke, and verified the clinical
efficacy of the treatment through experiments. Under the guidance of muscle oxygen
level monitoring, Xiao et al. [8] analyzed the body composition and muscle oxygen
saturation of obese college students after 12 weeks of fat oxidation intensity sports,
and provided scientific reference for weight loss and aerobic capacity evaluation of
obese college students based on the impact of relevant situations. Gao et al. [9]
monitored the muscle oxygen content of both sports and non-sports, and observed the
response of muscle oxygen content and vascular elasticity to load sports. The
experiment found that regular sports can improve the recovery speed of skeletal
muscle oxygen content. In short, monitoring can better guide rehabilitation training
and promote health management. By monitoring changes in muscle oxygenation levels,
problems in the body can be identified in a timely manner, and corresponding
measures can be taken to prevent the occurrence of diseases.

Near infrared spectroscopy, as a fast, non-destructive, and diverse analytical
method, has been widely applied in various fields [10,11]. The development and
application of near infrared spectroscopy further expands its new research fields and
application scope [12,13]. Hu et al. [14] used 119 rubber trees as the research object
to quantitatively analyze leaf nitrogen using near infrared spectroscopy, and
constructed a high-precision leaf nitrogen content prediction model to achieve rapid
and accurate measurement of nitrogen content. Zhu [15] used a combination of near
infrared spectroscopy and partial least squares method to achieve rapid detection of
threonine and valine in buckwheat leaves in response to the problems in the breeding
and production process of buckwheat varieties. Liang et al. [16] used near infrared
spectroscopy technology to measure the basic density of pulp fibers, achieving real-
time monitoring of pulp raw material performance, and providing theoretical basis for
the design and optimization of pulp processing processes. Hao et al. [17] used near
infrared spectroscopy to characterize the quality of tobacco leaf formula design, and
combined partial least squares method to construct a near infrared spectral model of
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tobacco leaves, achieving prediction of tobacco leaf quality. Ge et al. [18] used near
infrared spectroscopy technology as the main research method, and used Unscrambler
software and partial least squares method to establish a near infrared spectroscopy
prediction model for the fat content of Xanthoceras sorbifolia, achieving non-
destructive and rapid detection of Xanthoceras sorbifolia fat content. The research of
the above scholars reflects the excellent performance of near infrared spectroscopy
monitoring. Therefore, combining near infrared spectroscopy imaging analysis with
photosensitive m-conjugated materials to determine muscle oxygenation levels and
obtain objective data on muscle fatigue status is feasible.

In summary, this article aimed to study the use of NIR (near infrared)
photosensitive m-conjugated materials to measure muscle oxygenation levels. The
research first briefly explained the imaging principle of near infrared spectroscopy,
and then applied photosensitive m-conjugated materials in near infrared spectrometers.
Next, the measurement of near infrared spectroscopy was analyzed, mainly
considering three aspects: wavelength screening, spectral preprocessing, and
calibration. Wavelength screening uses the elimination of uninformative variables and
the ratio of regression coefficients to spectral residuals to enhance the robustness of
spectral measurements. Spectral preprocessing uses the Savitzky-Golay smoothing
method in smoothing, variable standardization, and multivariate scattering correction
to reduce interference factors in the measurement process and highlight valuable
information. The correction mainly uses principal component analysis to eliminate the
impact. Finally, with 15 athletes as the research subjects, the muscle oxygenation level
measurement method used in this article was experimentally analyzed to compare the
near infrared spectroscopy measurement effects before and after optimization.

2. Near infrared spectral imaging measurement method

2.1. Near infrared spectral imaging

Near infrared (NIR, wavelength range of 700-2500 nm) has high tissue
penetration ability, making NIR spectroscopy imaging possible [19]. When NIR light
irradiates biological tissues, a portion of the light is absorbed, while the remaining
portion is reflected or transmitted [20,21]. This reflected or transmitted spectrum can
reflect the internal structure of tissues, including the oxygenation state of muscles.

Near infrared spectroscopy analysis, as a non-invasive technical means, is used
to measure the oxygenation level content in muscle tissue. The near infrared
spectrometer consists of a portable light source, an optical detector, and a computer,
which utilizes the inherent characteristics of biological samples themselves. Due to
the relatively high concentration of blood in the muscles, using near infrared
spectroscopy for detection has become very important.

Near infrared spectroscopy technology is based on the absorption and scattering
properties of near infrared light within tissues. Detecting the aerobic content in human
muscles accurately determines the level of muscle oxygen by measuring the ratio of
oxygenated hemoglobin to deoxyhemoglobin within the tissue. When conducting
measurements, a near infrared light source shines through the skin into muscle tissue.
Due to the strength of elasticity of muscles, they can reflect light from within tissues
back to the outside of the human body. After being absorbed and scattered by tissues,
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light is captured and analyzed by a near infrared spectrometer. This device is used to
detect human muscles and obtain their absorption spectra. By analyzing the absorption
characteristics of light, the content of oxygenated hemoglobin and deoxyhemoglobin
in tissues can be calculated to determine the oxygenation level of muscles.

NIR photosensitive n-conjugated materials are a special substance with 7-
conjugated structures that can strongly absorb and emit NIR light. These materials
undergo photochemical reactions when exposed to specific wavelengths of NIR light,
thereby altering their fluorescence properties. Detecting these changes enables us to
infer the physiological parameters of the tissue.

The operation of applying photosensitive n-conjugated materials to near infrared
spectrometers is as follows:

Step 1: Preparing photosensitive n-conjugated materials

Indocyanine dyes in photosensitive n-conjugated materials are selected to ensure
that the infrared absorption range of the material matches the working wavelength
range of the near infrared spectrometer.

Step 2: Preparation of sensors

Photosensitive m-conjugated materials are prepared as sensors. The material is
dissolved in an appropriate solvent and coated on a polymer substrate through
immersion coating, spraying, and deposition methods.

Step 3: Connecting the sensor

The prepared photosensitive m-conjugated material sensor is connected to the
adapter of the near infrared spectrometer to ensure good circuit connection between
the sensor and the instrument.

Step 4: Starting the near infrared spectrometer

The near infrared spectrometer is activated for preheating and calibration.

Step 5: Performing spectral measurement

The sample to be measured is placed below the sensor to ensure that near infrared
light illuminates the photosensitive n-conjugated material.

Step 6: Recording spectral data

The near infrared spectrometer records the absorption and scattering of light by
photosensitive m-conjugated materials, and generates spectral data. Spectral data is
viewed and saved through the instrument’s display screen, computer software, and
connected mobile devices.

Performance tests were conducted for the NIR spectrometer equipment used, as
shown in Table 1 below.

Table 1. Performance tests of the equipment.

Test item

Test parameters Test results

Spectral accuracy

Spectral stability

Reproducibility

Environmental
adaptability

Perform spectral measurements using standard calibration

samples

Measurement results within acceptable range

Perform consecutive spectral measurements, record changes  Absorbance changes within the specified
in absorbance threshold

Perform multiple measurements on the same sample, record
differences in absorbance

Absorbance differences within acceptable range

Perform spectral measurements under different temperature ~ Consistent measurement results under different
and humidity conditions conditions
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Table 1. (Continued).

Test item Test parameters Test results
5 Fault detection and  Simulate device faults such as sensor disconnection or circuit  Device detects faults promptly and performs
recovery connection issues necessary recovery actions
Continuous operation of the device for spectral Device performance remains stable during the
6 Long-term stability measurements, record changes in device performance over test period without significant degradation or
time drift
7 Durabilit Conduct long-term continuous operation testing, record Device operates stably throughout the test period
Y device operation and faults without major faults

The tests of each item in Table 1 have proved that the equipment used in this
paper has various functional standards, good performance and durability.

2.2. Application in sports science

The application of near infrared spectroscopy in sports science is shown in
Figure 1.

T - ~ - - B - T

I Training effect I

I | |
. Physiological information
——— /

Select

Near-infrared spectrometer

Rehabilitation progress
| P ) — a— ,

Figure 1. Application of near infrared spectroscopy.

Figure 1 shows the application of near infrared spectroscopy in three aspects of
sports science:
1) Athlete training

Through near infrared spectroscopy imaging, the training effectiveness of
athletes is monitored in real-time, including muscle fatigue and recovery time [22],
which helps coaches develop more reasonable training plans and improve the training
effectiveness of athletes.
2) Athlete selection

In competitive sports, accurate muscle oxygenation measurements can help select
athletes with potential. Near infrared spectroscopy imaging technology can provide
comprehensive physiological information of athletes, which is helpful for selection
decision-making.
3) Rehabilitation treatment

For athletes who are injured or sick, near infrared spectroscopy imaging
technology can monitor their rehabilitation progress. By monitoring muscle
oxygenation levels in real-time, rehabilitation plans can be formulated more
effectively.
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3. Near infrared spectroscopy imaging method

3.1. Wavelength screening method

Combine heart rate monitoring and near-infrared spectroscopy to more
comprehensively assess exercise intensity and cardiopulmonary function and optimize
training programs. Heart rate monitoring is responsible for providing a direct indicator
of heart function, and NIR spectroscopy provides oxygen supply and demand status
of local muscles. Through heart rate monitoring, the heart rate (reflecting the number
of heart beats per minute), the maximum heart rate (used to develop training plans),
and the heart rate variability (reflecting changes in the time interval between heart
beats) are obtained in real time.

The muscle component content contains multiple molecules and groups (as
shown in Figure 2), and some groups correspond to weak absorption and reflection
light intensity, which makes it impossible to obtain spectral data of each component
content from all measured spectral information. There is also mutual interference
between muscle component contents, resulting in poor predictive performance and
robustness of the quantitative correction model for the measured spectral data.
Therefore, it is necessary to select an appropriate wavelength for near infrared spectral
analysis based on the obtained spectral data.

Figure 2 shows the various components of muscle tissue, including oxygenated
hemoglobin, deoxygenated hemoglobin, and water.

The wavelength selection methods selected in this article include: uninformative
variable elimination method, ratio of regression coefficients to spectral residuals.
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1) Uninformative variable elimination (UVE)

The uninformed variable elimination method is a statistical based feature
selection method used in multivariate spectral analysis to remove features (uninformed
variables) that are not related to the predicted variables [23]. By utilizing the
correlation degree or amount of information between spectral features and the
variables to be measured, the importance of information is evaluated, and features
without information variables are eliminated according to pre-set thresholds or
rankings.

The uninformative variable elimination method is also a wavelength screening
method, and its principle is based on the partial least squares regression coefficient a.
On this basis, the Leave-One-Out Cross-Validation (LOO-CV) algorithm is used to
analyze the stability of each variable, and then wavelength screening is performed
based on the size of the stability. The regression model with X as the variable and Y
as the target value is as follows:

Y=X6+a, €))

By leaving a cross validation algorithm, a regression coefficient matrix § =[d1,

62, ..., 6n] can be obtained. The stability definition expression for each variable is as
follows:

W; = mean(8;)/std(6;) (2)

Among them, mean(§;) refers to the average value of §;, and std(6;) refers
to the standard deviation of §;. According to Equation (2), it is evident that when the
average value is large and the standard deviation is small, W; is larger. This indicates
that the corresponding variables are relatively stable during cross validation. On the
contrary, it indicates that the corresponding variable is unstable.

In the process of using the uninformed variable elimination method for
calculation, it is necessary to determine a standard for the size of stability by artificially
adding the same amount of random noise Z to X. If a variable with less stability than
random noise is considered an uninformative variable, it should be removed from the
model. In actual calculations, the numerical value of cutoff is calculated as follows:

cutof f = K x max(@bs(Wpoise)) 3)

Among them, cutoff refers to a predetermined threshold, and K refers to
controllable parameters.

2) Wavelength optimization method based on the ratio of regression coefficients to
spectral residuals

The wavelength optimization method based on the ratio of regression coefficients
to spectral residuals is a feature selection method based on regression models. This
method evaluates the predictive ability of different spectral characteristics on target
variables by constructing a regression model. On this basis, the regression coefficients
of each feature and the ratio of spectral residuals are sorted, and the feature with the
highest ratio is selected as the main feature [24].

The wavelength screening expression for the wavelength selection method based
on the ratio of regression coefficients to spectral residuals is:

Vi = 4
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The variable definition of Equation (4) is shown in Table 2.

Table 2. Explanation of wavelength screening expression variables.

Sequence Variable Meaning

1 Vi Ratio of the regression coefficient to the spectral residual for the ith wavelength
2 h, The regression coefficient of the i wavelength is calculated

3 C. Spectral residual at the /-wavelength

3.2. Spectral preprocessing

In the process of collecting spectral data of muscle oxygenation level samples,
due to various factors such as environmental conditions, instrument equipment, human
intervention, and the characteristics of the samples themselves, spectral signals not
only cover the physical and chemical properties of the tested muscles, but also contain
a large amount of scattered light, noise, and background information. Although near
infrared spectrometers use multiple average acquisition methods for spectral data
collection to maximize the signal-to-noise ratio of the signal, spectral noise and
interference are still inevitable, and these factors have a significant impact on the
analysis of spectral signals and the construction of the final relationship model.

In addition, due to the influence of external environmental factors, there is often
a certain degree of non-uniformity in the measured muscle oxygenation level, resulting
in errors or even errors in the measurement results. Therefore, in the process of
preprocessing the collected raw spectra, it is crucial to strive to exclude all possible
interference factors from the spectral data to maximize the highlighting of valuable
information in the near infrared spectrum. This operation is crucial.

The common preprocessing methods for near infrared spectroscopy mainly
include data enhancement conversion, smoothing processing, derivative operation,
variable standardization processing, and multivariate scattering correction [25].

This article mainly selects the Savitzky-Golay smoothing method in smoothing
processing, standard normal variate, and multivariate scattering correction for near
infrared spectral data preprocessing.

1) Savitzky-Golay smoothing method

We selected the Savitzky-Golay smoothing method for preprocessing near-
infrared spectral data, as illustrated in Figure 3. Savitzky-Golay smoothing method is
a commonly used near infrared spectral data smoothing method, which mainly
estimates the smoothing value of data points through polynomial fitting [26,27].
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Figure 3. Processing operation of Savitzky-Golay smoothing method.

Figure 3 shows the specific operation of Savitzky-Golay smoothing method for
preprocessing near infrared spectral data: the first step is to create a window and
determine the parity of the window size. If the window size is odd (the window size
must be odd), the next step is polynomial fitting.

The second step is to slide the window from the starting position of the dataset to
the ending position, and use the least squares method for polynomial fitting. The
polynomial expression is:

F(x) = Ny + Ny *x+ Ny *x*2 4 -+ N, *x m (5)

F(x) refers to a polynomial function, x refers to the independent variable, Ny,
Ny, ..., N, refers to the coefficients to be fitted.

In order to minimize the error of polynomial fitting, the expression of the error
function is:

E(No, Ny, Noy oo Nep) = ) (85— F())"2 ©)

In the expression, g; refers to the observed value corresponding to the data, and
x; refers to the value of the independent variable.

The third step is to determine the order of polynomial fitting as 1; the fourth step
is to use polynomial fitting to calculate the smoothing results of the window; the fifth
step is to store the calculated results.

2) Standard normal variable (SNV)

The basic law of absorbance value is Lambert-Beer Law, which is also the basis
for quantitative analysis of spectra [28,29]. The expression for the absorbance value is
as follows:

A, = —1log 10L = ahn (7

The definition of expression variables is shown in Table 3.

Table 3. Explanation of variables in the expression of absorbance values.

Sequence Variable Meaning

1 Ay Absorbance at wavelength y

2 L Light transmittance

3 a Absorption coefficient

4 h Absorption layer thickness

5 n The concentration of light-absorbing substances
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Preprocessing near infrared spectral data based on Lambert-Beer Law can more
accurately establish the correspondence between A4 and n, and extract feature
information from different types of samples, thus achieving the goal of quantitative
and qualitative analysis of complex systems.

Standard normal variate is achieved by converting the absorbance values of each
wavelength to ensure that the results follow a normal distribution [30]. The calculation
formula is as follows:

Pgyy =

®)

The definition of formula variables is shown in Table 4.

Table 4. Definition of formula variables.

Sequence Variable Meaning
1 P Primary spectrum
2 P The average absorbance value of each wavelength point

3 Y Wavelength number

The operation process of variable standardization enables the original spectral
data to achieve standard normalization, resulting in standard deviation and average
error of 1 and 0, respectively, for the spectral data.

3) Multivariate scattering correction

Light undergoes multiple scattering within the muscle oxygenation level
measurement sample, making the propagation path of light longer, thereby affecting
the intensity and spectral morphology of light. This is called multivariate
scattering [31,32].

Multiple scattering correction is mainly used for preprocessing depolarized
spectral data to reduce the adverse impact of multiple scattering on spectral
measurement accuracy [33,34].

The processing formulas for multivariate scattering correction are as follows:

j
_ 1
5=2>p 9)

J =
Py =fiS+yi (10)
P. — v,
p,MsC = - (11)
fi

The meanings of variables in Equations (9)—(11) for multivariate scattering
correction processing are shown in Table 5.

10
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Table 5. Interpretation of variables in the multivariate scattering correction formulas.

Sequence Variable Meaning

1 S Mean spectrum

2 i Sample label

3 P, Original spectrum of sample i

4 f; Spectral drift

5 P, MSC Data processed by standard normal variate trans-formation

Standard normal variable transformation is the process of subtracting the average
of spectral data from each spectral data and dividing it by the standard deviation of the
spectral data:

p,—-S

P;, SNV = (12)

Among them, ¢ is the standard deviation of near infrared spectral data.

3.3. Spectral correction

Due to the large and complex composition in muscle tissue, the content spectra
of muscle oxygenation levels obtained by near infrared spectroscopy have mutual
influence, so principal component analysis is chosen for spectral correction.

Spectral correction is the correction of the measurement results of muscle
oxygenation levels. In practical work, due to the large amount of scattered information
such as diffraction, absorption, and reflection contained in the spectral measurement
results, this information cannot be fully extracted. In order to improve the accuracy
and reliability of measurement results, it is necessary to calibrate these spectral values.

Principal component analysis is often used for data dimensionality reduction and
feature extraction [35,36]. During the quantitative correction process, principal
component analysis is used to model the measurement samples through linear
regression and correct them. The correction formula is as follows:

Gmxp = SmxaVaxp + 04 (13)

The variable definition of the correction formula is shown in Table 6.

Table 6. Interpretation of correction formula variables.

Sequence Variable Meaning

1 Gmxp Spectral matrix

2 Smxd Spectral score matrix

3 Vixp Principal component matrix
4 Oa Predicted spectral residuals

Next, compare the cost-effectiveness of the existing Fourier transform technique
(J1) applied to the NIR spectrometer with the new technique (J2) applied to the NIR
spectrometer using photosensitive pi-conjugated materials, as shown in Table 7 below.

11
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Table 7. Cost-effectiveness between different technologies.

ltem

Jl J2 Cost savings/benefits

Reduce experiment times, long-term

Material cost $200 per experiment $300 per experiment savings of 20%

Equipment cost $50,000 $75,000 Maintenance cost reduced by 30%
Laboratory operating cost $10,000 per month $7000 per month Monthly savings of 30%

Data analysis and software cost $5000 per year $8000 per year Analysis time reduced by 50%

Personnel training and technical support ~ $3000 per year $5000 per year Support needs reduced by 40%

Research and development cost $30,000 per year $50,000 per year Return rate increased by 50%

Publication and patent application cost ~ $2000 per paper/patent ~ $3000 per paper/patent Recognition increased by 30%

Number of experiments per year 100 times 80 times Annual experiment times reduced by 20%
Measurement time per experiment 60 minutes 40 minutes Measurement time reduced by 33%

As can be seen from Table 7, the new technology of using photosensitive pi-
conjugated materials for NIR spectroscopy has significant advantages in terms of
economic advantages and potential savings. Although the initial cost is high, it has
significant advantages in experimental efficiency, data processing and long-term
research and development, which can bring long-term economic and academic
benefits.

4. Spectral measurement experiment

4.1. Experimental setup

A near infrared spectrometer without photosensitive n-conjugated materials and
a near infrared spectrometer with photosensitive n-conjugated materials used in this
article were selected for experimental testing. These two instruments were named T1
and T2, respectively. Fifteen athletes were randomly selected to use these two
instruments to measure muscle oxygenation levels separately. The parameter settings
for these two instruments were: the spectrum was set to the average of 128 consecutive
scans; the wavenumber range was set to 5000—-11000 cm'; the resolution was set
to 3 cm'. Among them, each spectrum contains 3245 data points, and the data
recording format is represented by Log 1/R.

Before the experiment, the two instruments were used to make several continuous
spectral measurements of the same specimen, and the change of absorption intensity
was recorded after each measurement. The absorption intensity values in the same
wave number range were selected for comparison, and the standard deviation and
mean value of the absorption intensity were calculated. It was found that the difference
of the absorption intensity was within the acceptable range, indicating that the
measurement results of the two instruments had a good consistency.

Before the start of the experiment, the selected athletes were given detailed
training and instructions to fully understand the purpose, process and related
requirements of the measurement. Explain the operation process and precautions of
the instrument to ensure that athletes understand and master the measurement
technique. At the same time, before the formal measurement, a period of adaptive
training. Let the athletes use the measuring equipment and perform simulated

12
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measurement operations to familiarize themselves with the measurement process, the
use of the instrument and the acquisition of data. Gradually increase the difficulty and
complexity of training to improve the adaptability of athletes to measurement
technology.

Comprehensive safety assessment before application of photosensitive PI-
conjugated materials to human subjects, 1) Initial assessment: chemical composition
analysis (identification of potential irritants), in vitro cell testing (detection of toxicity
to skin cells).

Skin allergen testing (screening for sensitization potential). 2) Preclinical
evaluation: acute and chronic skin irritation tests (observation of long- and short-term
skin reactions), phototoxicity tests (detection of toxicity under light conditions), 3)
Clinical studies: set up different levels of phase I (small healthy subjects), phase 11
(further evaluation in the target population), and phase III trials (large-scale validation
of safety and efficacy). 4) Monitoring and reporting: long-term safety monitoring and
continuous data analysis.

4.2. Measurement range

The larger the measurement range of the near infrared spectrometer, the more
chemical components or molecular characteristics of muscle oxygenation levels
detected. At the same time, it can also provide more spectral data, which can
comprehensively analyze the structure and properties of athlete muscle oxygenation
levels. The test results are shown in Figure 4.

1500 1
(I T1
(I T2|
1000 |
)]
=
©
>
500

0
1 2 3 4 5 6 v 8 9 10 11 12 13 14 15
Number of people

Figure 4. Measurement range of T1 and T2 in nanometers.

Figure 4 shows the measurement range of T1 and T2 for these 15 athletes very
well. Among them, T1 had a measurement range of less than 1000 nanometers, while
T2 had a measurement range of over 1000 nanometers. It is evident that near infrared
spectrometers using photosensitive m-conjugated materials have a larger measurement
range.

Next, the violin chart was used to calculate the average measurement range of T1
and T2 in Figure 4, as shown in Figure 5.

13
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Figure 5. Average measurement range of T1 and T2.

The average measurement range of T1 calculated in Figure 5 was 785.47
nanometers, while the average measurement range of T2 was 1121.13 nanometers. By
dividing the mean difference between the measurement ranges of T1 and T2 by the
average measurement range of T1, it can be concluded that the measurement range of
T2 was 42.7% larger than that of T1.

4.3. Optical signal acquisition time

Five different frequencies were selected, namely 50.78 Hz, 58.59 Hz, 66.41 Hz,
74.22 Hz, and 82.03 Hz, to compare and analyze the T1 and T2 optical signal
acquisition time under the influence of these five different frequencies. The acquisition
frequency was set to 37 times. The collection time is shown in Figures 6 and 7.

O 1 T T T T T T T T T T T T T T
5 10 15 20 25 30 35
Acquisition frequency

Figure 6. Optical signal acquisition time of T1 under different frequencies.

14
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Figure 6 shows the optical signal acquisition time of T1 under the influence of
five different frequencies. At a frequency of 50.78 Hz, the optical signal acquisition
time range was distributed between 82.06 ms and 180.1 ms. When the frequency was
58.59 Hz, the collection time range of the optical signal was distributed between 82.65
ms and 179.3 ms. When the frequency was 66.41 Hz, the collection time range of the
optical signal was distributed between 84.01 ms and 180.26 ms. When the frequency
was 74.22 Hz, the collection time range of the optical signal was distributed between
82.3 ms and 180.16 ms. When the frequency was 82.03 Hz, the collection time range
of the optical signal was distributed between 86.36 ms and 177.83 ms.

According to the data, it can be concluded that the optical signal acquisition time
of T1 under the influence of 5 different frequencies exceeded 80 ms.

Y e
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Acquisition frequency

Figure 7. Optical signal acquisition time of T2 under different frequencies.

Figure 7 shows the optical signal acquisition time of T2 under the influence of
five different frequencies. At a frequency of 50.78 Hz, the optical signal acquisition
time range was distributed between 2.11 ms and 78.87 ms. When the frequency was
58.59 Hz, the collection time range of the optical signal was distributed between 3.3
ms and 77.09 ms. When the frequency was 66.41 Hz, the collection time range of the
optical signal was distributed between 2.69 ms and 78.93 ms. When the frequency was
74.22 Hz, the collection time range of the optical signal was distributed between 3.54
ms and 79.59 ms. When the frequency was 82.03 Hz, the collection time range of the
optical signal was distributed between 0.96 ms and 79.31 ms.

The data showed that the optical signal acquisition time of T2 under the influence
of 5 different frequencies did not exceed 80 ms. The optical signal acquisition time of
T2 was significantly shorter than that of T1. That is to say, T2 can complete the
sampling and measurement of optical signals faster, which helps to better capture
signals and signal details of rapid muscle changes, saving measurement time.

Independent sample T test was conducted for the acquisition time of optical
signals T1 and T2 at each frequency, and the results were shown in Table 8 below:
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Table 8. T test of optical signal acquisition time.

Frequency Mean variance  T-value Degree of freedom P value  Significance
50.78 90.59 21.07 72 <0.001 Remarkable
58.59 90.78 21.16 72 <0.001 Remarkable
66.41 91.33 21.28 72 <0.001 Remarkable
74.22 89.66 20.89 72 <0.001 Remarkable
82.03 91.96 21.51 72 <0.001 Remarkable

Table 8 shows that T1 and T2 have significant differences in optical signal
acquisition time at all frequencies (P value <0.001), and T2’s optical signal acquisition
time is significantly shorter than T1’s.

Based on the data results, the real-time monitoring system is designed by using
the fast-sampling capability of T2 to help coaches and athletes get immediate
physiological feedback and make scientific adjustments during training. At the same
time, according to different sports and individual differences, combined with rapidly
collected light signal data, customized training and rehabilitation programs to improve
training efficiency and effect.

4.4. Measurement accuracy

The Results software accompanying the near infrared spectrometer was used to
record the measurement accuracy of muscle oxygenation levels in T1 and T2 for 15
athletes, as shown in Figure 8.
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Figure 8. Measurement accuracy of T1 and T2: (a) Measurement accuracy of T1; (b) measurement accuracy of T2.

Figure 8 records the accuracy of T1 and T2 measurements of muscle oxygenation
levels in 15 athletes. Among them, Figure 8a reflected that the measurement accuracy
of T1 was between 81.6% and 90%. Figure 8b reflected the measurement accuracy of
T2 between 98.1% and 99.4%.

Obviously, T2 had the highest measurement accuracy, both exceeding 98%. In
summary, near infrared spectrometers using photosensitive n-conjugated materials had
the best performance, which is conducive to real-time measurement of muscle
oxygenation levels.

The above experimental data have well verified that the near infrared
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spectrometer optimized using photosensitive n-conjugated materials in this paper has
the best measurement performance.

5. Conclusions

Near infrared spectroscopy imaging analysis of NIR photosensitive n-conjugated
materials has broad application prospects in sports science, especially in real-time
measurement of muscle oxygenation levels. Photosensitive t-conjugated materials can
achieve efficient absorption of near infrared light due to their strong photosensitivity
and wide absorption spectrum range. On this basis, optimizing the design of the near
infrared spectrometer using this material can effectively improve its sensitivity and
signal-to-noise ratio, thereby improving its measurement performance. The near
infrared spectrometer optimized using photosensitive n-conjugated materials in this
article is superior to the near infrared spectrometer without photosensitive 7-
conjugated materials in terms of measurement range, light signal acquisition time, and
measurement accuracy, with significant measurement results. Optimization of near
infrared spectroscopy imaging analysis not only enables real-time monitoring of
athletes’ training effectiveness and rehabilitation progress, but also helps coaches
develop more reasonable training plans and improve athletes’ training effectiveness.
With the continuous progress of technology, NIR imaging technology would play an
increasingly important role in sports science.
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