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Table 1 MLP model parameter search space
Parameter Search Range Sampling Method
Number of layers (N) [2, 3] Uniform
Number of neurons per layer (M) [8, 256] Log— uniform
Learning rate [0.0001, 0.002] Log— uniform
1.2 regularization [0.00001, 0.01] Log— uniform
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Fig. 3 Optical parameters of the four-component system. (a) Absorption coefficient and refractive index of pure water; (b) Vari-
ations in molar extinction coefficients induced by albumin (ALB), hemoglobin (HB), and glucose (GLLU) at a concentra-
tion of 1 mg/dL. over a 1 mm optical path.
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Table 2 Defined ranges of external measurement conditions and internal component variables

Variation under Strict- o
. . Variation under Un-
Baseline  ly Controlled Condi-

Category . controlled Conditions
Value tions
(Model B)
(Model A)
Liquid temperature (Cond. 1) 30°C 0~0.1C 0~5C
Incident angle (Cond. 1I) 0 0~0.5° 0~5°
External Measurement Con- Light source color temperature
- 3000 K 0~10 K 0~100 K
ditions (Cond. I11)
Light source drift (Cond. IV) 0 0~1% 0~3%
Detector white noise (Cond. V) 0 =+ 0.001 + 0.001
55.6
Water (Comp. I) 0 0
mol/L
Albumin (Comp. IT) 35g/L 0~3.5g/L 0~3.5g/L
Internal Components )
Hemoglobin (Comp. 111) 120 g/L 0~12 g/L 0~12 g/
4 mmol/
Glucose (Comp. IV) . 0~8 mmol/L 0~8 mmol/L
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Table 3 Demographic and baseline characteristics of the subjects
Fasting
Blood ) )
Sample BMI (kg/ Fitzpatrick
Group . Age (Male/ , Glucose .
Size m’) Skin Type
Female) (mmol/
L)
Temperature— Controlled Group 18 32.6+£7.4 10/8 23.4+26 51+04 Juil
Non— Temperature— Controlled Group 19 31.8+6.9 11/8 22.9+2.8 5.0%05 Jusl
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Fig. 4 Experimental system setup
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Fig. 5 Original spectra and unit interference spectra induced by variations under different measurement conditions. (a) Spectra

without interference (original spectra) ; (b) Different ranges of liquid temperature change; (¢) Different ranges of incident
angle change; (d) Different ranges of color temperature change; (e) Different ranges of light source drift change; (f) Dif-
ferent ranges of white noise levels; (g) Different ranges of ALB concentration change; (h) Different ranges of HB con-

centration change.
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6 Unit differential absorbance at 1350 nm under different ranges of measurement conditions. (a) Different ranges of liquid
temperature change; (b) Different ranges of incident angle change; (c¢) Different ranges of color temperature change; (d)
Different ranges of light source drift change; (e) Different ranges of white noise levels; (f) Different ranges of ALB con-

centration change; (g) Different ranges of HB concentration change.
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Table 4 Modeling and prediction performance of PLSR and MLP

Model A — Sin- Model B — Sin-

. Model A — Refer- Model B — Refer-
Model Metric gle—Path Mea- gle—Path Mea-
ence Measurement ence Measurement
surement surement
RMSEC (mmol/L) 1.67 0.21 1.69 0.77
PLSR R (Calibration Set) 0.18 0.99 0.07 0.89
- RMSEP (mmol/L) 1.67 0.22 1.73 0.75
R (Validation Set) 0.16 0.99 —0.03 0.90
RMSEC (mmol/L) 1.65 0.26 1.71 0.9
MLP R (Calibration Set) 0.24 0.99 0.05 0.85
’ RMSEP (mmol/L) 1.67 0.27 1.75 1.22
R (Validation Set) 0.17 0.99 —0.05 0.70
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Fig. 7 PLSR prediction performance under different ranges of measurement conditions change. (a) Different ranges of liquid tem-
perature change; (b) Different ranges of incident angle change; (¢) Different ranges of color temperature change; (d) Dif-
ferent ranges of light source drift change; (e) Different ranges of white noise levels; (f) Different ranges of ALB concen-

tration change; (g) Different ranges of HB concentration change.
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Fig. 8 Prediction performance of the two modeling methods (PLSR and MLP). (a) Different ranges of liquid temperature
change; (b) Different ranges of white noise levels
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Table 5 Prediction results under uncontrolled measurement conditions (Model B) with temperature variation adjusted

Model B — Reference Mea- Model B — Reference Mea-

Model Metric surement ( Temperature surement ( Temperature
Variation: 0 -5 °C) Variation: 0 - 0.1 °C)
RMSEP (mmol/L) 0.75 0.12
PLSR
R 0.90 0.99
RMSEP (mmol/L) 1.22 0.28
MLP
R 0.70 0.99

B AP S ROIEE S T MAEREE R, 2l H AR A S, J5 I R AL AL AT RE SR i A
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ARG, XA 25 FT 18 Jmy #1820 SUR P IR 28, 36 ] B8 k728 2H 2L AR e 2 e 1 L 1 T R BOG IR 1R = 77 B F¢
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Fig. 9 Typical spectral measurements in the human OGTT. (a) Temperature—controlled; (b) Non-temperature—controlled.
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Fig.10  Distribution of R values for PLSR and MLP models under different temperature conditions based on within—group model-
ing. (a) Temperature—controlled; (b) Non-temperature—controlled.
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Fig. 11 Comparison of prediction performance between PLLSR and MLP models under different temperature conditions based on
within-group modeling. (a) Distribution of RMSEP; (b) Distribution of R.
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Table 6 Optimal architecture and hyperparameters of the MLP model

Neurons Neurons Neurons

Number ) o o o
) Learning L2 Regular- inHid- i Hid- in Hid-
Modeling Method Group of Lay- o
Rate ization den Lay- den Lay- den Lay-
ers
erl er2 er 3
) Temperature — controlled group 3 0.001652  0.000589 78 255 59
Combined Dataset
. Non— temperature — controlled
Modeling 3 0.001844  0.000354 91 248 86
group
Temperature — controlled group 2 0.000288  0.000058 72 65 —
LOSOCV Non— temperature — controlled
3 0.00114 0.001138 10 34 20
group
PLSR MLP
s T ° .
% % 12 _(a) . ;‘i,,/ (b)
£ E 10 |
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Fig. 12 Comparison of prediction results between PLSR and MLP under different temperature conditions based on combined da-
taset modeling. (a) and (b) show the PLSR and MLP model under temperature—controlled conditions; (c¢) and (d)
show the PLSR and MLP model under non-temperature—controlled conditions.
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Fig. 13 Comparison of prediction results of PLSR and MLP models under different temperature conditions based on leave—one—
subject-out cross—validation (LOSOCV). (a) Distribution of RMSEP; (b) Distribution of R.
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A Systematic Study on Measurement Condition Control and Modeling
Methods for Glucose Concentration Prediction Using Near—Infrared
Spectroscopy

LIU Wenbo', SUN Di’, CHEN lJiayu', YAO Mingfei’, LIU Xueying', LIU Jin', HAN Tongsh-
uai', XU Kexin'?
(1 State Key Laboratory of Precision Measurement Technology and Instruments , Tianjin University, Tianjin 300072,
China)
(2 Sunrise Technology Co., Ltd., Tianjin 300192, China)

Abstract: This study aimed to systematically investigate how measurement conditions affect the accuracy
and stability of glucose concentration prediction based on near—infrared (NIR) spectroscopy, and to clarify
the roles of physical control and modeling methods in improving predictive performance. By combining a
simulated glucose—solution spectral system with human oral glucose tolerance test (OGTT) experiments,
we examined the effects of linear and nonlinear disturbances on spectral characteristics and model behavior,
compared the robustness of partial least squares regression (PLLSR) and multilayer perceptron (MLP) ,
and proposed a classification strategy distinguishing measurement conditions as either “allowable
variations” or “non-allowable variations.” A combined simulation-and—human-experiment framework was
established. In the simulation study, an aqueous glucose solution was used as a simplified optical system to
isolate the effects of controlled disturbances on NIR spectral response and prediction accuracy.
Representative factors included liquid temperature variation, white noise, incident angle variation, light—
source color temperature, and light-source drift. Their influences were analyzed at both the spectral and
modeling levels. In particular, the relationship between disturbance magnitude and unit differential
absorbance at a single wavelength was examined to determine whether the induced spectral variation
followed an approximately linear or nonlinear pattern. Two modeling approaches were compared: PLSR as
a representative linear regression method and MLP as a representative nonlinear learning method. Models
were trained to predict glucose concentration under different disturbance scenarios, and performance was
evaluated mainly by the root mean square error of prediction (RMSEP). Based on spectral response
patterns and error trends, measurement conditions were classified into “allowable variations, ” referring to
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factors that could vary over a broad range while maintaining low prediction error, and “non-allowable
variations, ” referring to factors requiring strict control. To verify whether the simulation-based conclusions
applied to physiological measurements, human OGTT experiments were also performed. NIR spectra
were collected under temperature—controlled and non-temperature—controlled conditions. In the controlled
condition, the skin was heated to approximately 36 “C and maintained near this level during measurement.
Fingertip blood glucose values were collected intermittently as references. The correlation between spectral
signals and blood glucose changes was analyzed under both conditions, with particular attention to features
near 1550 nm. Model development included within-group modeling, combined dataset modeling, and
leave—one-subject-out cross—validation (LOSOCV). The simulation results showed that different
disturbances had markedly different effects on spectral prediction. Liquid temperature variation and white
noise exhibited clear nonlinear characteristics at the single-wavelength level: the relationship between
disturbance amplitude and unit differential absorbance was non—proportional, indicating that these factors
changed spectral response in a way that could not be adequately represented by simple linear correction.
Such nonlinear disturbances altered both the spectral baseline and absorption peak distribution, making it
difficult for the models to separate glucose—concentration information from interference. As the amplitudes
of temperature fluctuation and noise increased, prediction errors rose substantially. These two factors were
therefore identified as “non-allowable variations.” Only when temperature fluctuation was limited to no
more than 1 °C and white noise was restricted to no more than 0.002 a.u. could RMSEP remain stably
around 0.2 mmol/L. In contrast, incident angle variation, light—source color temperature, and light—source
drift showed approximately linear effects within the investigated ranges. The induced spectral changes
followed stable patterns, allowing the models to recover glucose-related information with higher
robustness. Even when these factors varied over a larger range, prediction errors could still be maintained
below about 0.2 mmol/L. These factors were therefore classified as “allowable variations.” Comparison of
the two modeling methods showed that MLP had a slight advantage over PLSR when only a limited
nonlinear temperature disturbance was present. However, once temperature fluctuation became larger, the
errors of both models increased significantly, indicating that nonlinear modeling cannot replace physical
control of critical measurement conditions. The human OGTT experiments further supported the
simulation findings. Compared with the non—controlled condition, the temperature—controlled condition
produced a stronger correlation between NIR spectra and blood glucose changes, with more prominent
sensitivity near 1550 nm. Model performance also improved under this condition. In LOSOCV, the MLP
model achieved an RMSEP of 1.33 mmol/L in the temperature-controlled group, whereas the
corresponding RMSEP in the non-controlled group was 1.63 mmol/L. Similar trends were observed in
within-group and combined dataset modeling. This study demonstrates that measurement—condition
stability is a key determinant of accurate glucose concentration prediction using NIR spectroscopy. The
combined evidence from simulation and human OGTT experiments indicates that nonlinear disturbances
are the main factors limiting predictive performance. Temperature variation and white noise were identified
as critical “non-allowable variations” because their effects were strongly nonlinear and could not be
sufficiently compensated for by either PLSR or MLP. By contrast, incident angle variation, light=source
color temperature, and light=source drift behaved approximately linearly and could therefore be tolerated
within a wider range as “allowable variations”. Although MLP showed a limited advantage over PLSR
under nonlinear interference, model optimization alone was insufficient when disturbance amplitude became
large. Human experiments further confirmed that proper temperature control strengthened the spectral
correlation with blood glucose and improved prediction under cross—subject validation. Overall, effective
physical control of key nonlinear factors is a prerequisite for high—precision prediction.
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