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Abstract: Abnormal postmortem glycolytic rates are among the primary drivers of meat quality de-
fects, such as pale, soft, exudative(PSE) and dark, firm, dry(DFD) conditions. Phosphoglycer-
ate kinase 1(PGK1) and pyruvate kinase M2 (PKM2) catalyze two key substrate—level phosphoryla-
tion steps in glycolysis and can therefore partially reflect postmortem energy metabolism status. In
this study, Tan sheep muscle was used as the research object. The immunoreactivity levels of PGK1
and PKM2 were determined, and a nondestructive evaluation framework integrating visible—near—in-
frared hyperspectral imaging (Vis—NIR HSI) with two—dimensional correlation spectroscopy (2D-
COS) was developed to enhance sensitive band interpretation and model explainability. Five sensitive
wavelengths(476, 562, 605, 715, and 800 nm) were identified by 2D-COS, and their spectral
responses were plausibly associated with changes in myoglobin state and differences in water—binding
status and/or tissue—structure-related scattering. Furthermore, multiple preprocessing and feature
extraction strategies were systematically compared across partial least squares regression (PLSR) ,
random forest (RF) , and convolutional neural network (CNN) models. The best performance was
achieved by the CNN model coupled with variable combination population analysis—iteratively retain-
ing informative variables (VCPA-IRIV) , vyielding for PGK1: R,=0.8920, RMSEP=38.365 3,
RPD=3.093 5; and for PKM2: R,’=0.903 0, RMSEP=18. 177 8, RPD=3.2659 in the prediction

set. Pixel-wise pseudo color visualization based on the optimal models intuitively revealed the spatial

s EE: 2026-02-09; EEBEH: 2026-03-23
EEWE: ERARPHEREET B H (32260625)
« WITEE . FWE, Wt 282, crm. &2 TSR0, E-mail. wangsongleil63@126. com



2 TR AR (http://www.fxesxb.com) 545 3%

heterogeneity and dynamic evolution of the two enzyme levels across different storage stages. These re-
sults demonstrate that Vis=NIR HSI combined with 2D-COS and deep learning enables nondestruc-
tive prediction of PGK1 and PKM2 enzyme levels in mutton, providing technical support for rapid
grading and process monitoring of metabolism—related indicators.

Key words: visible-near infrared hyperspectral imaging; Tan sheep; phosphoglycerate kinase 1;
pyruvate kinase M2; two—dimensional correlation spectroscopy; deep learning; nondestructive de-

tection
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Fig. 1 Structural diagram of the CNN model
Input: input layer; Conv: convolution layer with 2X1 kernel and 32 filters; BN: batch normalization layer; ReLU: activation layer; Pool:
max pooling layer with 2X1 window; Dropout: dropout rate of 0. 1; FC: fully connected layer with one output neuron; Output: output layer(re-

gression)
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Table 1 Structural and training parameters of the CNN model

Parameter Value Parameter Value

Input data format (176, 1, 1) Initial learning rate 0. 001
Kernel size (2, 1) Max epochs 600
Number of filters 32 Mini-batch size 32

Pooling type max Shuffle strategy every—epoch
Pooling size (2, 1) Dropout rate 0.1
Pooling stride 2 1.2 regularization 0.1
Activation function ReLU Learn rate schedule plecewise
Batch normalization True Learn rate drop period 100
Optimizer Adam Learn rate drop factor 0.5
Validation frequency 20 Early stopping patience 30
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Table 2 Enzymatic immunoreactive level (U/mL, kit=defined) of PGK1 and PKM2

Enzyme Enzyme protein level (U/mL, kit—defined)

Oh 12h 24 h 48 h 72h 120 h
PGK1 464. 01 + 60. 44" 401. 40 +17. 02" 334.60 + 16. 85° 118. 68 + 16. 77° 267.51 = 19. 45" 315.07 + 51. 06°
PKM2 473.47 + 12. 86" 414.13 +29. 10 360. 69 + 30. 41° 301. 08 + 15. 06" 360. 11 + 30. 34° 399.04 + 61. 35"

Different superscript letters within the same row indicate significant differences among storage times (p < 0. 05) ([Fl—47H R [6_FFrFHRER R A
[ A ) =2 ] 26 57 . 2 (p < 0..05))
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Fig.2 Raw spectra(A) and mean spectra at six storage—time points(B)
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Fig. 3 Results of 2D-COS
A. 2D contour map of the synchronous correlation spectrum; B. 2D contour map of the asynchronous correlation spectrum; C. 3D surface plot of
the synchronous correlation spectrum; D. 3D surface plot of the asynchronous correlation spectrum (A, [FIFAHERE —4E45m & ; B. %
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Table 3 Signs of cross peaks in synchronous(®, outside brackets) and asynchronous spectra(W, inside brackets)

Asynchronous
Synchronous 476 562 605 715 800
476 + +(=) +(=) +(=) +(=)
562 + +(+) +(+) +(+)
605 + +(+) +(+)
715 + +(+)
800 +

XFFPGK1, 3 FMBAISH I M e A 7 1043, DG 5 5% 2 H E i, Bk
M5, SNV 5 fi i) {il 558U 5 0688 22 S SR RBEAE (L, 7 B FH458 PLSR M ZRMERR B P RF X %%
PR R IEER AR BURK, 1M Baseline A8 S5 REARAS R NES: , SOEAERIZ AL MR &3 CNN B BURE
FEFRE, 1M SG A A F 3 i e th R4 T i 2 3 . M2 T, PKM27E 3 2545 A i 4 R B
Baseline fo T H Al FiANBE 7y Ak 34, ST M BE 32 B2 R AR EAS 50N . U HL R R A ZE T A B
JERERI R M0, 676 02 52 0. 831 0, BRI, HF PGK1 55 PKM2 [ /K FAE 5 Y6 555 5 2 18] 1) SC HR
PRI, BB “BRUESRE” 5 “TRTHIE” WrERERE BT E R R

A0.6 B 0.5 C
e Baseline & 2.0 SNY
g g S o
E 0.4+ E 0.3 3 1.
© © ©
< < <
E E E
: : : o
% 0.2+ % 0.1 %
=1 == =1
-1.0+
0 T T -0.1 T T T T T
400 600 800 1000 400 600 800 1000 400 600 800 1000
Wavelength/nm Wavelength/nm Wavelength/nm

K4 ARETAEETTE TEOEER
Fig. 4 Spectral comparison under different preprocessing methods
Fa REOCE S RAEBLLEITE T 3 FVERIRT PGK1FI PKM2 ) B VERE HL AL
Table 4 Comparison of prediction performance for PGK1 and PKM2 using three models with raw spectra and the optimal prepro-

cessing method

Enzyme Model Method R’ RMSEC R/ RMSEV R/ RMSEP RPD
PGK1 PLSR Raw 0.856 9 41.6798 0.8512 47.406 2 0.8575 44.100 6 2.6869
SNV 0.8645 40.565 7 0.846 6 48.1271 0.8649 42.9452 2.7592
RF Raw 0.8525 42.314 1 0.8029 54.546 8 0.8230 49.150 1 2.4109
Baseline 0.8913 36.3319 0.8495 47.664 2 0.869 3 42.244 1 2.8050
CNN Raw 0.902 1 34.265 1 0.8416 48.8480 0. 864 6 42.946 2 2.7651
SG 0.924 8 30.1538 0. 848 4 47.798 9 0.8707 41.994 6 2.8250
PKM2 PLSR Raw 0.904 6 17.674 3 0.849 1 19. 688 9 0.8539 22.3304 2.6540
Baseline 0. 888 4 19.116 0 0. 846 4 19.868 0 0.8818 20.0815 2.9512
RF Raw 0.8886 19.103 0 0.7422 25.738 5 0.676 0 33.2470 1.7826
Baseline 0.9251 15. 660 0 0.805 1 22.380 1 0.8310 24.014 8 2.4678
CNN Raw 0.9009 17.970 0 0.8545 19. 326 6 0. 868 2 21.1392 2.8219
Baseline 0.9247 15.647 8 0.8756 17.862 8 0.8820 20. 048 2 2.9609
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Fig. 5 Visualization of selected wavelengths obtained by different feature selection methods
A.PGK1; B.PKM2
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=, RS R, (0. 892 0) FlH Ik RMSEP(38. 365 3), RPD#2£F}%3.093 5; CARS-CNN tLEUE4 1
259 (R,=0. 885 8, RMSEP=39.438 0, RPD=3.0105). X805 /5 AUEFE Ik K RE AL 35 1 CNN R £
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3.2659). PLSR H' CARS L 4 i AN 2 /MIE i (R,’=0. 885 1, RMSEP=19. 804 0, RPD=2.9926), Tfi
iVISSA FITERESR T AT 45559 . 5 PGK1 —3L, RFZEPKM2 LABLIA I A atl, SaddSmEigmus it
AERHE FF%, PRI RF X34 RS S i) £ 5 o A48

ZEAORE , FHETREOS A B ERE A2 AN m] . ZEPIFREROY TN b, CNN 50k f5 B ARFE I <
(JUHJE VCPA-IRIV) PP s, I RS SR THFRS B, AR BB ) TN RE /7 ; PLSR (EAFAELE
FEARG @ ATIRE PRI ECRR B 2GR 5 i RF SRR A A i e, dob i ) A% & 075 0 W e Js A 2%



10 SR AR (http://www.fxesxb.com) 545 35

R ERIFH Az AR
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Table 5 Comparison of prediction performance for PGK1 models using feature—extracted spectral variables

Enzyme Model Method R02 RMSEC sz RMSEV RPZ RMSEP RPD
PGK1 PLSR Full spectrum 0.864 5 40.5657 0.846 6 48.127 1 0. 8649 42.9452 2.7592
CARS 0.8587 41.4247 0.8533 47.069 7 0.890 4 38.688 4 3.062 8
iVISSA 0.8676 40.094 9 0.869 3 44.428 8 0.8856 39.5209 2.998 3
VCPA-IRIV 0.8377 44.394 2 0.878 9 42.754 1 0.8865 39.354 4 3.0109
RF Full spectrum 0.8913 36.3319 0.8495 47.664 2 0.869 3 42.244 1 2.8050
CARS 0.864 1 40. 629 6 0.8573 46.416 3 0.847 4 45.6423 2.596 1
iVISSA 0.8620 40.9318 0.8196 52.1962 0.8090 51.062 1 2.3206
VCPA-IRIV 0.824 4 46.178 6 0.7713 58.765 1 0.7792 54.896 9 2.1585
CNN Full spectrum 0.924 8 30. 153 8 0.848 4 47.798 9 0.8707 41.994 6 2.8250
CARS 0.9411 26.674 1 0.889 1 40.8206 0.8858 39.4380 3.0105
iVISSA 0.905 2 33.8510 0.869 5 44.3350 0.8749 41.3155 2.869 4
VCPA-IRIV 0.904 8 33.5252 0. 8556 46. 404 4 0.8920 38.3653 3.0935
#6 FETHFESRIUGGIE AR PKM2 BERERE L AL
Table 6 Comparison of prediction performance for PKM2 models using feature—extracted spectral variables
Enzyme Model Method R02 RMSEC sz RMSEV RPZ RMSEP RPD
PKM2 PLSR Full spectrum 0.888 4 19.116 0 0.846 4 19. 868 0 0.8818 20.0815 2.9512
CARS 0.879 8 19.841 4 0.879 4 17.601 0 0.8851 19.804 0 2.9926
iVISSA 0.8373 23.0856 0.7790 23.8298 0.8596 21.8893 2.707 5
VCPA-IRIV 0.8716 20. 506 4 0.8673 18. 467 4 0.8825 20.0253 2.9595
RF Full spectrum 0.9251 15.660 0 0.805 1 22.3801 0.8310 24.014 8 2.4678
CARS 0. 866 7 20.8929 0.6449 30.2059 0.7328 30. 196 1 1.9627
iVISSA 0.8932 18.703 2 0. 656 6 29.703 5 0.7827 27.2280 2.176 6
VCPA-IRIV 0.903 2 17.803 7 0. 696 7 27.9179 0.807 4 25.634 8 2.3119
CNN Full spectrum 0.9247 15. 647 8 0.8756 17.862 8 0.8820 20.048 2 2.9609
CARS 0.8869 19.2205 0. 808 6 22.168 0 0.8818 20.032 8 2.9736
iVISSA 0.9140 16.762 8 0.816 5 21.704 2 0.890 4 19.3300 3.068 5
VCPA-IRIV 0.904 9 17.634 1 0.8050 22.3719 0.903 0 18.1778 3.2659
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m.
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