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Abstract: The quality evaluation of traditional Chinese medicine is one of the key issues related to the
modernization of traditional Chinese medicine. The quality evaluation technology system of traditional Chinese
medicine mainly includes traditional evaluation (traits, microscopic and physicochemical identification), chemical
evaluation and biological evaluation. Due to the complex composition of traditional Chinese medicine, the single
detection method in the above evaluation technology system usually cannot obtain sufficient quality information.

The multi-source information fusion strategy can organically integrate data from multiple analysis and detection

AR 1 H: 2023-02-20; &A1 F14: 2023-07-05.

BEGIH: H K H AR A TR H (81773892, 81774452); Vil 1 44 HH R 25RO N A B4 32 BUH (2005 H ) (2019ZYBI07); ¥ 1 44 P A J3E o 5 4 2%
BHH S N T (HNSWIW-2020014); [ 5% 2 2445 3 7 2022 4 75 4R U 35 5 4 B 92 10 H (1 P 28 24 A 506 [2022]256 5).

*JB AEH Tel: 86-371-66233562, E-mail: liuruixin7@163.com;
Tel: 86-371-66245142, E-mail: xuelinli450000@163.com

DOI: 10.16438/7.0513-4870.2023-0195



- 2836 - Z5% %4/ Acta Pharmaceutica Sinica 2023, 58(10): 2835-2852

technologies to obtain more comprehensive information of samples and improve the quality evaluation effect. At

present, multi-source information fusion strategy has been widely used in the fields of military, industrial and food,

and it is still in its infancy in the field of quality evaluation of traditional Chinese medicine. This research

introduces the definition, structure, method (algorithm) and fusion level of multi-source information fusion,

summarizes its research progress in the origin traceability, variety identification and pharmaceutical analysis of

traditional Chinese medicine, and sorts out the specific methods of data fusion in each literature. Finally, we

summarized, prospected and discussed the application, development and existing problems of information fusion

technology and its application in the quality evaluation of traditional Chinese medicine, in order to provide

reference for broadening the application of this technology in the field of traditional Chinese medicine.

Key words: traditional Chinese medicine; quality evaluation; multi-source information fusion
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Table 1

Data fusion strategy of geographical origin identification

Aim of fusion

Data source of fusion Methods of data pretreatment

Fusion level

Methods of feature extraction

or variable selection

Data analysis

Geographical
authentication of the
epidermis and inner part of

Macrohyporia cocos®™"

Geographical traceability
of wild and cultivated

Macrohyporia cocos™

Geographical traceability
and multielement analysis
of Wolfiporia

COCOS[zg]

Geographical origins
identification of Gentiana
rigescens™
Geographical origin of

Gentiana Rigescens™

Geographical origin
discrimination of Radix

Paeoniae varieties®"

Geographical traceability

of Panax notoginseng®™

Origin identification of

Panax notoginseng™

Geographical origin
identification of Paris
polyphylla Smith var.

- [34
yunnanensts[ !

Geographical origin
identification and quality
evaluation of Lycium
ruthenicum Murr.®

Origin identification of
Polygonatum Kingianum™
Traceability of wild Paris
polyphylla Smith var.
yunnanensis®"

Origins discrimination of
wild Paris Polyphylla
Smith var. yunnanensis®*
Origins discrimination of
Eucommia ulmoides
leaves"™
Discrimination of
geographical origins of
[40]

Radix Astragali

Discrimination of honey of
different floral origins'*!

LGy
the epidermis and

LC,,; FTIR;

242

inner part of
Macrohyporia cocos
FTIR; HPLC

ICP-AES; FTIR

HPLC; FTIR

HPLC data of

rhizomes, stems and

leaves

HPLC; FTIR

FT-MIR; NIR

FT-MIR; NIR

ATR-FTMIR; NIR

NIR; MIR

ATR-FTIR; UV-Vis

FT-MIR; UV-Vis

FT-MIR; UV-Vis

ATR-FTIR; UV-Vis

Raman spectra; UV-
Vis

UPLC-QTOF-MS;
ICP-MS; IRMS;
FTIR; NIR; Raman

Correlation optimized warping

algorithm (chromatogram);
second derivative (SD) and

Savitzky-Golay filter (spectra)

Correlation optimized warping

algorithm (chromatogram);

SD and Savitzky-Golay filter

(spectra)
MSC; SD (FTIR)

SNV+SG-SD

Correlation optimized warping

algorithm

Autoscaling

SNV; Savitzky-Golay filter

SNV; S-G; SD

SD

SNV

First derivative (FD); SD;
SNV; normalization

SNV+SD+S-G; normalization

SNV+SD

SD; exponentially weighted
moving average (EWMA)+
SG; normalization

Wavelet denoising;
normalization

Peak alignment;

normalization; pareto scaling;
logarithm transformation; FD;

S-G smoothing; SNV

Low-level; mid-
level

Low-level; mid-
level; high-level

Mid-level

Mid-level

Low-level; mid-
level

Mid-level

Low-level; mid-

level; high-level

Low-level; mid-
level; high-level

Low-level; mid-

level; high-level

Mid-level

Low-level; mid-
level; high-level
Low-level; mid-
level; high-level

Low-level; mid-
level

Low-level; mid-
level

Low-level; mid-
level

Low-level

PCs by PCA

Feature extraction by Boruta

in RF; PCs by PCA

Variables extracted by VIP
values; PCs by PCA

PCs by PCA

Relative variables extracted
by Boruta in RF; variables
selected by VIP values in
OPLS-DA

Important variables by GA-
PLS; PCs by PCA

Variable selection by

recursive feature elimination

(RFE); PCs by PCA

Variable selection in RF;

variable extraction by Boruta

in RF

Variable selection by Boruta;

variable selection by RFE;
PCs by PCA

PCs by PCA

PCs by PCA; LVs by PLS-
DA

PCs by PCA

PCs by PCA; LVs by PLS-
DA

PCs by PCA; LVs by PLS-
DA

PCs by PCA

PLS-DA

RF; PLS-DA

SVM; PLS-DA

PCA; PLS-DA

RF; OPLS-DA

LDA; RBF-
ANN; LS-SVM

RF; SVM;
fuzzy set theory

RF

PLS-DA; RF+
fuzzy set theory

PCA; LS-
SVM; Si-PLS

RF; fuzzy set
theory
SVM-GS; RF+
fuzzy set theory

PLS-DA;
SVM-GS

HCA; PLS-
DA; GS-SVM

KPCA; SVM;
KNN; SRC
(sparse
representation
classification)

PCA; OPLS-
DA
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Continued

Methods of feature extraction

Aim of fusion Data source of fusion Methods of data pretreatment  Fusion level . . Data analysis
or variable selection
Honey botanical origin 'H-NMR; LC- Baseline correction and Mid-level Variable selection by VIP PCA; PLS-DA
characterization*” orbitrap-MS; LC- logarithm transformation values; PCs by PCA
TOF-MS (NMR); peak detection,
alignment and integration
(orbitrap-MS); peak alignment
by non-linear locally estimated
scatterplot smoothing and
Pareto scaling (LC-TOF-MS)
Classification of VNIR; SWIR SG (9-point, 13-point, 17- Mid-level Effective wavelengths by PLS-DA; SVM
geographical origins of hyperspectral data point, 21-point); SNV; MSC; SPA; texture features
Rhizoma Atractylodis FD; SD extracted by GLCM and
Macrocephalae™ GLRLM
Geographical origin Vis-NIR; NIR Wavelet transformation Low-level; mid- PCs by PCA; deep spectral ~ PCA; CNN;
identification of Radix hyperspectral data level feature extraction by CNN SVM; LR
Astragali*!
Geographical origins Vis-NIR; SWIR S-G smoothing; SD Mid-level Featural wavelengths by PLS-DA; SVC

identification of hyperspectral data

Glycyrrhizae Radix et
Rhizoma™

Discrimination of two E-Nose; E-tongue; Normalization
botanical origins of UPLC

Magnolia Officinalis

Cortex™®

SPA; texture features (support vector

extracted by GLCM classification);
RF
Low-level; mid- PCs by PCA; variable PCA; HCA;
level selection by VIP values (PLS) LDA; QDA

221 ERERNRIFN 258 s B % e R
VPO I E 5, Dy iU 1 3, AR T ORIETR R
IR AR E — B A M e S BUBER FH 2%
A, R A 0 AT 500 . BRI A AL
HNFIIT LLAM G, AL T — M IX o B R E AR (T
)22 B R E A GO ) B EE RS T
W, GERER, h GRS o R R AR LIRS Rl S
SN, BEAT R4 4 RREA, HERIZRIE 100%, LT
et BT N R4 (wavelet compression)
A T5 B i 5 /> —3fe (iPLS) 5 06 3T 21 40 A1 v 21 A RFAE
BB, G562 Fh o JREE, i#EAL T POl o e R
E A OR BRI O it K38 1 o 2 O R v . SCRR™
W5E T 24 5Ly i 2 5% 5 7 A2 B9 NIR A1 MIR D't
i, L PLS-DA B I8 AR & O R AE 4T 408 fib
FE 88 VHE 0 b T 19 SR A AR - e LA T AR B 1) B
KGO FHAPEE T RE R, BEE BT 8B F
X N UURERy B A5 A8 it by R AT %50, Hds il & )5 1E
FIRR TR - EHYE, SRR rEEN6E
N
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DRI B AR 24 20045 SR B A e 2 22 e BY; & B IE AT
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F VR Ak 229 R HPLC 23 B0 52 1 4 Bl 1 (5% L 2
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FHEETN T 4 SR, G G R A € 1 0 R NIR e AiE
Tl ST PRI IO R B BT, AR AR,
KO A A S AR TN 4E R HA14E 0.95 DAL, fil R 1
T %o . T 78 HPLC-DAD F1 GC-MS 3k
3T HAR3IAA GEIRA T PUFRA AL 4 1=
Y8 2L B, JE T PCA AT 1 & 25 FE A 5 HPLC B8
GC-MS &4 & A M, &3 dERt A )5, PCA BN
T & RREAR TR 7 5 8O Ho xR et 5 42
. CHERPE 3 HPLC.FT-NIR #1 FT-MIR, {i i PCA
FIHCA, 7387 T 4 Pl i J& 250 (= 300% = My g
U R 2 R ) R AR A R AR AR e A
KRR, HETIR R EREEMEHE T HERSTE
) T AR R 4 S 2% BH JE T VIP B 1 A 2 b A BE PR A
BB TR 22, 9 me R T 753 o i FLPY R A NIR Fl
UV-Vis S X 11 FhA s 250 13047 %0, Bkt & 5
BRI 53 FSHE R R PR AR, AR SRl A o8 R S WA [7)
ik 1 (A0 5 R 22 SR A AR T, I e ik
AT PRI R T RIS 2SR, E IR IR T 1)
IR AE WT RE A 0 B, 3 BB R 2 AR K B Ab,
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R T RWOW N 1~12 F A 25404 28 Be R 1
ATR-FTIR 4, fil& P9 A AL B 58 0 R O #EAT 1 %
5l 5 IR, T AL PR R E O 1 A T A v A s
TR

223 1EFSERNRIFN KO M 2 5 EI NS
0 A R (A B A A AN P SR AL 5 R TR AR A, AT IR
S EE 1 2 H 1, % AR b R A ] b F 4 R0 4 T R
BIPN A BT T R I AR T AR A, BEYE I IR
2, DRAEH 2 2380 WA 00 Bl Bt B 5
B URAR N ez NN I D ERINE N ERe R A
J 53 2 S AR BSR4k, T S Sk R AR I R EORN B
fi g7 v (I8 5) R 58 IR AR T 3R 2 e
wtr, TOUAE A 26 100%, Ak, 3 AN B HE I8 (14 A 4 43 #r
SE IR, R R A P A 1 5 R AT AR S R
8 R AR SN AL B YA G, ST O B A AN i
AR N ER FE A 5 1) 9 B4y (I Z041) AR
Bk (BB BT &) 25, & WA BN,
FLOGE A NIR F 5 43 9% 28 00 (10 AR 0 20 2 2 , e ik
PP R R Rl R SR BT B R S AR T S A
(Kl 6), 25 TR W, Hdf b me % nT AL AR B E %, 150
FEAR G SR8 77, oAb, B R AE A i 3 A 3 sy 0 1

b = o3 (R R T R Ik B B A A R 2 R RUR .
SCHREY 3 5 B T IR T BRI AT T AR
P B 32 R B ) € LR S, R
BRI E S B R KRS LDA AL, 45 S DA &
AR - & e AR R e, LT R — R R .

224 SRFHRARIEN DA TR T 2R FEST AL
AR TR ) S, AN R 254 AU AT AU, B
LM RAT B AR ) 2R R G0 2 A R IUEUR R
7710 SCERCYRIG sk 256 S -IRAE R, 2 a
A B VIR S A, AR IR B0 b 1 JR B 2 M RN
5% (locally linear embedding, LLE) fil LDA 5 £ X} 3
T AR 77 A R RN 6 28 5 Wk v 24 0 147 s B 4
RRAESEHCAN 43 36, vl W I 20 o BT FE 2R R
AR TE A% RS B AL 2B R AE, SR IURFAE ) B, &
SVM Il 452 2] J& i S 25 A4 e AE B8 e, JE T T K 1 4
T 2 AR IREE BRI M 0 BRI R R G SO
BT Rk M S -IRR G5 B, BOL T AR R
SR 73 S I 77 o W TR NE S Hh 257K R
F A FHR BT (BR 27 SR 20 S8R, il & i 2
L U, A5 R R L A5 /S LS-SVM BLVE IE H
R — TR, 1R T 2 ERSE RS

W1C W3C W5C W2S W2W' W1S W1W W3S W5S W6S

Selected by Pearson Correlation Coefficient with HPLC

WI1C W3C W5C W2s W2w T L* a* b*

Matrix A
+ ~ Fused Matrix B

Important Variables

PLSR
Band

4000 5000 6000 7000 8000 9000 10000 11000
Wavenumber/cmA-1

Figure 5 A mid-level data fusion approach for evaluating the internal and external changes in Curcumae Rhizoma processing””

Mid level fusion
without variable
selection

Mid level fusion
with variable
selection

Figure 6 Data fusion strategy of discrimination of sulfur fumigation and non-sulfur fumigation Ophiopogonis Radix""
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Table 2 Data fusion strategy of quality and variety assessment and identification

Aim of fusion

Data source of fusion

Methods of data
pretreatment

. Methods of feature extraction .
Fusion level Data analysis

or variable selection

Identification of genuine and
adulterated processed products of
Pinellia ternata™”
Identification of processed
products of Coptidis Rhizoma™"
Identification of official rhubarb

and unofficial rhubarb™**

Identification of ginger-
processed Pinelliaternata and its
counterfeits™*”!

Identification of adulteration of
Fritillariae cirrhosae bulbus
powder””

Differentiation of lotus seed
cultivars and quantitative
predicting®™

Identification of similar, complex
Rhizoma Curcumae samples”
Comprehensive quality
assessment for Rhizoma
Coptidis®"

Spectrum fingerprint of
Dendrobium officinale and
similar species”®
Identification of harvesting
period of Dendrobium
officinale’™

Evaluation of the internal and
external change in Curcumae

Rhizoma processing””

Discrimination of sulfur
fumigation and non-sulfur
fumigation Ophiopogonis
Radix'™

Classification of pungent

Chinese herbal medicines'"

MIR; NIR

Electronic nose;
electronic tongue
MIR; NIR

MIR; NIR

Electronic nose;
electronic tongue

HPLC; NIR

HPLC; GC-MS

NIR; MIR

NIR; UV-Vis

ATR-FTIR spectra
of stems and leaves

Colorimeter; E-
nose; FT-NIR

NIR; UHPLC-
HRMS

Electronic nose;
electronic tongue

SG+FD (MIR);
SG+SD (NIR);
mean centering

SG; FD; SD;
MSC;
normalization
SG+FD (NIR);
SG (MIR)

Normalization

SD

Normalization

SNV+SD (NIR);
SD (MIR)

SD; MSC

SD; MSC

MSC; SNV; SG+
FD; deviation
normalization

Z-score;
normalization

K neighboring
points; the best
regularization
parameter

Low-level; mid- Variable selection by VIP PLS-DA
level values; LVs by PLS-DA

Low-level - LDA
Low-level; mid- Wavelet compression; PLS-DA;

level wavelengths selection by iPLS SIMCA; SVM;
ANN
Mid-level LVs by PLS-DA PLS-DA
Low-level - DFA
Mid-level Wavelengths selected by GA- LDA; KNN;
PLS PLSR
Mid-level Important variables selected ~LDA; BP-ANN;
by PCA loadings LS-SVM
Low-level; mid- PCs by PCA; variable PLSR
level selection by VIP values
Mid-level PCs by PCA PLS-DA; SVM;
KNN
Mid-level Important variables selected =~ RF
by RF
Mid-level GA (genetic algorithm); IRIV PLSR; PCA; PLS-
(iteratively retains DA
informative variables); CARS
(competitive adaptive
reweighted sampling);
wavelengths selection by VIP
values > 1; the most related
sensors with compounds
selected in electronic nose
Mid-level PCs by PCA; variables PCA; PLS-DA
selection by VIP values
Low-level - LLE+LDA
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Continued

Methods of data

Methods of feature extraction

Aim of fusion Data source of fusion Fusion level . . Data analysis
pretreatment or variable selection
Development of medicinal Image data; Normalization Mid-level Color features by mean value, SVM
material classification systemm] electronic nose; standard deviation and
electronic tongue entropy; texture features by
local binary pattern and
GLCM
Differentiation of varieties, Electronic nose; - Low-level PCA+LDA
growing areas and production electronic tongue
dates of pungent Chinese herbal
medicines'®!
Classification of four kinds of TS-5000Z electronic Autoscaling Low-level LS-SVM; DA;
taste of natural medicines'® tongue; a-ASTREE PCA-DA; PLS-
electronic tongue DA
Oil-releasing monitoring of Color Z-score Mid-level Color features; sensors with ~ Naive Bayes;
Armeniacae Semen Amarum'® (spectrophotometer); high response value SVM; logistic;
odor (electronic multiple layer
nose) perception; KStar;
RF
Color grading of safflower' Machine vision; Baseline; SNV Mid-level Variable selection by VIP PLSR

NIR spectra

values; LVs by PLS

2.3 HIZAE RS S HIF R E T
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PAT) AlJii 98 T ¥ it (quality by design, QbD) Fi & %

Jily SR ) 488 588 1K) 23 B T B L T R AN S i AR
1) S W, 1 It 1) 25 3o AR O A R R L G HEE = E
% (critical quality attributes, CQA) 2% ¥, {11 2 fif A1 7= iy
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PLS quantitative model
with low-level fusion

Concatenated matrix
normalization

PLS quantitative NIR MIR PLS quantitative
model variables variables model
Selected Band Selected
variables selection variables

\/

Normalization
concatenated matrix

PLS quantitative model
with mid-level fusion

Figure 7 Data fusion strategy of multi critical quality attributes monitoring in Xiao'er Xiaoji Zhike Oral Liquid extraction process

[68]

Raw material Process Process state Quality
properties parameters variables parameters
Effective o e Cryptotanshinone

1 1 .
compone A B (& Origina Origia tanshinone ITA
spectra 1 spectra n ;
nts tanshinone I

J

Y

Figure 8 Flowchart of multi-source information fusion modeling in the extraction process of Salvia miltiorrhiza
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E-eye E-nose E-tongue
Data Analysis - - =
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Data Fusion Y matrix PLSR X matrix
ao
Figure 9 Qualitative and quantitative assessment of Xiaochaihu granules”!
Table 3 Data fusion strategy of pharmaceutical process analysis and quality control
. . . Methods of data Fusion Methods of feature extrac- Data
Aim of fusion Data source of fusion . . . .
pretreatment level tion or variable selection analysis
Multi critical quality attributes NIR; MIR Normalization; SNV; SG; Low-level; UVE (uninformative PLS
monitoring in the extraction MSC; CWT (continuous  mid-level variable elimination);
process of Xiao'er Xiaoji Zhike wavelet transform); CARS; CC (correlation
Oral Liquid™® derivatives coefficients)
Development of formulation- Literature data; laboratory ~ Centering; scaling Low-level - PLSR
process-quality model for high data; material properties;
shear wet granulation'®”! process parameters
Quality prediction in the extraction Raw material properties; MSC; SNV Low-level - PLS
process of Salvia miltiorrhiza™" process parameters; NIR
spectra in process state
Prediction of dissolution rate of NIR; Roman spectra; SNV+ED (NIR); Mid-level PCs by PCA PLSR; BP-
sinomenine hydrochloride prescription ratio; process normalization ANN
sustained-release tablets””! parameters
Consistency evaluation of NIR; Roman spectra S-G; FD; normalization Low-level; PCs by PCA SMV;
preparation of sinomenine mid-level; hotelling
hydrochloride”"! high-level T%; DModX
Identification of the manufacturers LIBS; NIR Normalization Mid-level VIP; variable importance ~ RF
of compound Salvia miltiorrhiza measure (VIM)
tablets'™!
Qualitative and quantitative Electronic nose; electronic ~ Normalization Low-level - PLSR
assessment of Xiaochaihu tongue; electronic eye
granules'™
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