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Abstract

Pulmonary tuberculosis, as a disease transmitted through the respiratory tract that poses a serious
threat to health, requires early detection, diagnosis and treatment, which are crucial for disease
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control. However, traditional diagnostic methods are often limited by multiple influencing factors,
low sensitivity and lengthy processing times. Nowadays, emerging molecular diagnostic technologies,
with their outstanding advantages such as rapid detection, high sensitivity and high specificity are
being increasingly widely applied in clinical practice. The primary objective of this paper is to pro-
vide a comprehensive review of the current progress in molecular diagnostic technologies for tu-
berculosis, thereby offering valuable references for the diagnosis and treatment of tuberculosis in
China.
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1. 5]

451% % (tuberculosis, TB)&— B N FEAg FREIAL Be 50, 1] B+ 22 R0 200 H R 977 428 ) B K A e
o 4 2019 4 5 A= 4 4(World Health Organization, WHO)¥#i &, @ FREFAELIA 1000 /337 Kk 45 %
Wi, FEL 150 5 NSETS, HaH W JEUR0 A AEf 1] 157 DA ZU(WHO) BT A A ) (2024 4
FEAEREERZFVIRLR Y [2]h Bifh, REE 2023 FEREEZH FEICT AL NH LT SR
I, R S5 A% 1) A S B A T AR B B 2 N RN, TE A BREE R e R E R P A B A =
i 45 A% PR YR AE T IR T 45 #% 23 Bk (Mycobacterium tuberculosis, MTB). X375 Kl 7E 1882 £ 4 Robert
Koch B RIS [3], 3= BEdd e, T w08 S5 il P OE IR AR AT A6 1, BRI B HE A (1) 12 T 6)
TSR oG EE, R H ARSI OCEE. fG e Wi AR SR B A 25 4% 7 B AT 18
BFR, RSN T R, R MK R IR, B IGH > 85 B I R RIS IR, 5 5
PRFR AR R MEHAFAE IR ZE, A1 B TR B R AT 2 W, SERVATT 4], I LA
R SRR A A BT E (MTB), WH A FAREANT, H T4 BkyaE Py TR0 25 0 (1 55
FLWHEARERE: ZRDEY HME AL % EE PCR # i A (Quantitative Real-Time Polymerase
Chain Reaction, QPCR). £ 454461l (Line Probe Assay, LPA). &7 #1452k (High-Resolution Melting,
HRM); AZBRE5ED 1 H A a8 4B 5 A B 1 552 R (Recombinase Polymerase Amplification, RPA). ¥£4>
S8 51+ K (Loop-Mediated Isothermal Amplification, LAMP). ¥4 145 A (Rolling Circle Amplifica-
tion, RCA); M H A5 P4 5% 18 b %L L FE (Internal Transcribed Spacer, ITS). 4 i ] 4% A (Targeted
Next-Generation Sequencing, tNGS). =3 K 41l 7+ AR (Whole Genome Sequencing, WGS)%¢[5]. A7t &
FERR R S5 4% 73 TR AR R AN, A S A 78 LA Sl R S BR AR LA 5

2. RGREGERISHT S %
2.1. HWRFDHT

Ziehl-Leelsen Hetuffiidhe M THILIHE 52 Wil 45 1% i 2 S R A DHOR . PRI RRAIRRR . 1%
PRI E LR R, HRTUD R IR K LR E 27 % . SR, 207102 W RS BB, T 20%~80%
Z I8, HSEPRZ Wi PER ML 11.6%) . BRIZAE, X —HRAAAERE IR AR, RIHE DA S5 4% 738
FFR AR LA BT BT A X 5y o XL RERVEMEAF I iR AE IR _EAK 5 S S &% 85 2, It
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A REIERIATT[6] [7], HUBERER 552 B JEAAPR AR EE R EH o BT AR B . A AN 0L Ll
ML FHHERKEMW, S TERTIRERRKZ.

MTB 53275 S W A% 1) “ Sbrife” 5 IR Lo R bR AR 75, ARE Ml 5 A% 3 72 S bs A o
SRR, %R RBE N 73%~95%, H7 57N 95%~98% [8], Aid, ‘& o EkifE &1L
PR, —REE 4~8 A a5 BN 45 5, X I B2 W 516097 27 AR AR RE A o

2.2. IRFICH

PR — MR PR L2 B R 25 07 2 55 BB U5 T B, X REUAR &5 (EDREE, RENS IR 7= i A A2
SRT, AZTTIERE R MEAEN ALZE , IS B T RER L AR G AR R S N S, HETT v i SE PR R A % 6
WANE9]. 5 X R EAM, CT A& E =M HEER,  RENEXT RN KR b LRI 1 (1 Y B RRALL
BEATREIN, AR RS RE T RO, HIRR R AN, B WA AOE L HA R R P )
2 Yefe S 2 FEUR S BB [10] -

2.3. BREFICH

SERL R 3R B AR (TST)FE S5 % b IR G 0 25 FR R L, SR 2 T A 25 0 (R e AN 2 RIS
RA WG DU 2R s RS SEF E= AT Be iR 45 R, FEURBIEEUBRIME[11]. ik, 45
MR T 4B R 56 (T-SPOT. TB) i H T Al MTB B4y, AHELT TST #HEL, H5RAWHAHESZ 0k
A RAEA SR, B X 7 SR B BB RE 77, 2 W A SO RS ff 1 32 BBk TST
X TAFAE R P 1 53, T-SPOT.TB nl tH U B4, DRI FLBA 1 45 AN B 5 A HERR I 4 4% [12] [13]

3. S FIHTRAR
3.1 HZERR R EEAR

3.1.1. SERPEKERE PCR ¥ #HiR(PCR)

PCR AR50 T 45 % 2 Wi i o0 T F Btz —. 2010 4E, 34[E Cepheid A FIHF A& I FHHEH T
IR TR LW RS, B MTB/RIF i 26 2 9t 72 B 4 R (Xpert MTB/RIF). th A ZiA]
TEPRAN /N P9 58 UK 85 4% 2 AT 18 LA SRR P 2 P A I, A Dol . RV &, e 57 s ) i A
#[14]. BT 2011 5, HF TAHL(WHO)FEH, 1IRH Xpert MTB/RIF AT 2 24 45 4% 99 LA K & 9F
SRAGME G BB 25 A A 1 G5 R AT ARSI o T %o AR AN B T 24 e R a1 N, I R A
SRAGVE B BRI 5 AL FRE SR i, Xpert MTB/RIF BEWS 78 24 i Fr K A B0 i 3 X QA6 2 ) — kb 75 1k
farill 75 :[15]. Chang &¢ A[16]FT i) Meta 73 #fr &5 R3E 8, 12 Xpert MTB/RIF i&iZWififigh iz i, Hom
IRBUR IR 2 90.4%, 55 A 98.4%:; (EXFIAMERZIATIZM I R, %075 M BUBE SR = FE I 4y
5N 80.4%71 86.1%. LAt, 1%75104F ) LA fili 45 A% (32 i 7 Tt Jo B0 e 0 O S PR AR B o 9 A 0 B 5
B3 58, B — 1R Xpert MTB/RIF Ultra %f DNA 318 =347 7K, DLERTHREA IR 48 RE /7,
A ARAL T ST BR R AR B 77 5, BRAR T 7EVR A B LA B BB IREA T, AR P (RIF) i 24 K
HH IR BH P 6 SR AR, TR bk R R e, LR S AR R B [17] [18]. 2017 4 3 H, TR P A4HZ{(WHO)
HVCK B — U AR Xpert MTB/RIF Ultra, LLEAREA Y Xpert MTB/RIF, —TiifsE 16 T 7T 11
Meta 7345 R 7, Xpert MTB/RIF Ultra 12 45 %00 IO AERAIE )y 87.2%, F¢ w1k 96.5%; 7L 48T~
iR, UK E Y 95.1%, 5 EE NS 98.9% [19]. [FIkEHE, 7EfiAMSE 2K L, F1 Xpert MTB/RIF
FHAEL, Xpert MTB/RIF Ultra [ 48 44 RBUSE B 5y, ANid e e 28— 28 [20]. IERRI W, Sizmtaill gt R 2
SHRHVERT, ST RO E R R A BT N, A D E S IR IRRHE R R B AR
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3.1.2. LMEBREHEM(LPA)

LPA ¥ PCR ¥ HAR . RN AL IR EH ARG S TP F2WiH A, T Xpert MTB/RIF 1%
FAREER 2, FIREK, (HILRE0E RN AT AR SRR 25 R [21] . AR H tH 57 A 2 Z i,
FH 56 R BH YRR AR 25 1 5 2511 LPA $ R F 24 Genotype MTBDR plus fiiAs 1.0 & 2.0, Nipro
NTM + MDR-TB &7, LA}z Genotype MTBDRsI fili4s 1.0 5 2.0, Eb# Genotype MTBDR plus 1 Nipro
NTM + MDR-TB f—1i 2017 4ERF 5t [21]26 8], LPA il i) REBUEAEAE 2 5. SHRABAPEZ AT A 94%,
XA BV WK A 44% . LPA BORFHPOE . A5 B aRe 20, BEREA 0R A8 WA I 45 SR S B
PRI B TN 2515 0 o ANIE, BT 45 TN B R ], T 75 B2 5 4 LAt sk B ARG I 7 BEEA T 25 P T

3.1.3. BTRERBRMLZ(HRM)

2R B A DR 38 PR ) S R T OSBRI R, LR AR i 1 AN T AR T 41 iR
J 22 5 AT SR BCRE 8 TR 1) 7 204 J2,, T A [ B A 0 485 4% 23 BT B 52 4 T AR — 48 R L5 A% 25 P ) i 2 2
[AI[22]. ARAEAHOCHT TE B8R, AT BOAE 465 8 FUAR T 25V 7 T U SN T 92% % 96%2 (7], JHAHF
FePErIR 99%; T CE A S ME P 250 D7 1T, BURREE SN 90.8%, RSN 96.4% [23] [24].

3.2. BERERI AR

GRS —RAEEE S TR 1, 5 PCR HRA L R fe, 2R, RSRaE.
LU ST, AT S DNA W, G ATETT R M DORIER 2 s2 58 & I [25]

BN GERY A LAMP) R — Rl WHO 361E gl 2K I baE 2 g, FLAT7E 60 4y
Bl SE R, G FHOCERIRAIE , %IRRT A %12 W T R 76%~80%, 5 1A 97%~98% [26].
WHO £ 2016 FHEFE, X TE5ZmAiZH, NoRAH LAMP HASR B AR IR A5 [27].

3.3. MEFHAR

S BERZH 7 4 AR (WGS) £ By DNA I 778 &K Sp i e AL iR SE R 40 BT fs DNA [P 5IE R, HAE
AEFAELARE IR MTB J7 TR I 2 B0, A B X Tl g A% B i 4 25 4% (1 12 B 4% S e IR AUsR K 7 [ 28]
[29]. BB E, AL FHEALE MTB FIRF RG] FPR 532 i 24 P A WU RN AL 790 27 20 A 4 A3 1)
S FH C A s S5 [30] -

4. SyFEIRAHEImRBERARE

G T WrERAE I 251 (PTB) A2 W USRS 1 A\ B H 1k, AR BT 1A I R 3 R
P, EFAET S R AN S B S T IR APk, R EIRATIERIE TR T 36 %, AR
AT Y2 SEHER T2 WE, BIanFE T PCR BRI IR, AEAEMKAS T B ot . A3 Rl
ERBEE, HFHREEERITRII. BRE LW ARR I ERAE N ST REA AL BEAN S5 R . I
T BOX LSRR LA BIR B = o BRyT HEA Ot AR X 55 (R X A5 203 AN, AT E H 3 b PR ] 17
DT EWHORIE S, V2 R X R X ToiE 2 2 . LI, AR A A0 B R AN 5T 4% )
T DR I A5 R AERR P R R L, [, Il — DR TSI VA 0 REUE . e DL RIS el
ZREPRHIRE ST, V02 TR EIRAWT TR . FREARK, BEAE BRI SE3E D MU AN I T B,
T LW BAENSR A RIS W T 25 PEE I UL RRAT R ST FU A U, i A 6 H 2 008 LA (B

MR,
5. &g
SFBWIHA NI WIS IE TR T A, 54507 R A B R, PCR
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FR . Xpert MTB/RIF 248 LU AL E AR A H 13 21 I ML, FARET ARG 2] WHO 87 fitiiid fgm MR
JEBLH RPN AT St RAETIRPEE, 2 T2 WiBORKG RS E I 45 216 K R e, N BREE L
P TR, AR A TIF R ERME, BRG. B, B2 7E LA 2 AN F M X 1
NI #3K

&5k

[1]
[2]

(3]

(4]

[5]

(6]

[7]

(8]

[9]

[10]

[11]
[12]

[13]

[14]

[15]

[16]

[17]

World Health Organization (2019) Global Tuberculosis Report 2019.
https://www.who.int/tb/publications/global_report/en/

World Health Organization (2024) Global Tuberculosis Report 2024. World Health Organization.

Sakula, A. (1982) Robert Koch: Centenary of the Discovery of the Tubercle Bacillus, 1882. Thorax, 37, 246-251.
https://doi.org/10.1136/thx.37.4.246

Lange, C., Abubakar, I., Alffenaar, J.C., Bothamley, G., Caminero, J.A., Carvalho, A.C.C., et al. (2014) Management of
Patients with Multidrug-Resistant/Extensively Drug-Resistant Tuberculosis in Europe: A TBNET Consensus Statement.
European Respiratory Journal, 44, 23-63. https://doi.org/10.1183/09031936.00188313

Acharya, B., Acharya, A., Gautam, S., Ghimire, S.P., Mishra, G., Parajuli, N., et al. (2020) Advances in Diagnosis of Tu-
berculosis: An Update into Molecular Diagnosis of Mycobacterium tuberculosis. Molecular Biology Reports, 47, 4065-
4075. https://doi.org/10.1007/s11033-020-05413-7

Lewinsohn, D.M., Leonard, M.K., LoBue, P.A., Cohn, D.L., Daley, C.L., Desmond, E., et al. (2017) Official American
Thoracic Society/Infectious Diseases Society of America/Centers for Disease Control and Prevention Clinical Practice
Guidelines: Diagnosis of Tuberculosis in Adults and Children. Clinical Infectious Diseases, 64, 111-115.
https://doi.org/10.1093/cid/ciw778

Steingart, K.R., Ramsay, A. and Pai, M. (2007) Optimizing Sputum Smear Microscopy for the Diagnosis of Pulmonary
Tuberculosis. Expert Review of Anti-infective Therapy, 5, 327-331. https://doi.org/10.1586/14787210.5.3.327

Cuevas, L.E., Browning, R., Bossuyt, P., Casenghi, M., Cotton, M.F., Cruz, A.T., et al. (2012) Evaluation of Tuberculosis
Diagnostics in Children: 2. Methodological Issues for Conducting and Reporting Research Evaluations of Tuberculosis
Diagnostics for Intrathoracic Tuberculosis in Children. Consensus from an Expert Panela. The Journal of Infectious Diseases,
205, S209-S215. https://doi.org/10.1093/infdis/jir879

Oh, C., Roh, Y., Lim, D., Kong, H., Cho, H., Hwangbo, B., et al. (2020) Pulmonary Tuberculosis Is Associated with
Elevated Risk of Lung Cancer in Korea: The Nationwide Cohort Study. Journal of Cancer, 11, 1899-1906.
https://doi.org/10.7150/jca.37022

Henschke, C.1., Yankelevitz, D.F., Miettinen, O.S. and International Early Lung Cancer Action Program Investigators
(2006) Computed Tomographic Screening for Lung Cancer: The Relationship of Disease Stage to Tumor Size. Archives
of Internal Medicine, 166, 321-325.

B, R llighiz o TieWos ket et (3], BIRER 25 AR, 2020, 36(22): 3593-3597.

Diel, R., Goletti, D., Ferrara, G., Bothamley, G., Cirillo, D., Kampmann, B., et al. (2011) Interferon-y Release Assays
for the Diagnosis of Latent Mycobacterium tuberculosis Infection: A Systematic Review and Meta-Analysis. European
Respiratory Journal, 37, 88-99.

Lee, Y., Kim, S, Park, S.J., Park, K., Lee, S., Choi, S., et al. (2013) Indeterminate T-SPOT.TB Test Results in Patients
with Suspected Extrapulmonary Tuberculosis in Routine Clinical Practice. Infection & Chemotherapy, 45, 44-50.
https://doi.org/10.3947/ic.2013.45.1.44

Blakemore, R., Story, E., Helb, D., Kop, J., Banada, P., Owens, M.R., et al. (2010) Evaluation of the Analytical Perfor-
mance of the Xpert MTB/RIF Assay. Journal of Clinical Microbiology, 48, 2495-2501.
https://doi.org/10.1128/jcm.00128-10

World Health Organization (2011) (978-92-4-150633-5). Automated Real-Time Nucleic Acid Amplification Technol-
ogy for Rapid and Simultaneous Detection of Tuberciuosis and Rifampicin Resistance: Xpert MTB/RIF Assay for the
Diagnosis of Pulmonary and Extrapulmonary TB in Adults and Children: Policy Update.

Chang, K., Lu, W., Wang, J., Zhang, K, Jia, S., Li, F., et al. (2012) Rapid and Effective Diagnosis of Tuberculosis and
Rifampicin Resistance with Xpert MTB/RIF Assay: A Meta-analysis. Journal of Infection, 64, 580-588.
https://doi.org/10.1016/j.jinf.2012.02.012

Kay, A.W., Ness, T., Verkuijl, S.E., Viney, K., Brands, A., Masini, T., et al. (2022) Xpert MTB/RIF Ultra Assay for
Tuberculosis Disease and Rifampicin Resistance in Children. Cochrane Database of Systematic Reviews, 9, CD013359.
https://doi.org/10.1002/14651858.cd013359.pub3

DOI: 10.12677/acm.2025.1592507 423 I A [ 2 3k


https://doi.org/10.12677/acm.2025.1592507
https://www.who.int/tb/publications/global_report/en/
https://doi.org/10.1136/thx.37.4.246
https://doi.org/10.1183/09031936.00188313
https://doi.org/10.1007/s11033-020-05413-7
https://doi.org/10.1093/cid/ciw778
https://doi.org/10.1586/14787210.5.3.327
https://doi.org/10.1093/infdis/jir879
https://doi.org/10.7150/jca.37022
https://doi.org/10.3947/ic.2013.45.1.44
https://doi.org/10.1128/jcm.00128-10
https://doi.org/10.1016/j.jinf.2012.02.012
https://doi.org/10.1002/14651858.cd013359.pub3

o
=
S
&

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]
[26]
[27]
[28]

[29]

[30]

Bisognin, F., Lombardi, G., Lombardo, D., Re, M.C. and Dal Monte, P. (2018) Improvement of Mycobacterium tuber-
culosis Detection by Xpert MTB/RIF Ultra: A Head-to-Head Comparison on Xpert-Negative Samples. PLOS ONE, 13,
€0201934. https://doi.org/10.1371/journal.pone.0201934

Zhang, M., Xue, M. and He, J. (2020) Diagnostic Accuracy of the New Xpert MTB/RIF Ultra for Tuberculosis Disease:
A Preliminary Systematic Review and Meta-Analysis. International Journal of Infectious Diseases, 90, 35-45.
https://doi.org/10.1016/j.ijid.2019.09.016

Wu, X., Tan, G., Gao, R., Yao, L., Bi, D., Guo, Y., et al. (2019) Assessment of the Xpert MTB/RIF Ultra Assay on Rapid
Diagnosis of Extrapulmonary Tuberculosis. International Journal of Infectious Diseases, 81, 91-96.
https://doi.org/10.1016/}.ijid.2019.01.050

Aricha, S.A., Kingwara, L., Mwirigi, N.W., Chaba, L., Kiptai, T., Wahogo, J., et al. (2019) Comparison of Genexpert
and Line Probe Assay for Detection of Mycobacterium tuberculosis and Rifampicin-Mono Resistance at the National
Tuberculosis Reference Laboratory, Kenya. BMC Infectious Diseases, 19, Article No. 852.
https://doi.org/10.1186/s12879-019-4470-9

Pang, Y., Dong, H., Tan, Y., Deng, Y., Cai, X., Jing, H., et al. (2016) Rapid Diagnosis of MDR and XDR Tuberculosis
with the Meltpro TB Assay in China. Scientific Reports, 6, Article No. 25330. https://doi.org/10.1038/srep25330
Arefzadeh, S., Azimi, T., Nasiri, M.J., Nikpor, Z., Dabiri, H., Doustdar, F., et al. (2020) High-Resolution Melt Curve Anal-
ysis for Rapid Detection of Rifampicin Resistance in Mycobacterium tuberculosis: A Single-Centre Study in Iran. New
Microbes and New Infections, 35, Article ID: 100665. https://doi.org/10.1016/j.nmni.2020.100665

Hu, S., Li, G., Li, H., Liu, X., Niu, J., Quan, S., et al. (2014) Rapid Detection of Isoniazid Resistance in Mycobacterium
tuberculosis Isolates by Use of Real-Time-PCR-Based Melting Curve Analysis. Journal of Clinical Microbiology, 52,
1644-1652. https://doi.org/10.1128/jcm.03395-13

Notomi, T. (2000) Loop-Mediated Isothermal Amplification of DNA. Nucleic Acids Research, 28, e63.
https://doi.org/10.1093/nar/28.12.e63

World Health Organization (2016) The Use of Loop-Mediated Isothermal Amplification (TB-LAMP) for the Diagnosis
of Pulmonary Tuberculosis: Policy Guidance. World Health organization.

World Health Organization (2016) (978-92-4-151118-6). The Use of Loop-Mediated Isothermal Amplification (TB-
Lamp) for the Diagnosis of Pulmonary Tuberculosis: Policy Guidance. World Health Organization.

Shi, C., Han, P., Tang, P., Chen, M., Ye, Z., Wu, M., et al. (2020) Clinical Metagenomic Sequencing for Diagnosis of
Pulmonary Tuberculosis. Journal of Infection, 81, 567-574. https://doi.org/10.1016/j.jinf.2020.08.004

Zhou, X., Wu, H., Ruan, Q., Jiang, N., Chen, X., Shen, Y., et al. (2019) Clinical Evaluation of Diagnosis Efficacy of

Active Mycobacterium tuberculosis Complex Infection via Metagenomic Next-Generation Sequencing of Direct Clinical
Samples. Frontiers in Cellular and Infection Microbiology, 9, Article 351. https://doi.org/10.3389/fcimb.2019.00351

MRl i, 3RS0, A BEDR 2 7 AE S5 A2 i e R B F dE R [3]. H R 9795 4R 3K, 2018, 40(2): 149-152.

DOI: 10.12677/acm.2025.1592507 424 I A [ 2 3k


https://doi.org/10.12677/acm.2025.1592507
https://doi.org/10.1371/journal.pone.0201934
https://doi.org/10.1016/j.ijid.2019.09.016
https://doi.org/10.1016/j.ijid.2019.01.050
https://doi.org/10.1186/s12879-019-4470-9
https://doi.org/10.1038/srep25330
https://doi.org/10.1016/j.nmni.2020.100665
https://doi.org/10.1128/jcm.03395-13
https://doi.org/10.1093/nar/28.12.e63
https://doi.org/10.1016/j.jinf.2020.08.004
https://doi.org/10.3389/fcimb.2019.00351

	肺结核分子诊断技术的研究进展
	摘  要
	关键词
	Research Progress on Molecular Diagnostic Techniques for Pulmonary Tuberculosis
	Abstract
	Keywords
	1. 引言
	2. 传统肺结核诊断方法
	2.1. 病原学诊断
	2.2. 影像学诊断
	2.3. 免疫学诊断

	3. 分子诊断技术
	3.1. 核酸变温扩增技术
	3.1.1. 实时荧光定量PCR扩增技术(PCR)
	3.1.2. 线性探针检测(LPA)
	3.1.3. 高分辨率溶解曲线(HRM)

	3.2. 核酸等温扩增技术
	3.3. 测序技术

	4. 分子诊断技术面临的挑战和展望
	5. 结论
	参考文献

