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Abstract

Colorectal cancer (CRC) ranks the third most common malignant tumor worldwide and the second
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leading cause of cancer-related death. Although radical surgical resection serves as the primary cu-
rative treatment for early-stage CRC, postoperative recurrence remains a major clinical dilemma.
The recurrence rate is approximately 15%~20% in stage II patients and as high as 30% in stage III
patients. Conventional adjuvant chemotherapy is formulated based on clinicopathological risk strati-
fication, which results in numerous patients receiving ineffective treatment and suffering from un-
necessary toxic and side effects. Minimal residual disease (MRD) refers to the status that trace amounts
of tumor cells or their derivatives persist in the body without any clinical or imaging evidence of
tumors, and it is the fundamental cause of postoperative recurrence. In recent years, liquid biopsy
based on circulating tumor DNA (ctDNA) has become a powerful tool for MRD detection. This article
systematically reviews the technical workflow, clinical evidence, advances in guidelines and con-
sensus, challenges and corresponding solutions of ctDNA-MRD detection in CRC, and prospects its
future research directions.
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1. 51§

S5 H e OB A RRE R AL P A g . 2020 SEABRE R 45 BIARRGIE 190 77, XFRFET G
BA[1]s RERFEH RS ENEL 51.7 JH1[2]. TEGE ER, 2020 & 2040 45, 4BREE B #H K
BRI 63%, 193 5 A2 320 J55 FETRBIMGIEIA 73%, H 90 3K 2 160 /i[3]. FHIZEH
e B H AT ARIGIT G, 5 FEFRIE 90% [1], HAEZ) 30% 71 B 5 AR5 HBUMEE K[2]. 4
AT A B RS 1 45 B e Ar e e T BN R VIR, BRATIY . S G R w7 [4]. FiBMbIT BaDk &
HRIAAEAFRIET 5%~20%, (AZHUEETENFRE, FIN T AZ AT SRR [4]. X — IR K
BEh SRS UE KR 23 JZ A )RR, IR AR & X T AR A E . 50 A2 BT R B (4]
MRD & A EE MG YEIRIT G, AR5 IRRR A TR kL, AR AT R R R 40 M FRRES
G BT B MG R AP EY(CEA 55)J0iE SEOU M i A ks t[4], T S5k Bk 2 i 2R 1
RAER[ 1] BATER ATKFE ctDNA. FEIAPREAIAE. PR RNA 2 &Y, TEAI5ER MRD
W; Fort otDNA B4 40 AR 8 158 Rl 42 AR AL, B A MRD VP4 5 il S 1 A P0br 4 2] -

2. ctDNA-MRD #5pHE AR 75 5%
2.1. PB4 (Tumor-Informed)43 i

i yRE Sl B A I AL RE A St AR ISR g L2 Ry, £ P 7 S RS By, R0 i
SR RAR 1, Rk e PR RAR A N, SE RN 2 B PCR BUZRASHIZRINFT panel, ARJSTESNH
12 H 38 B I S PR 4 S e 4 T HR SL5]. AKHFE WES HIJR S50, & ctDNA-MRD P4 4T A A
PRAER AR 262 —, REHERAL T &4 Signatera (Natera): X FFPE 820447 WES Wiy, &4W1E
S2ETRIE 16 AN v BEARAN AR (6], 2] 16 E PCR ¥ panel [7]; X ML 25 DNA FF & =R B,
P 78 558 FE 100,000% [6], FrIFR AT IE 0.01%55 07 2 Kl 4y 5k [6]. [FJE M e it Rk R 1) F G0
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% FoundationOneTracker. MRDetect. Safe-SeqS 5. 2 & i KK 1) Safe-SeqS HIA I 5
Signatera AHIT, (B ER LA B KM R ARG AL S, AP U7 ] 4 R R 4 (8]
(9] R SeterAeill Az O 3 A DAL s JEUR R A 20 IE ;. AT TGO ARl 5, g e bt
I MR BT ST H[10]s AR AR D 5 im0 v B R AR SR SR B2 Y, Signatera ~F- 65 ~F 357l 7 IR B2
100,000, = AIA 350,000% [6], il FERATIE 553 24(0.01% VAF) [6]; FlllRETHE > 99.5%, {EBHM:
B HRAK[6]o 1ZBRAAFE R RR: R & BT ARMIBEHL, oM MRA . B Bia 7 55k & g
PRASTETE RAG I 75 3R [10]: WES W7 BCA AL panel 2 HiLEEIA 3~4 B, GRS A E[10]; 4141
551 3 RAR — AR AE BRI KRB 7R 40% 588 O I SReAS H SR AR L S5 R Jitgg ZH LR 40T A8 e [11],
FATIKFTIR L eI I, Byt R A . I AL RS JE R A R R AR R

2.2. FhIERH(Tumor-Agnostic) 54

98 A SRS I JIG 75 42 i 5 B e 2L AN, R P [ 38 R DU T panel, B HEXS 40 B IfLRAE AR T JR A
WAEEA G R . RMEER AT H, NP RKE AR .

(1) RZZHESE panel Rl

RF M AT 4 A Guardant Reveal (Guardant Health), 1% &KL AEME B2 1RhE 20,000 N3
ML R ALIX 3R 58 % ctDNA Al . AL A : M 2~5 mL A1 & M3 FEEUH 2 DNA, KHE AR &5
X. &5 DNA HBt. #ER) TiBEEsL G 1 12]. Guardant Reveal K63l & X 10 K. COSMOS 5T
PN 342 BIT-IHASS B e i3, BRI 1977 (04 MFEA, WFus BB R A& L 45 i m
R R B 81%, Rtk 98.2% (1461 M RJGHEVIFEA): ctDNA FHIEE AR 5 B R Ar skt 8] 5.3 4>
H FERTIPAE 2 100%. Kl REGEREE K BB IAAAAAEREE R R 100%. 5 53%. JEE
% 40%[12]. PEE TRACC Part B WF7CAIN 214 FII-IIALE B . BAEi% T SRR TERE, ks
M RBIE 62.1%, itk 85.9% [13].

(2) HEALZEA

ZHARAKFC IR R M 8 DNA FF LU0 MRD R . GALAXY F 7R 56HIE ) Latitude™
RAE, N 195 Bz, RiREE 1230 ANBEVIRT (A SREA, A FRE0E BoR: MRD R o 10130 R 850
58.5% (38/65); AREEZHHBNLIT B KM T 100% (63/63); YhIA1E R IIN RELSE 84.4% (54/64); H¥
AKOPE; S 92.1% (116/126), HAnREAHR Tt 97.2% (619/637); ctDNA PR A% 22 B & T Ar AT SG I 18]
4.6 NH[3]e FIEALASIN AT AR HBE e B 1 3 T3 : DNA FEAL B &40, A4k, B
DX 43 B SRR 32 L 400 A SR ) 35 (R AR 57

2.3. PRMERLRHIMEREXTEE

Jrgg Je s, R REN S ctDNA-MRD FrillA, 7EAIREBE . HEnEe ) EAEREER.
2026 K% T (Journal of Clinical Oncology) ]—Iit Meta 7 HT48 N 23 Tl R 7T 9847 151 45 e 2
H[14], LR R B R MR e kil 5 & KA HR = 7.58 (95% CL: 6.21~9.25), I R ks il
HR =4.12 (95% CI: 3.18~5.34); MR ScInti AR TG 7 2 /8 /7 22 S 9R(HR LU{H 1.84, P <0.001); ZH[H
RUBESRAE AN, R e B AG I R S 88%, 535 i T R R A Il 62% (P = 0.002); PHEAG I 7E 5
R I 1) A5 PRV S M TE G T 2 2 5 (97% vs 94%, P =0.08).2026 4 & % T Cancer Treatment Reviews )
RIZ WAL RE Meta 704, [FIFEIESELE KA 5 T, I Sedafaill R SR 0.88, AL T A Zdar il 0.59 (P
=0.001), PIISKE I PH Mk T B2 Goit 225 52 [15]. 15 R B0 e 301 B e B i B VG T 30 5, 2022 4 (eBi-
oMedicine) K M) H AL LT LA AN 60 BIERZFE[16], [FIAXF EAEA IR S5 panel . 8
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JE A HNE E panel. #5 DUHCL 5 (CNA) 7 BT 2R EOR R Tt ZcRe . AMEAL IR 225 panel TS K HR =
27.38 (log-rank P < 0.0001); iifi Ffj [&l %€ panel HR = 5.18 (log-rank P = 0.00086); .4l CNA /3 #7 HR = 9.24
(log-rank P =0.00017); fiJ83 S B AP A F52 AR 2K T R4 e . A8 T 3 AR 2R T &2

2.4. BLRFFILERE

T B DNA FBC A /MBI FIEAAH . S I & R R A SR R S 2 A, 3o 22 A
B FESBINRTHEEA LR S BFEA ) MRD 6 H REEUE[17], JIEH TR, RS
ctDNA B IIRIIFE IR FE[18]. BRULZ AL, ARFCAEFERAN T, — iR s TR s Re 51 SNV
(e R I AR B, AR G T IA 2] ppm ZI[18] [19].

3. ctDNA-MRD HIiER BiHE
3.1. FEBTROE S (RESG A ERES dAMMR/MSI-H £5857%)

Je 0 I B e A e T R BB T JE . A IR B SE A AR (pCR), WIRA CMIERSERE” RNK,
7K ATE TR . ENSEMBLE-2 8 78 U2 R84 Bha y7 (TN TR 2l AR5 GRCTs071210143), 44
N 28 151 Jay s U0 B P e R s 2R CtDNA BHE R 96.4% (27/28), KAEHALIT J5 ctDNA BH IR &% 14.8%
(427, SEMRATEHHBGIT IEBHMER 34.6% (9/26); TNT 1697 )5 ctDNA FHM/BAMERE, SilkKRE 4%
fifts L SE MR T E M ISP = 0.028. P =0.038), /R TNT Ji ctDNA B a] ) AL G977 M 2ZH[20]
AU 5B AN 2R B bk [ 5 B8z HBA T i 5 o R BUVERIE 76, GMN 60 4911432 52 8 il B s A 7 1 J) 30 16 300 L e A
H, BRI 196 AR IEEA, ZhAs W IEEE Bon: BBy 5, Mgt panel £ MRD BH M
BE A RS i T B P 5 (HR = 27.38, log-rank P < 0.0001); i@ [l % panel (HR = 5.18, log-rank P =
0.00086). 4l CNA 7> #T(HR = 9.24, log-rank P = 0.00017) TRl B GEA XA TR, {H = 2846 BE & W] 3t — 2
T RTUMAERAE[16]. ctDNA ZNAIE BRIRA AT A il Bh S 2 169797 RO B VP 8 4R, RRA e
SEEFAR. AT T R RIG AR SR (AILBTBL ctDNA JGiE 58 4 B A0 BN I PR 3 2297 3%
KR, SEE T RIS IE R R AR R

3.2. RIGHBMETTRIRFERNEE vs FHHEE)

(1) DYNAMIC-1II: EREMIIERKRAR, FNFAERRKER

DYNAMIC-III (ACTRN12617001566325) A4S I ctDNA 45 5 4f B4k R BE LI/ IR RS ,
&% AT AR T BF T L AN N 968 B T VPANTITIA 25 e &3, RJ5 5~6 JE SR 2055 2 4 4 K % Safe-
SeqS MR SEIn AR5 tDNA K, 1:1 FEHLZ A ctDNA 35 S9A 74, ARl I B4 [21]. 1) BEBER
PAZI(ctDNA BHM: 3968 I mT Pl g+, 702 191(72.5%) AR5 ctDNA &AM, i AorBEvs 47 N H,
ctDNA #5874 3 S E K AEAF(RFS)F 853%, bt B ML 88.1%, 4t Z{H-2.8%, AREFITIKIE
HRIHE . ctDNA 7 FHRID R AR 34.8%, K THrlEE B 88.6%; T M AP R [F20 T %
(8.5% vs 13.2%). TR M Eor, IEKRICGE(TI~3ND)EE, KT ctDNA FATESiEfbyT FEpBR, 23]
S R SR HER AT B [21]. 2) THEYBEBAFI(ctDNA BHE B #) 2 A F13E 259 B1(27%) & A5
ctDNA BHE[22], WAiBEYF 42.2 DN H[22]: KFE tDNA FIYETT AT SR B THBRE, IR Beat B i 7
Ji: 2 4E RFS RTHNBAAL 52%, FruEEH4 61% (HR = 1.11, 90% CI: 0.83~1.48, P = 0.6) [22] [23]; 3 4E
RFS %47 &R, $:5% FOLFOXIRI —Zj5mfbibyy &34 3 4F RFS47%, KH FOLFOX/CAPOX X ZjtrifEft
7 i3 3 4E RFS 51% (HR = 1.09, 90% CI: 0.78~1.53, P = 0.7) [22]. WF7CEEMER], e E Kk KR BE
ctDNA 7 1w w3 EFb: 1% otDNA WREEDU S Ar o 4, 3% 3 4F RFS FAKICN 78%. 63%. 36%-
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22% (P <0.01) [22]. FZOMGIRIE7R: ctDNA B ARG B8 35 0] 22 4 St il Bh A TT BRI B, KT k2> BV D)
B TR AT A R IRBE[21]; AEUKSESR FHEIT 38 FE(FH 2 % FOLFOXIRI) G % ctDNA FH%E#E TR
RAAE, BT ctDNA BHIEEfa AHE, TIRR e SR EH AT 107 %21

(2) GALAXY: ctDNA RZAFDREHETIHBIMLIT 3R 25

CIRCULATE-Japan GALAXY KA ELMEWT LGN 2240 BII~IVEA T VIBR 45 BV s, A pa s
234 H, WA RIR: KRG 4 J ctDNA B8 2 6% 447 (DFS) HR = 11.99 (P <0.0001), & 4 f#(OS)HR
=9.68 (P <0.0001); SERAEFEHIINITIG, ctDNA FFEERR B35 24 A~ H DFS 89.0%, X —idMiEkrE#H
24 A~ H DFS 1X 3.3%; %t 24 AN H OS 43514 100.0%. 82.3%. LHEFEKFIR T, ¥ ctDNA AR
TEFRZAN 1.9% (2/105), UESE ctDNA FHELE K 2 KO LSRNk B AL, T AER I FE 4 [24] . GALAXY
W5t BRAF %48, MSI-H WA M Eon: RJE 4 J8 ctDNA FIPE#E 2 & XS HR = 12 (95% CIL: 9.1~15, P
<0.001); ZAFEETAHHIESE, ctDNA BH: & DFS faf a7 75 K F(HR = 11.68, 95%CI: 8.61~15.85,
P <0.001), TiljHzLREME T BRAF. MSI 75T/ A 5 [25].

(3) BESPOKE CRC. CALGB/SWOG 80702 B R4 FEiEHE

BESPOKE CRC W7t 1001 FI/IIHSS B B3, HALRED; 23.15 M $dRE B78 MRD £l
&, IHHEZE ctDNA FHYEZR 8.1%, A 24.9%; ctDNA FHIES 2 DFS B AHC, 114 HR = 10.4
(P<0.0001), I HR=10.1 (P<0.0001)[26]. CALGB/SWOG 80702 #5484\ 1011 HITIHZ: i s,
ARJ5 ctDNA BHHE2 18.7%; ctDNA BHH & # DFS (HR = 6.52, P <0.0001). OS(HR =6.28, P<0.0001)3 %
ELTIAMEEE . 220 IE/R: ofDNA FIYEARE, ZEREMECER T 5 %4047 DFS Jo% 7 (HR
=0.75,P =0.095); ctDNA PHENEE, BEAZEREA B2 K 3 4 DFS (44.1% vs 26.6%, HR = 0.59, P =
0.004)5 OS (HR = 0.63, P =0.028), iF5E ctDNA A fiid ZE K & Ak 25 AHE[27].

33. REHEELEMN

(1) ¥4 ctDNA BT EIHE

GALAXY (CIRCULATE-Japan, UMIN000039205)2& 24§ 4Bk FE AN f i K 1) ctDNA-MRD Hij & 14 W %2
W72 —[28]. 2023 4 (Nature Medicine) K FZLEHE: AJ5 4 J§ MRD & % 1 ctDNA BHE, Xt
N7 B i R A R UK (HR = 10.0, P < 0.0001) [28]; ctDNA FH % #3418 > H DFS38.4% (95% CI: 31.4~45.5),
ctDNA B &2 18 4~ H DFS &k 90.5% (95% CI: 88.3~92.3) [29]. 2023 4 ASCO FE2/A%i GALAXY H
HaHT, 9N 2083 BIRTVEAG B RIS 4 A otDNA PHE B 2 R G2 PE B 12 f5(HR = 12, 95%
CL: 9.1~15, P < 0.0001) [30]o FIRKHRIESE, RIGHFLE ctDNA BHPEXT MARARE KR, 1T 8 S R PR
RIGHBRFEEEIIR, AR 7% .

(2) ctDNA BB AR AT TE 5 R (JUSEHT [R])

GALAXY 7% 14047 ctDNA FHYE 2 AR 0012 2 R TR AL 5G] B (L TI). 2023 4 ASCO B4k
PG 2083 B AT VAL, 186 BB BE U A H IS8 2 Mg S K [30]: B IR HE ctDNA FHE 218
SR R AL TE] 142 R(VUAALEE 43~189 K), 21 4.7 NH[31]. Z45 R UEH ctDNA #h7 Ml ny
VIR 2 TV T T 4~5 /N H AT TR 78 A2 I T

(3) HENIRYTJE MRD FHHEE KT IIRER

DU B, BP0 EHBIMEIT S5 G tDNA-MRD P & i 258 1 PR I R R 56 IR AE A BRF2D I &
INTERCEPT-TT I 5 I AR IR (NCT05343013), P4l TAS-102 7fE4HBNEITJE ctDNA BH: 45 B 1 i
FHIEARTT 22[32]. WA 15 B~V ctDNA FHE B, 450 ER: 3 NH ctDNA HEBRE 47%
(7/15), 6 N HIEHR 36% (5/15); RGBT IR 3 AN H A K& ctDNA 15 6.7% (P = 0.0034); TAS-
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102 TFHH AL DFS9.4 AN H, xR 5.75 N H (P =0.03). WFFREEEHER TAS-102 W55 ctDNA fH#iE
K, (HEBRSN TCERK 4R . Btk 4, CIRCULATE-Japan V- & W 5K BY IR I6 FF 4L 4. VEGA
IRIG(HIT BB AR SR EE ). ALTAIR RE0 (AT T BESENR ) R AL KIHBE U %, K8 ctDNA 5%
AMBARE IR TT SR A = PO R AR -

4. IS5 HIRHEFF
4.1.2024 (SCINES FREBLENIEIR)

2024 4 11 H, hARESSRIE o, B 00 BT O A ] (SRS 27 B B A D
WY BCRET (R ) (331, FLRDVE A SR AR MRD A I ECRIBUR & R ILR,
5¢ MRD € X IGARIE I NE. REOR DR BOREIGIER . S (B S48, TR 13 6% O
RN R 2 W6 SEpE. A . SRS, Of 78 2 MEIERE £UEEIESE MRD A
A SE R RS R ANE, I R NI E B (A RHERR ) o HERZ L 7 BRI A SR 25 L 05 1 11 52
W MRD A7 IR et IRRFIPIREOR s MFT IR IR Iy i BB Se B Gl . RABUE L 5 571k
TEAADET R AR A, Wi PRAC ST AR IR SE 3 5R (2B S84 7E) [33]

4.2. CSCO 2025 E EHAFEISITIER

2025 fRH E I PR R 27 22 (CSCO) 2 B 29T Fa i [34], EARJFREVIAREHT Y ctDNA-MRD il
SOOI E o BRI AR, FERAE “2.3 WWHEAIS W JE N " 5 R s B AR R e SRR
R IR A A I (WES) R S 36 /N AL ctDNA SRABF I A

4.3. NCCN2025 &%« ElpEInRSEEkigrE

2 [ B R Er A RE M 45 (NCCN) 2025 FE45 e BELIEIR IR Lk 5 7E 5 CE BT [35], B IRK ctDNA
ERWAREHIGITIRE, & OB E R R abs &9, Wl HMSI S M E . $875 [F 255 H A R
#ll: ctDNA UNTGE 2 AR ED, TIEAERMIT . A G 25907 B0bs £ DU BUEIEIE 36 A
By AHEFR G PRI LAAL T JE ctDNA-MRD £l ; A% 1E SRLATKFE ctDNA FH /[ 1 45 0 B A Bh 7
T RO B BB

5. HEix S BRE
51. MRPEARE. REAEE)RE

(1) L=

1) fiE pEREse . AFITAA P kL ctDNA BE % 5 B K. {JCO Precision Oncology) KR F
A5 7R, ctDNA Rl R BUEREFEREERALIX 7 R 96% WREEEE 5472 89%. MENEAEHE 79%. FfideHs
76% [36]. HRBLFERE A AL — BRAAE PSR, JHORIRETIN) ctDNA XELLEEASNEFEIR, S I ctDNA WK E
BERT WIERERRIL37]. 2) REFEIAFAREUGTH: 2020 4 (Molecular Oncology) & FEWFFTIUEL,
4 HL e R RS AN LA B DNA AP TS 3 6%, S TSR R ARG 4 (P = 0.0005), K
B R iEE DNA MR IMRRE T otDNA 55, @RURMIVE38]. 3) MR fua SRAKET,  JifRs 240 e i
ctDNA SEAE, KT N, 4) B E R GEE BN T4 Zekr I R BUE, TGk 2 MRD flE bk
B 3 7y ke th R BR AR K .

Q) RERIFTR

1) ZHZBARNFBAY + FEMAL + ONA # DU R): 2025 4 (Therapeutic Advances in
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Medical Oncology) KEWFFUESL, HIRIA M 2B ctDNA Kill, 45 B Wi 52k il R % 80.0%- 5
P 100%, HR=35.6(P<0.0001)[17]. 2) ZHf[ESESZRAE: 2026 4 (Cancer Treatment Reviews) Meta
SINTUESE, FELEZ I 8] SURAE AT, MR st ik ill R 8% 0.88, A0 T-ugg R k04l 0.59 (P=0.001)
[15]. 3) HOIMIEER e bE I AN i it . $RTFIFIRIE: 2024 4 (SEUOR 2> TRk B ARSI A1) 42,
AL IR S B6I FE panel IR EE RS > 100,000 x (2B 25HE45) [33]. 4) TUALIELREERFIA], RJ5 4 FH 5%
B IRFELRR AL T ARG T80 DNA JHEMTHRE s B4 8 IR oDNA I EE, K5 4
JE BRI, PR A2 [38].

5.2. BMEERFZZERRYE., MldRERERK

(1) AR

HE A AL MRD RIS &, fEIFHOR . EM L panel. MUFURE. WG BdiEAEE L ER
WK, AIEPF SR 45 R Tk B R b, I PR 85 A O BIT 78 B wf L GE— Y 0 AT o

Q) fRRTR

2024 4F (SRS TRRBPER AL RS — KISR0 iR tR bR : R4St S
MRS R PN 7 E SRS, G R e BaS BHEMELR . FAGE. LI ETN.
R EE A JFaaR I BUE . 2B REB K [33]. BN EBRAT I H 23[R 5 HEdtE = 8 5T P 5
(I[N NCCL. HEPBr CAP), FFEEET & iille KA HEDT T, BI04/ N1 & [ Re 22 7

5.3. FEREMIEM(CHIP)ZEEE S A R FH %

(1) %A R 5 X

o B 3 LR I I T4 IR R A S R B P A SR TR T oG R Rk DR AR SR [39 s AR B AN 1
CHIP FAEM N HE[40] [41], IXFRERASATREHEAE 2 DNA 1, SR AR KR otDNA, B
%R MRD R B . IGPREE o, 27% = BRI 45 e 2o M i al G CHIP M98 5848 CHIP R
75 2 IR A S8 panel A8 IR BH P A0 B BB R [39]

(2) JRHARRYTT R

1) BoXt A4 [R50 A& 3 i 28 DNAL g M E I A 4000 DNA U A g0 b
AR ) TS B A, H B IEIE RRAE . CHIP sofiti il 5848 [42]. 2) CHIP #4552 % H
A . M CHRE CHIP SRR TE R e, WP 52 UG B 3 HIBR E AR RIAS . 3) Al ARG B8 4y
% WA FEAIIER S T DNA B AL E R RS 2 4 RIE, AT BB X
JAAMRAL . CHIP I& MRAL[43]. 4) FEAL A FEAARNRE L B HESIE CHIP T
Ay PR B SRR B AT R CHIP H B BE P 45 SR (4410 5) R S B AS R SR 1k %8 CHIP
e ARFESR R MIRE — TEH FON AR A 58 AR 20 A8 S 0k s 2023 4F (ESMO Open) 7SS, A ER iR
MM TS, 11%EFH T HIBER AR FERC A MBI &, WI7E 27% 835 DA Sl & CHIP THLR
AF[45]. CHIP RAZFCYR Ti& M-T-4HM, 7E AN =R fe sy, AKRFTAI A I SR A% 4 i I 5 ] 56 4 50 BRax 28
THAB T, I AR e S 50 A0 DR e 2 3 B s B R o BRI 5 ]

5.4. RUEMEEE OMRTESE—

(1) IR
ARETIEL . ARSI BT S5 HR  KIWBASBE 7S5 AN [FR A 18] 51, ctDNA-MRD Il R T30 £
EAAEWI RS DB S — AN HRAICR ML [R5 75 %
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(2) RETARRE

2024 4F CERRIRE oy TRk B AT IR HERE R L O B H . SV MRD br B M EE AT (AR 16 16T
JEEUCKAL), AR PERIATERITERUE 1 NA W JRIT G 2R R BIAEGERRE, v B3 MRD
K PEREQ2B 25HETE) [33]. —TANA 2 TG RAIF S R G458 . WUIR Meta 2387, X6 LEAS AR 0L B F1IG AR
BAE: AHT ctDNA KR R KUK HR=5.23, RJGHZE otDNA Kl HR=7.95; ARl RJ5HELiyn]
TOH PR 0 JE RS, AR5 R Aar M 1005 73 J2 AL REBE 5tk 0 2 e MTE S, SE A FRAH B ALIT f5 1 ctDNA SR
ML, AR K v i R R A s AT R [46] 0 B R BLIG PRI 5T O gt — S BebnifE: GALAXY (CIR-
CULATE-Japan)¥§ MRD A5 & 14 34 R L[ e ARG 4 F[31], RGBT ] 221 S H[31]. 256
AR, BN BIGIRIERE: ARJE 2~4 AVE bR EMI R MAZ O O ST &350 5e e 1 % —
UCR ML AT H PSS ) s (T BT b B U 77 58, AT 7 58 25 R AL iR 1K B U F FC 500 00F

55. MR ARS. EEETHNATTRERE

Jiea S Bo RS AR A & SRR IR WES A48 7B 7 AMEAL I T panel 5E i, S8 AR 0 A i 65

G RORAEIIX L B 2R B A LU BT o TR R 1] € panel T8 7 R ZE 240 Fe A AR A SE AR i
RIS 58 o (B SREAR K RAS RIS b, TEGE— AN IR [47 ] BA T LA RIBIEIES : (JAMA
Health Forum) K& PAZLGAHITL, FXTUNL B £, KT tDNA-MRD Kl 45 340 P07 ok
S5 TR b O 6 e A PR 2 1% A R IE T 2RI [48]5 A% 04T Lo ML ek o A s L Bl AT (8
e, Aoyl PN 28% % 25 15%, KIRFEARALIT 254 fEBE . A R B BEANSC LRI T 3 [48] B
BEZAh, AT ctDNA FREEFIEAE R, TSGR A R EMR KB V7 A s, K IUIn) 2 2% fR KR
SB R S AE Y (ERE VS 7 5 N SO0 IS (K B (I 1) 95 L AR vEALIRAR, T R ABE Mk AR R0 ST A
B

6. RFKRE
6.1. ZEFBER AL EREARAEHIE R

JEES DNA FrBed 2. AR P ERE . JER A A T R R AL 2 BSBCA R, 58 S S /T
ctDNA BlE R (B . IR i R BUZ A, 2025 4F ( Therapeutic Advances in Medical Oncology) #ff
FIFRMEAR LIS oDNA FITT %, BET T + RSO 6 RA RN . 8 DA 700
JiF S DNA Jr BURFIEA S 7R 51 8125 B e ARG B BAS 58 SEGHIE, ctDNA 3125 i i 52 Tl 7= 5
80.0%- HE5ME 100%, HR=35.6 (P<0.0001)[17]o %ISR 4 50 22 2H 2446 I B m] PR AR o Frfgd 4L 2 A 1
MRS, AR ARSI AE R FE A T AR HEAG IR SR IR R R s PR R MERE 2 IR 2 s 0 A R IR 70 7
RS AEAE PR B o

6.2. MRD 15 S AB FtEImKRIA SIS =

ZIRZTUKSE tDNA-MRD 732 18 SAMA VG 7 1 HTHE VE T PR IG AR R0 (EAEHEE, &P g
SERAFUEIE YRR R : 1) CIRCULATE-Japan K 2@ B 14~ 5056 : B o5 0T VIR 45 B e 4= 0 0, B4 GAL-
AXY WM ZACHT T . VEGA ALI7 BER BRI LS . ALTAIR Aby7 A BSIITYRES ; 2) INTERCEPT-TTII
BT A (NCT05343013): TAS-102 T+l ctDNA FHPE MRD i3 3) & 5 FIBR BB i Bt & MRD
WS IR BE R FL(NCT06262581); 4) TROP2 CAR-NK XA % HLpU L [n] 4 9% T Tt 78 (NCT06358430)
IR AR R I K B U5 AR A7, R R SRR IERE 2%, AH MRD 43 248 S REER . THIER . B
T AR AT IG AR SR 2, A TE ARG — LT B 1%
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6.3. BEGITRHE MRD 2§ BIHSRE

dMMR/MSI-H J55 5 HA 45 B9 Bl B S 2 i6 97 R I S0 14 97 24 - NICHE-2 Il R 58 £ 8 2 7w
PR JC BB S FHILR PO i B S i6 )T, B S R R (pCR)ZE 68% (75/111), F BRI L AR
(MPR)% 95%:; HArBEY; 26 AN H, 4B R LM 5 K [49]. [ A — I O[3 BB 72 (R AR 4
&, dMMR/MSI-H J&335 B A B e 8 4l B S 7697 pCR R A[IE 92.3% [50]. AME I ctDNA sh#&iE IR
A, SHHB RGBT G pCR MR VARYT RIZ = FEAE DG & B A Bk P08 4 Bh S iU A ML A s o -
FL2E MRD FHEZ 96.6%, 1 JAMAGEEIAIT G ctDNA 1ERRR 48.3%, 52 2 ARG )T Gis R m At =
75.9% [51]. {HILFT Bt ctDNA XA AE A ey 7 RH BiPaliFabr,  TCVE B AR G 73 B VT A Al PR 3 7
RCHSE L5, A BT ISP I ISR AR R AR B52]. BFX S8 B TERBIIATT G ctDNA 574 [ 1t = 1
H, RPEERRAIT IEIRE, U524 N E SRR T

6.4. NBRAEFRIFEMFARATEIRTTRKRIR

AU A% O B bR MR E R NIR T T ——CctDNA BIVEIRfE B e A BE e, L
JTRERIVER : ctDNA BHPE M & 838 RN AT 07 %, R p Ay iR, BeE o, ¥m. #H
RN I6 )T SR )T T BEGEAETF . 2025 4E (Nature Medicine) &% DYNAMIC-IAS K JWBE U7 £ ,
NZTT ARG IR R R [21]: ctDNA BHPEFIBRIAFI 3L 259 f 53, WPAzBEDs 42.2 N H s ALR4ifE
FHLIT 95 (FH 9% FOLFOXIRI = %), Joikitish 2 fF R ERAEAE, SAAITHL 2 4F RFS52%, FRifE X2k
JT4161% (HR =1.11,90% CI: 0.83~1.48, P=0.6); 3 4F RFS %t tt., FOLFOXIRI = 24§41 47%, FOLFOX/CAPOX
M 51% (HR = 1.09, 90% CI: 0.78~1.53, P = 0.7) [22]. R FBUESE, R E kK RGEE tDNA 43717
i Ft gt BFE, B3 3 4FE RFS H 78% R4 FI% % 22% (P < 0.01) [22]. DYNAMIC-TITAZ 0245 14 B 1 :
ctDNA R RAEER IR I R AR 73 2 TRy otDNA B BB R A7 T /b BEVb R B 28 B 5 AN RLSOBE
WA ShRUETT 40T (HERXT otDNA FHYEAHE, FaisginfbyT i E . T s tizE L2 R
AR, PENIX SR AR E R IR AR )RR E , SR IRFE AR T R BT I BOSGE TS [21]. %O &S0
AER 2 TUH R T TG R IG5 2 4 3%, 435 INTERCEPT-TT (TAS-102). TROP2 CAR-NK #iiifJ
BITEE, MRS tDNA PHE & & B s R T .

7. &E

WRFEAEI IR DNA (1) MRD R, 45 B i Je ks vhE e 2 AUtk LR A s R 8 . Al 2 s 4091
PEUERE SAEE —BUESE: RS ctDNA-MRD FHH/BIVARES, A2 A 5 5 RS e s b S AR b .40
[ B 1] 43 2 el A PR R . TR BRAREA T I R, SEI ML BIG TT 3K . BE%E DYNAMIC-IIL,
GALAXY 284 BRAR 2 rplllfn RIS 56 48 bl U7 Bt B 22 A, S nE W CSCO. [ bR NCCN FUgis ra $7
BN ctDNA-MRD ill, ZHA EPRIE MBHIR R B, AT VA H 2 I R BT o AU A7 7E
Z DURFF R AZ O R RS R Ttk — BT, BRI T G Z 4 — bl sk R . BIER
I B U5 I B) B TR AR TE A — IR S B ke U SRR A e e 2 S T AN A . Rk, PRBE 2 H AR A A
MEARIEAR MRD 432455 100 G2 A8 )/ 240 i ya 7 KBS T TR S Re At e Bis Bhia Y7 Iid & MRD M
ME 7 5 AWHR FE, ctDNA-MRD A K40 i 5 90 45 B e e FE 275X, 15 2 45 E i B MORS HEAS
Ak IRy T TRk A

SE K

[11 Liu,M.,Mu, T., Gu, J., Xu, M. and Chen, S. (2025) The Method of Minimal Residual Disease Detection with Circulating

DOI: 10.12677/acm.2026.1682996 2081 Il PR 2 2 3t


https://doi.org/10.12677/acm.2026.1682996

X1 iy

(9]

[10]

[12]

[13]

[14]

[17]

[18]

[19]

Tumor DNA and Its Clinical Applications in Colorectal Cancer. Cancer Reports, 8, €70167.
https://doi.org/10.1002/cnr2.70167

Ma, D., Gao, X., Wang, L., Yin, H., Feng, L. and Zhu, Y. (2025) Circulating Tumor DNA for MRD Detection in Colo-
rectal Cancer: Recent Advances and Clinical Implications. Biomarker Research, 13, Article No. 89.
https://doi.org/10.1186/s40364-025-00796-w

Nakamura, Y., Reiter, J.G., Natarajan, P., Babiarz, J., Srinivasan, P., Joshi, J., et al. (2026) Validation of a Methylation-
Based, Tissue-Free MRD Assay in Colorectal Cancer Patients from the GALAXY Study. NPJ Precision Oncology, 10,
Article No. 70. https://doi.org/10.1038/s41698-026-01277-5

Taieb, J., André, T. and Auclin, E. (2019) Refining Adjuvant Therapy for Non-Metastatic Colon Cancer, New Standards
and Perspectives. Cancer Treatment Reviews, 75, 1-11. https://doi.org/10.1016/j.ctrv.2019.02.002

Ryoo, S., Heo, S., Lim, Y., Lee, W., Cho, S.H., Ahn, J., et al. (2023) Personalised Circulating Tumour DNA Assay with
Large-Scale Mutation Coverage for Sensitive Minimal Residual Disease Detection in Colorectal Cancer. British Journal
of Cancer, 129, 374-381. https://doi.org/10.1038/s41416-023-02300-3

Correa, A., Connolly, D.C., Balcioglu, M., Wu, H., Dashner, S., Shchegrova, S., et al. (2019) Presence of Circulating
Tumour DNA in Surgically Resected Renal Cell Carcinoma Is Associated with Advanced Disease and Poor Patient
Prognosis. Annals of Oncology, 30, v32. https://doi.org/10.1093/annonc/mdz239.021

Radigan, R., Kao, C.S., Krainock, M., Liu, M.C., Gupta, V., Alexander, L., ef al. (2025) Long-Term Survival and Un-
detectable Circulating Tumor DNA Following Comprehensive Involved Site Radiotherapy for Oligometastases. Scien-
tific Reports, 15, Article No. 6126. https://doi.org/10.1038/s41598-025-88266-z

Chakrabarti, S., Xie, H., Urrutia, R. and Mahipal, A. (2020) The Promise of Circulating Tumor DNA (ctDNA) in the
Management of Early-Stage Colon Cancer: A Critical Review. Cancers, 12, Article No. 2808.
https://doi.org/10.3390/cancers12102808

Chakrabarti, S., Kasi, A.K., Parikh, A.R. and Mahipal, A. (2022) Finding Waldo: The Evolving Paradigm of Circulating
Tumor DNA (ctDNA)—Guided Minimal Residual Disease (MRD) Assessment in Colorectal Cancer (CRC). Cancers,
14, Article No. 3078. https://doi.org/10.3390/cancers14133078

Abidoye, O., Ahn, D.H., Borad, M.J., Wu, C., Bekaii-Saab, T., Chakrabarti, S., ef al. (2025) Circulating Tumor DNA
Testing for Minimal Residual Disease and Its Application in Colorectal Cancer. Cells, 14, Article No. 161.
https://doi.org/10.3390/cells 14030161

Labiano, ., Guerrero-Setas, D., Huerta, A.E., Mata, E., Alkorta-Aranburu, G., Ordofiez, G.R., et al. (2026) Insights into
ctDNA Assessment to Detect Minimal Residual Disease (MRD) in Localized Colorectal Cancer. Scientific Reports.
https://doi.org/10.1038/s41598-026-58101-0

Nakamura, Y., Tsukada, Y., Matsuhashi, N., Murano, T., Shiozawa, M., Takahashi, Y., et al. (2024) Colorectal Cancer
Recurrence Prediction Using a Tissue-Free Epigenomic Minimal Residual Disease Assay. Clinical Cancer Research, 30,
4377-4387. https://doi.org/10.1158/1078-0432.ccr-24-1651

Slater, S., Bryant, A., Aresu, M., Begum, R., Chen, H., Peckitt, C., ef al. (2024) Tissue-Free Liquid Biopsies Combining
Genomic and Methylation Signals for Minimal Residual Disease Detection in Patients with Early Colorectal Cancer from
the UK TRACC Part B Study. Clinical Cancer Research, 30, 3459-3469. https://doi.org/10.1158/1078-0432.ccr-24-0226

Tara, N., Zubair, H., Sultany, A., Tayyab, H., Sharma, A., Yasir, M., et al. (2026) Tumor-Informed versus Tumor-
Agnostic ctDNA Assays for Molecular Residual Disease Detection in Colorectal Cancer: A Systematic Review and
Meta-Analysis. Journal of Clinical Oncology, 44, Article No. 3595. https://doi.org/10.1200/jc0.2026.44.16_suppl.3595

Camblor, D.G., Martinez-Castedo, B., Martin-Arana, J., Gimeno-Valiente, F., Garcia-Mic0, B., Martinez-Pico, F., et al.
(2026) Clinical Performance of Tumor-Informed versus Tumor-Agnostic ctDNA Assays for Colorectal Cancer Recur-
rence: A Systematic Review and Diagnostic Accuracy Meta-Analysis. Cancer Treatment Reviews, 142, Article ID:
103066. https://doi.org/10.1016/j.ctrv.2025.103066

Liu, W.Y., Li, Y.F., Tang, Y., Song, Q., Wang, J., Li, N, ef al. (2022) Response Prediction and Risk Stratification of
Patients with Rectal Cancer after Neoadjuvant Therapy through an Analysis of Circulating Tumour DNA. eBioMedicine,
78, Article ID: 103945. https://doi.org/10.1016/j.ebiom.2022.103945

Nguyen, T., Nguyen Hoang, V., Nguyen, T.H., Tran, T.H., Nguyen, N., Le Vo, T.T., et al. (2025) Tumor-Naive Multi-
modal Profiling of Circulating Tumor DNA to Detect Minimal Residual Disease in Solid Tumors. Therapeutic Advances
in Medical Oncology, 17. https://doi.org/10.1177/17588359251393090

Solar Vasconcelos, J.P., Titmuss, E., Navarro, F., Ravi, N., Abbott, C., Hegebarth, D., ef al. (2026) Molecular Residual
Disease (MRD) Detection Using an Ultra-Sensitive Assay in a Prospective Colorectal Cancer Cohort: The VICTORI
Study. Journal of Clinical Oncology, 44, Article No. 3629. https://doi.org/10.1200/j¢0.2026.44.16_suppl.3629

Li, X.X., Liu, T., Bacchiocchi, A., Li, M., Cheng, W., Wittkop, T., et al. (2024) Ultra-Sensitive Molecular Residual
Disease Detection through Whole Genome Sequencing with Single-Read Error Correction. EMBO Molecular Medicine,

DOI: 10.12677/acm.2026.1682996 2082 I A [ 2 3k

B


https://doi.org/10.12677/acm.2026.1682996
https://doi.org/10.1002/cnr2.70167
https://doi.org/10.1186/s40364-025-00796-w
https://doi.org/10.1038/s41698-026-01277-5
https://doi.org/10.1016/j.ctrv.2019.02.002
https://doi.org/10.1038/s41416-023-02300-3
https://doi.org/10.1093/annonc/mdz239.021
https://doi.org/10.1038/s41598-025-88266-z
https://doi.org/10.3390/cancers12102808
https://doi.org/10.3390/cancers14133078
https://doi.org/10.3390/cells14030161
https://doi.org/10.1038/s41598-026-58101-0
https://doi.org/10.1158/1078-0432.ccr-24-1651
https://doi.org/10.1158/1078-0432.ccr-24-0226
https://doi.org/10.1200/jco.2026.44.16_suppl.3595
https://doi.org/10.1016/j.ctrv.2025.103066
https://doi.org/10.1016/j.ebiom.2022.103945
https://doi.org/10.1177/17588359251393090
https://doi.org/10.1200/jco.2026.44.16_suppl.3629

X1 iy

[29]

[30]

[31]

[34]
[33]

[36]

[37]

[38]

16, 2188-2209. https://doi.org/10.1038/s44321-024-00115-0

Watanabe, J., Kagawa, Y., Ando, K., Uemura, M., Fujimoto, Y., Suwa, Y., et al. (2025) Circulating Tumor DNA for
Predicting Complete Response to Total Neoadjuvant Therapy in Locally Advanced Rectal Cancer: ENSEMBLE-2. Jour-
nal of Clinical Oncology, 43, Article No. 284. https://doi.org/10.1200/jc0.2025.43.4 suppl.284

Tie, J., Wang, Y., Loree, J.M., Cohen, J.D., Wong, R., Price, T., et al. (2025) Circulating Tumor DNA-Guided Adjuvant
Therapy in Locally Advanced Colon Cancer: The Randomized Phase 2/3 DYNAMIC-III Trial. Nature Medicine, 31,
4291-4300. https://doi.org/10.1038/s41591-025-04030-w

Tie, J., Wang, Y.X., Loree, J.M., Cohen, J.D., Espinosa, D., Wong, R., et al. (2025) ctDNA-Guided Adjuvant Chemo-
therapy Escalation in Stage III Colon Cancer: Primary Analysis of the ctDNA-Positive Cohort from the Randomized
AGITG Dynamic-III Trial (intergroup Study of AGITG and CCTG). Journal of Clinical Oncology, 43, Article No. 3503.
https://doi.org/10.1200/jc0.2025.43.16_suppl.3503

Coakley, M.F., Pascual, J. and O’Reilly, S. (2025) Circulating Tumour DNA Assays in Focus: Highlights from ASCO
2025 for Clinicians. BJC Reports, 3, 1-3. https://doi.org/10.1038/s44276-025-00181-y

Nakamura, Y., Watanabe, J., Akazawa, N., Hirata, K., Kataoka, K., Yokota, M., ef al. (2024) ctDNA-Based Molecular
Residual Disease and Survival in Resectable Colorectal Cancer. Nature Medicine, 30, 3272-3283.
https://doi.org/10.1038/s41591-024-03254-6

Watanabe, J., Oki, E., Kotani, D., Nakamura, Y., Mishima, S., Bando, H., et al. (2023) Postoperative Circulating Tumor
DNA-Based Molecular Residual Disease in Patients with BRAF V600E and MSI-H Colorectal Cancer: Updated Results
from GALAXY Study in the CIRCULATE-Japan. JCO Global Oncology, 9, Atticle No. 32.
https://doi.org/10.1200/g0.2023.9.supplement_1.32

Shah, P.K., Aushev, V.N., Ensor, J., Sanchez, S.A., Wang, C.G., Cannon, T.L., ef al. (2025) Circulating Tumor DNA
for Detection of Molecular Residual Disease (MRD) in Patients (pts) with Stage II/III Colorectal Cancer (CRC): Final
Analysis of the BESPOKE CRC Sub-Cohort. Journal of Clinical Oncology, 43, Article No. 15.
https://doi.org/10.1200/jc0.2025.43.4_suppl.15

Nowak, J.A., Shi, Q., Twombly, T., Pederson, L.D., Ma, C., Vdyrynen, J.P., et al. (2025) Prognostic and Predictive Role
of Circulating Tumor DNA (ctDNA) in Stage III Colon Cancer Treated with Celecoxib: Findings from CALGB (Alli-
ance)/SWOG 80702. Journal of Clinical Oncology, 43, LBA14. https://doi.org/10.1200/jc0.2025.43.4 suppl.lbal4

Kotani, D., Oki, E., Nakamura, Y., Yukami, H., Mishima, S., Bando, H., et al. (2023) Molecular Residual Disease and
Efficacy of Adjuvant Chemotherapy in Patients with Colorectal Cancer. Nature Medicine, 29, 127-134.
https://doi.org/10.1038/s41591-022-02115-4

Killock, D. (2023) Early MRD Predicts Disease Recurrence and Benefit from Adjuvant Chemotherapy in CRC. Nature
Reviews Clinical Oncology, 20, Article No. 137. https://doi.org/10.1038/s41571-023-00737-2

Oki, E., Kotani, D., Nakamura, Y., Mishima, S., Bando, H., Yukami, H., et al. (2023) Circulating Tumor DNA Dynamics
as an Early Predictor of Recurrence in Patients with Radically Resected Colorectal Cancer: Updated Results from GAL-

AXY Study in the CIRCULATE-Japan. Journal of Clinical Oncology, 41, 3521-3521.
https://doi.org/10.1200/jc0.2023.41.16_suppl.3521

Nakamura, Y., Kaneva, K., Lo, C., Neems, D., Freaney, J.E., Boulos, H., et al. (2025) A Tumor-Naive CtDNA Assay
Detects Minimal Residual Disease in Resected Stage II or III Colorectal Cancer and Predicts Recurrence: Subset Analysis
from the GALAXY Study in CIRCULATE-Japan. Clinical Cancer Research, 31, 328-338.
https://doi.org/10.1158/1078-0432.ccr-24-2396

Pellatt, A.J., Bent, A., Hornstein, N., Parseghian, C., Huey, R., Raghav, K., ef al. (2025) Phase II Trial of TAS-102 in
Colorectal Cancer Patients with Circulating Tumor DNA-Defined Minimal Residual Disease after Adjuvant Therapy:
INTERCEPT-TT. JCO Precision Oncology, 9, €2500142. https://doi.org/10.1200/po-25-00142

HRABEE R Sy oy, B SRELR R, RS, . SR A TR B AL AT R I]. PR R,
2024, 53(11): 1088-1096.
R IR R 2. R G R I8 52 (CSCO) 4 B 1297 18w 2025 [M]. dbat: AREAE Rt 2025.

National Comprehensive Cancer Network (2025) NCCN Clinical Practice Guidelines in Oncology: Colon Cancer. Ver-
sion 1.2025.

Martelli, V., Vidal, J., Salvans, S., Fernandez, C., Badia-Ramentol, J., Linares, J., et al. (2025) Liquid Biopsy in Perito-
neal Carcinomatosis from Colorectal Cancer: Current Evidence and Future Perspectives. Cancers, 17, Article No. 1461.
https://doi.org/10.3390/cancers17091461

Bansal, V.V., Belmont, E., Godley, F., Dhiman, A., Witmer, H.D., Li, S., ef al. (2024) Utility of Circulating Tumor DNA
Assessment in Characterizing Recurrence Sites after Optimal Resection for Metastatic Colorectal Cancer. Journal of the
American College of Surgeons, 238, 1013-1020. https://doi.org/10.1097/x¢cs.0000000000001028

Henriksen, T.V., Reinert, T., Christensen, E., Sethi, H., Birkenkamp-Demtroder, K., Gégenur, M., et al. (2020) The

DOI: 10.12677/acm.2026.1682996 2083 I A [ 2 3k

B


https://doi.org/10.12677/acm.2026.1682996
https://doi.org/10.1038/s44321-024-00115-0
https://doi.org/10.1200/jco.2025.43.4_suppl.284
https://doi.org/10.1038/s41591-025-04030-w
https://doi.org/10.1200/jco.2025.43.16_suppl.3503
https://doi.org/10.1038/s44276-025-00181-y
https://doi.org/10.1038/s41591-024-03254-6
https://doi.org/10.1200/go.2023.9.supplement_1.32
https://doi.org/10.1200/jco.2025.43.4_suppl.15
https://doi.org/10.1200/jco.2025.43.4_suppl.lba14
https://doi.org/10.1038/s41591-022-02115-4
https://doi.org/10.1038/s41571-023-00737-2
https://doi.org/10.1200/jco.2023.41.16_suppl.3521
https://doi.org/10.1158/1078-0432.ccr-24-2396
https://doi.org/10.1200/po-25-00142
https://doi.org/10.3390/cancers17091461
https://doi.org/10.1097/xcs.0000000000001028

X1 iy

[39]

[40]

[41]

[43]

[44]

[45]

[51]

[52]

Effect of Surgical Trauma on Circulating Free DNA Levels in Cancer Patients—Implications for Studies of Circulating
Tumor DNA. Molecular Oncology, 14, 1670-1679. https://doi.org/10.1002/1878-0261.12729

Hadd, A.G., Silvestro, A., McKelvey, B.A., Baden, J., Bormann Chung, C., Brown, B., et al. (2025) Establishing a
Common Lexicon for Circulating Tumor DNA Analysis and Molecular Residual Disease: Insights from the BLOODPAC
Consortium. Clinical and Translational Science, 18, €70185. https://doi.org/10.1111/cts.70185

Wu, H., Kalashnikova, E., Mehta, S., Salari, R., Sethi, H., Zimmermann, B., et al. (2020) Characterization of Clonal
Hematopoiesis of Indeterminate Potential Mutations from Germline Whole Exome Sequencing Data. Journal of Clinical
Oncology, 38, 1525-1525. https://doi.org/10.1200/jc0.2020.38.15_suppl.1525

Swanton, C., Venn, O., Aravanis, A., Hubbell, E., Maddala, T., Beausang, J.F., et al. (2018) Prevalence of Clonal Hem-
atopoiesis of Indeterminate Potential (CHIP) Measured by an Ultra-Sensitive Sequencing Assay: Exploratory Analysis
of the Circulating Cancer Genome Atlas (CCGA) Study. Journal of Clinical Oncology, 36, Article No. 12003.
https://doi.org/10.1200/jc0.2018.36.15_suppl.12003

Arisi, M.F., Dotan, E. and Fernandez, S.V. (2022) Circulating Tumor DNA in Precision Oncology and Its Applications
in Colorectal Cancer. International Journal of Molecular Sciences, 23, Article No. 4441.
https://doi.org/10.3390/ijms23084441

Arango-Argoty, G., Haghighi, M., Sun, G.J., Choe, E.Y., Markovets, A., Barrett, J.C., et al. (2025) An Artificial Intelli-
gence-Based Model for Prediction of Clonal Hematopoiesis Variants in Cell-Free DNA Samples. NP.J Precision Oncol-
0gy, 9, 1-8. https://doi.org/10.1038/541698-025-00921-w

Lutfi, A., Afghan, M.K., Swed, B. and Kasi, P.M. (2023) False-Positive Liquid Biopsy Assays Secondary to Overlapping
Aberrant Methylation from Non-Cancer Disease States. Case Reports in Oncology, 16, 1536-1541.
https://doi.org/10.1159/000535174

Gimeno-Valiente, F., Martin-Arana, J., Tébar-Martinez, R., Gambardella, V., Martinez-Ciarpaglini, C., Garcia-Mic9, B.,
et al. (2023) Sequencing Paired Tumor DNA and White Blood Cells Improves Circulating Tumor DNA Tracking and
Detects Pathogenic Germline Variants in Localized Colon Cancer. ESMO Open, 8, Article ID: 102051.
https://doi.org/10.1016/j.esmo0p.2023.102051

Hoang, T., Choi, M.K., Oh, J.H. and Kim, J. (2025) Utility of Circulating Tumor DNA to Detect Minimal Residual
Disease in Colorectal Cancer: A Systematic Review and Network Meta-Analysis. International Journal of Cancer, 157,
722-740. https://doi.org/10.1002/ijc.35442

Martinez-Castedo, B., Camblor, D.G., Martin-Arana, J., Carbonell-Asins, J.A., Garcia-Mico, B., Gambardella, V., ef al.
(2025) Minimal Residual Disease in Colorectal Cancer. Tumor-Informed versus Tumor-Agnostic Approaches: Unravel-
ing the Optimal Strategy. Annals of Oncology, 36, 263-276. https://doi.org/10.1016/j.annonc.2024.12.006

LABIine (2024) Blood-Based MRD Test for Cancer Recurrence Can Generate Cost Savings in Colorectal Cancer Treat-
ment, Finds Study in JAMA Health Forum. https://www.labline.com/

Chalabi, M., Verschoor, Y.L., Tan, P.B., Balduzzi, S., Van Lent, A.U., Grootscholten, C., et al. (2024) Neoadjuvant
Immunotherapy in Locally Advanced Mismatch Repair-Deficient Colon Cancer. New England Journal of Medicine, 390,
1949-1958. https://doi.org/10.1056/nejmoa2400634

Luo, Z K., Wang, D.J., Wang, Z.X., Zhao, H. and Xiang, R. (2025) Is Neoadjuvant Immunotherapy Feasible for Patients
with AMMR/MSI-H Locally Advanced Colorectal Cancer? A Retrospective Study. Frontiers in Immunology, 16, Article
ID: 1645412. https://doi.org/10.3389/fimmu.2025.1645412

Wu, M.Q., Zhang, R.X., Wu, X., Lv, G., Xu, J., Chen, Y., et al. (2026) Efficacy and Safety of Tislelizumab as Neoadju-
vant Therapy Combined with MRD Monitoring in Locally Advanced dMMR/MSI-H Colon Cancer: A Prospective Pilot
Study. Journal of Clinical Oncology, 44, 3651-3651. https://doi.org/10.1200/j¢0.2026.44.16_suppl.3651

Wong, E.Y.T., Damle, S.R., Shiu, K., Cohen, S.A. and Lieu, C.H. (2026) Immunotherapy in Localized Colorectal Cancer:
Current Practice and Future Directions. American Society of Clinical Oncology Educational Book, 46, ¢520600.
https://doi.org/10.1200/edbk-26-520600

DOI: 10.12677/acm.2026.1682996 2084 I A [ 2 3k


https://doi.org/10.12677/acm.2026.1682996
https://doi.org/10.1002/1878-0261.12729
https://doi.org/10.1111/cts.70185
https://doi.org/10.1200/jco.2020.38.15_suppl.1525
https://doi.org/10.1200/jco.2018.36.15_suppl.12003
https://doi.org/10.3390/ijms23084441
https://doi.org/10.1038/s41698-025-00921-w
https://doi.org/10.1159/000535174
https://doi.org/10.1016/j.esmoop.2023.102051
https://doi.org/10.1002/ijc.35442
https://doi.org/10.1016/j.annonc.2024.12.006
https://www.labline.com/
https://doi.org/10.1056/nejmoa2400634
https://doi.org/10.3389/fimmu.2025.1645412
https://doi.org/10.1200/jco.2026.44.16_suppl.3651
https://doi.org/10.1200/edbk-26-520600

	结直肠癌微小残留病灶(MRD)检测的研究进展与临床展望
	摘  要
	关键词
	Research Progress and Clinical Prospect of Minimal Residual Disease (MRD) Detection in Colorectal Cancer
	Abstract
	Keywords
	1. 引言
	2. ctDNA-MRD检测的技术方法
	2.1. 肿瘤先验(Tumor-Informed)分析
	2.2. 肿瘤未知(Tumor-Agnostic)分析
	2.3. 两种路线的性能对比
	2.4. 多组学新兴路线

	3. ctDNA-MRD的临床应用场景
	3.1. 新辅助疗效评估(局部晚期直肠癌与dMMR/MSI-H结肠癌)
	3.2. 术后辅助化疗决策(降阶梯vs升阶梯)
	3.3. 术后动态复发监测

	4. 指南与共识推荐
	4.1. 2024《实体瘤分子残留病灶检测共识》
	4.2. CSCO 2025版结直肠癌诊疗指南
	4.3. NCCN2025结肠癌、直肠癌临床实践指南

	5. 挑战与限制
	5.1. 检测灵敏度不足、假阴性问题
	5.2. 检测平台方法学异质性、行业标准化缺失
	5.3. 克隆性造血(CHIP)突变造成假阳性
	5.4. 最优检测时间窗口尚未完全统一
	5.5. 检测成本偏高、基层医疗机构可及性不足

	6. 未来展望
	6.1. 多组学整合技术全面提升低负荷病灶检出性能
	6.2. MRD指导的大型干预性临床试验矩阵持续完善
	6.3. 免疫治疗时代MRD全新应用场景拓展
	6.4. 从单纯预后标志物升级为完整治疗决策工具

	7. 结语
	参考文献

