Advances in Applied Mathematics & 248t fE, 2026, 15(8), 379-391 Hans X
Published Online August 2026 in Hans. https://www.hanspub.org/journal/aam
https://doi.org/10.12677/aam.2026.158361

BT S MEAREE SRV ERE
RE

BT, Bk
MRERITYE K80 550 b, M M

Woks H . 20264F7H25H; FHER: 20264F8H17H: KA HI: 20264F8H27H

HE

BT RMEIET R EEFERZ —. ARYAKARN B REAT S ENEREFEREER, BHE
SRR MR A S WA R A ERIR, STEMEERRAMKSISES . ERARRNES G
A, FEITRABOT R R R, REBUTHT . ASCH B 55 R 4R R S R A AR
MET —MEEGRI RN CERE AR BIRGEE, W1#E A THd e M RE N &R
5F G B2 R R SRR AT B 5 DA B 40 PR SO R, R A T 20 A (R 4 R 38 A B 4 R B AR R I B0
FRUERE. BESREY, SRAFHCERRMILE, A ORI DB S &5 3 4
R¥BES AR,

X 5in

SEEY, RERIEY, WA, BOHGT

Two-Stage Hybrid Model of
Radiation-Induced Tumor
Cell Cycle Redistribution

Zifan Chen, Huanmin Feng

School of Mathematics and Statistics, Fujian Normal University, Fuzhou Fujian

Received: July 25, 2026; accepted: August 17, 2026; published: August 27, 2026

Abstract

Radiotherapy is one of the primary modalities for tumor treatment. Tumor cells in different cell
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cycle phases exhibit distinct radiosensitivity. Following radiation exposure, tumor cells undergo cell
cycle arrest, which leads to dynamic redistribution of the cell cycle population. Understanding the
mechanisms of cell cycle redistribution is helpful for optimizing radiotherapy intervals, so as to en-
hance therapeutic efficacy. This paper establishes a two-stage hybrid model combining a Monte Carlo
model and a compartment model to characterize the dynamics of radiation-induced tumor cell cycle
redistribution. The Monte Carlo component describes cell cycle arrest and subsequent cell cycle evo-
lution of individual tumor cells after irradiation, whereas the compartment model captures the dy-
namic changes in cell populations across different cell cycle phases. Numerical results demonstrate
that the proposed hybrid model outperforms the compartment model in simulating radiation-induced
cell cycle redistribution.
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1. 5|8

FEREVE N EER FEIOT R 2 —, TEE B N A i, R A R DT E BT AR R EE R 7 .
2023 4, AERERERT KWL 1850 Jifl, AETI AL 1040 J5, TiHE] 2050 4F, AFH AW FR 0 2
3050 73, AETC NECKZEE A 1860 Fi[1].

VENFSREVRTT I — NG T B, 7807 2 IE I A A Y DNA 2548 o 00 1) FG 398 48 B0 B 4 1 At e 4
Ma[2]e WFFEAR I, 20 1 B B U U M A R 8 2 5, G2 S MRS i S 2R e UK, G
R, S WEIABABUR(3]. H2k1E A DNA $45 vl k— 0 51 A 40 i 8 IRE i A a2 (4], Horh G HARH
T AN G2 HIIRE T A2 i AR BY[5 ] TE 20 V0T I R v, S 2000 20 235 4 Ak - UK R S0 B3 ) o e 400
AT (BT 50 5 P 2 4 B 2 B R I8 2 AT A0 R R B s A Bk . DRI, e R 2 50 4 o) 400 i o 4 )
RELV AR FH S 4% 2002 R 1 40 B BEL s ZE AR BBURR IR B, DA T 5 81807 A R, R — AN B A EENME
(RIRFE 8 1r) R T g 3K — ) R P D B AE TS5 S 8 S A B R S B A A i R /e 0 1 T e, BB U 2
J £ A 2R Ak 4 B A [ B P A S 1 B S AR A B

B g AR AT 2615 S A0 A A o A i R E B k. BT O S e O S BRI e 7K
W5 TAE. Lonati S NMGAIMLE M G1. S G2 M UMM B MBI AZ. O %, DL DNA & &A1 (A
A SR R 7 R %00 1 %6 S A PR T R B 23 B A I R (6] Ubezio £ FH 2 T — I 6 R (1 B S5 4554,
HAHLE A GO G1. Sy G2 M 535, AN 51 N R MR =R 3 A 56 i 1 5 PR lcidk, sl 7 A
BB VR YT BB T A PR 5 2 ) R 7T 3 S IE B ZE [ 7] Boldog 55 A2 HH B IR AL A e 4E = Db
MUBLFAE AR, 52 PR 0 N AT 3 70T 1A A0 L T, 006 B 0 200 400 i S 360 500 O S B A B R 2B AL I 4 (8]
{H2&, Pawlik %5 A JE I B7 A= Y pS3 4H A FE B9 4% 5 T TRSE 90 200, 400 G1 5 G2 WiFH B A B R3], AP
AR 2 JE R &S — KR, Wi &= A0z X — W R . Kk, &5 R7EZ) i
LR 5 A0 M S B 2 43 A 75 T B A B ) ) PR A

N T FRRIX AN T, — P B IR R A F SRR R B 7 AL A 4 e P 4 P S AR, DA
5 it 220 1 — A 40 P U 2 05 8 D (R 2 B B AR IR N o AE, X PR AR B T AR AE — AN I,
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Figure 1. Schematic diagram of different stages of the cell cycle
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Figure 2. Schematic diagram of time segmentation for the two-stage hybrid model
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FRHESCHR[11], G2 W40 B BH A B 8 10 h, PIA SO E w1, F5N 10, EFR 15 T G HHRH A
IR T G2 HARHR [ 12] [13], WOARSTIESE 1 F1 S AEN g0 I R AR S B05E, B (I B, F1 By )
By~ By (F B, F1 B, B, 1 NS5 | SCHR[6]7F Lonati 5 AL &€ . T HAEDHE X o, o,
e, b, XTTHBFCRISCER, R, A SO TR BUE S50 BOE 0.1 105 Moy o, IR AL,
010 At,  t, FITFHRMES. 28 E, FEFHRSEIBUETEE E 1.

Table 1. Parameter value range table

1. SYEREERER

ZH Hy H o, o, A B B B, Ly Ly
WA 1.5 13 0.3 0.3 0.05 0.3 0.3 2 5 5
et 3 15 0.5 0.5 0.06 0.5 0.5 5 10 10
R 1 10 0.1 0.1 0.03 0.05 0.05 2 0 0
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LSEHAITIIA y = 31,2202, |+ AR RIS S0 7510
j/=[J”/1,)72,-~-,f/ql,~--,j/qT, Hrp, y, = [y,ly,zy,3y,4]7'3%14\XJu{}r'JHT7UE’JGI 1. S HI. G2 #i. M
YR EE IR, 5, =[ 9,00 Puas Bias B | SOARBEIRITEBEA, FLHT g, ANV SEA E 5200 8 O A 31,
Ja q—q, NI EE B G ERATEAR] . E SRR K AR R E

J= : [iiﬂj(yu yl/) ii (y'J JA}f-j)z] ©)

AL, A NIRRT BN o LA, AR RSB S, A =4, 4, A | FNEUE
[1L1,1,1.2,1.5,1.5] .

E LT REOO)ITAE SR ZEZ bR R IR, T g, AN 220 R S50 5 300 T — DU AT AR A 433
WILFERAG ST . A TSR TR, H ARz B BB A, L TR R LA T5 i
RAE R, TR B R SEEAT R 5T, TR S R DM, 52
R P IS, TR R, FroAgs € —ASHUE T, BERASTER T AT L. Ik
PR BEAIL AT i (kL T R B L TSR, MIE— VAR, i KR R MEHOR A SRR, &
EERKTSE A . R, ASCRAZET R IR R EEINR KA N S BRI LS .

ARSIV A A BUE B S PR A N = 10000 o HRAESCHR[11]-[13], &5E ¢, A, HIBRRAE S
1.0109 A1 13.8250. 34 N =10000 i, AT 10 ZIBEHLIEE, 203 iH 5 e, At BOSEMT %, #4lt, )3
fEAE 1.0032 2 1.0226 Z[A¥ZN, 10 HIMEA 1.0105, SERERIMZICA 0.0004; #4241, J5 26T
0.0643 % 0.0704 Z [, T35 0.0680. % T ¢, » FAIIMEAE 13.8118 & 13.8326 L[5, 179 13.8196,
SIS I RZELI 0.0054; FHTTZERLT 0.1681 & 0.1803 Z[8], 7 0.1739. FiH S AR bRE
ZEXGM/DN, RUIBUEE RAE AL s — 20, AR R M RILH RAFAORGE T, Wi 2 T S 2K
3.2. RPURNEE

BEALLIR /K (Simulated Annealing, SA)HER —F R T2 MR ERE R EE, B 7 3R JOI R 14)
[15], HEASPERAE 1610 .
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WEVIIRIRE T, « ZOERET,, R R ARE o 9 1000 1.0x107°, 0.985, HmAKIERIKEL K
500 BEMLESAILGME x » THE HARREUE J (x) » FERIER L HT IR AILARN x,,, = x
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X +Ax, ,;

i,t+1 it

max

= Xig
A AR e 2
AJ :J(xi,Hl)_J(xi,t)'
4 Metropolis ¥ JUI) 5 35 ik -
X, 1> AJ <0 Brand < exp(-AJ/T))
X =

i+l l’t,,\’f@ >
Fo B AR A I A R /N T A AT S MR Re BB, MUK S LA B8 B e . B IRERUG, IR
T,,, =a-T, AT R .
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AL Lonati %5 A[6] TAF o I SESG B A N S EAHR KR . FrAERISHESE: s, - ¢,
WIYME 1« w7 ZE 0, o,, Gl Sv G2. M DUA4HHJE RN BRI #4038 B B~ B~ Bos U
B BRI (8] 5 e, 1, SIS RLI U A FEBTBEE R B v o~ By~ B

FIFREAOR KL, R AR SRR (1) S B0 AT HER,  [R] A 060 A B A 2RS40 %o 1R 26 R () 2 0 4
BT TR, HHR4S m%zqoﬁiﬁmﬁﬁi%¢,wﬁQMﬂMQﬂmf@%ﬂmQ“%
HZ19 42 h, BARXAME R LR 1. T, MR SCE T ORUESEAN 4 M #8 B 22 0 A B2 R BEL A B B, AR
EARKRE, HEET 20 N, LT A 14 i #S 2 56 oan B PRI Y B /8 . IR, 456 Sgeid
SRR Z0 A, BRATERUE G AR R B T, = 24h DLGRAEAS 06 B SR B BT K, AT s/ T 55

=

Ho

ERMSECT, HHCEBAER 0 Gy (LI RRZ) R 2 Gy U7 L E0E 45 For il I 3 fi 4,
8 FASCIE B, 2 Gy JBOT A RIEEILIE 55 2 Gy FilE R A SCRERY 5 0 = A5 L 90l it 2 o0) B s AL
Kl 6, PUMrBIYITHRRZER L 5.

B 3 FIEE 4 mr L, X FRBOTIER, AU A = B A AT AR A . H B2 43 o B AR Ak
AR E A ERA, 0T 2 Gy BUTHBAE G TIHFEEROE 2, AT 2 xk DA ] H T IR >k 1)
AR R BRI . B 5 A 5 AR, AR SCEALIERLA R ZE A 0.9106 B FEICE 0.8349; [FIR, 7E
0~10h P4, G1 EAHAIE U BEME. S I AHAT U BLEMGARIL T G1 HIFH 51200 G1 M4 i AR S H34m
Pk Ik, G2 AR A8 U B G EL T G2 BRI R i) G2 HAZN AL SR, 55 SCRR[S T g 45 S — 5.
IEAh, 7E 0~10 h Fl 24~30 h X B ANEF I B, ASCRIR AR ZE 50 /N, ESCHE AR I T AR SORSE 28 221 e S5 26 i
S P 4 L B0 90E 32 30, 5 PR T VR Fff 12

M 4 TTHL, g ILEAEN 1.0109, RE/NT 4 MILAE 13.8250, X —45RIMAFECOH TIEXT
T S 4R G1 HIBH A (i (A X, 1 G2 WRH I 2 B K S5 12] [13]. B4, B RIHUE
ST A0 AR B K 2 S, AT LR B GL AT S AR BE R A B 2 KT G2 AT M, X
—45 35 Ray AN RIL—F[10].

i EEAR LI /2, Lonati 85 N AE A 100 S A AL o, A1 FH I SR R 50K 220 1) S5 288 175 5 1 40 M o R A,
SHIHDEIIN G, BOAE— A4 58 A IA) DX IR) P, 36 gl e 2 R 4 M 390 I B3 0 o o ) ) 2 5041 R e e
HL A AE IR B (6] (HAZ, ELIATTH AT UL, O 2 2 TG 2 i B A 40 B R B A A B B AR [R], 28
o G S A RE SR A AE 22 e LR . BRI, % AR AR AL 45 S BRI T RGP & 250CR, H
HER IS, 5 5 2 3 R I 40 B ) T A AR B K 5 SE IR I 45 SR BANRE, 1 G1 AR K 235 fw
K, 5 SRR SIS HOU I E ¥ IMROO i G1 IR KAFAE I Bl 2 . A SCHEX — TR, EHEN
A,

Table 2. Specific parameter values and weighted root mean square error of the compartment model at 0 Gy dose

F# 2.0 Gy FIBTEEHRBEGRMSHEERMI G RIRE

*ﬁ@ ﬁU%/Gy ﬂl :Hz ﬁz IH4 WRMSE
= 0 0.0500 0.1448 0.2350 1.5843 0.6469

DOI: 10.12677/aam.2026.158361 385 I3RS


https://doi.org/10.12677/aam.2026.158361

MRy, S

Table 3. Specific parameter values of the improved compartment model under a 2 Gy dose

F3.2Gy FIBTHHEHNEEEE GRS HEE

*ﬁ@ %U%/Gy ﬂn ﬂn ﬁz ﬂ}l ﬂaz ﬂ4 Lo Lo
= 2 0.0305 0.0305 0.2655 0.0519 0.2157 2.3289 0.552 4.968

Table 4. Specific parameter values of the mixed model under a 2 Gy dose

F4.2Gy FIETRAREFRMESHEIE

A T2/ Gy H, H, O, O, B yis By B,
TR AR 2 1.0109 13.8250 0.2595 0.4183 0.0501 0.3046 0.3134 3.9918

Table 5. Comparison of four-stage weighted root mean square errors between the mixed model and the improved compartment
model at a dose of 2 Gy

5.2 Gy FIE TR AEESHHK CERB MM RN RIRE L

i TH] B /h [0, 10) [10,24) [24, 30) [30, 72] A
44 BretidtiNene=t Rt 1.509 0.7607 0.6122 0.3578 0.9106
w2 TR A 1.2095 0.9775 0.3785 0.5678 0.8349
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Figure 3. Simulation control group of the compartment model
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Figure 4. Simulation of the 2 Gy irradiation group in the compartment model
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Figure 5. Fitting of the model proposed in this paper to the 2 Gy irradiation group
Bl 5. ARBUE 2 Gy BG4

DOI: 10.12677/aam.2026.158361

387


https://doi.org/10.12677/aam.2026.158361

MRy, S

A
1 (I 4MC+ODE)
$7112 (4 BtODE)
=0
x
o
0.2
0 | | | L ! | L
0 10 20 30 40 50 60 70
18] (h)
C ; G2 It 4
Bl (R MC+ODE)
= = B2 (4 B{ODE)
fetaery
08k ® yi
—06F
=
x
o
© 04
4
0.2
o
< N ®
0 | [ | L : | |
0 10 20 30 40 50 60 70

B A] (h)

0.8

S Lt

S

— %1 (JE 4 MC+ODE)
= — BiA2 (5 BODE)
®

D ’ ‘ M i AH
B (84 MC+ODE)
= = 2 (4 BODE)
08 o
_06F
g
s
0.4
0.2
0 . S \
10 20 30 40 50 60 70
i) (h)

Figure 6. Comparison diagram of the two models in the 2 Gy irradiation group
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Figure 7. Convergence plot of the simulated annealing algorithm
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Figure 8. Tmax sensitivity analysis
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Table 6. Table of mean and standard deviation of parameters of simulated annealing operation for 10 runs

F 6. 10 RIEEMIR K EE SR EFREER

ZH H 2 o o, A B B B

¥IMH 1.5953 13.0709 0.3092 0.3501 0.0508 0.3008 0.2965 2.4765
FrifEZ 0.4037 0.6615 0.0890 0.0851 0.0022 0.0219 0.0264 0.7831
wAMAE 1.0109 13.8250 0.2595 0.4183 0.0501 0.3046 0.3134 3.9918
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