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Research progress on multi-scale network epidemic dynamic: coupling

individual immunity with population transmission

WANG Yi, HAN Zhimin, LI Siqi
(School of Mathematics and Physics, China University of Geosciences, Wuhan 430074, Hubei, China)

Abstract : The multi-scale coupled epidemiological models (also known as the immuno-epidemiological models) has provided valu-
able biological insights into the study of infectious diseases by integrating pathogen dynamics within hosts and disease transmission
processes between hosts. These models have addressed various research areas, including multi-strain infectious diseases, vector-
borne transmission, environmental transmission, and optimal control. This paper reviewed the advancements in immuno-epidemio-
logical models research over the past two decades. The studies not only focused on model analysis and the exploration of key biologi-
cal factors but also examined the transition from homogeneous to heterogeneous mixing, as well as the extension from unidirectional
to bidirectional coupling. Finally, based on the author’s own work and understanding of the field, several important questions for
future research were proposed.

Key words: immuno-epidemiological model; complex network; pathogen evolution

0 5%

T i I B 25 20 AR S | R I RETEN 5 N 3 5 s ) S N5 3h ) Z 18] AR A% Y 1 22 28050 I B
WRAEIL & A= AR AT I D7 L AT R 40 hy 3 2 e BB Yeog B & AR YR MR R A i L AT DOk, A& e Xt A
KRS TR BB . Z5A%0 IR IR 75 | 2 R0 B R SR A 05 110 2% R A 45 s 2 A A A fit B
W E R IME, 2019 4F 12 A, 5 B dR 908 7308 L ( COVID-19) HFHA AT, B % 2024 4£ 8 A 16 H, AT

s AR :2024-08-17; MI4& H AR B 18] :2025-02-25 10:11;:24
HETH . HEARPER AT LIE (12171443) 5 1 Je @ SRR 55 9% £ 35098 42100 H ( G1323524005)
F—1EE TR (1986— ), B B8z, A S0, Wt 0F 5505 [ A AR B 5 2 24 4. E-mail ; wangyi-mail@ 163.com



2 R R % M (B % R 55 60 &

H: 2 21 ( World Health Organization, WHO) i 25 (81295 51 CL R 1 7 4261, BT 6 13 700 it R
FHEZATX COVID-19 #E47 TIFZ R BIE SCU AR ROTFE (B B 5 L] COVID-19 2R IH K, E1R
A RES BRI S NI F AR R BIFSEAL G4 (0 A L AL R iR A R e i 3 LA R i 5 A R 45
il SR M O 2 95 2 A, R IR AR N KBl AR 23 e i) A% 4, -4 0 AR B R By Pt , LA E R Y
PR,

1% Gy 2y g 2 AR B0 8 PEAIF S A G i) s 5 B, 2 H R 5L TR AR R IS FE N
FER B AR AGHE R A B AR DCHE S TR 3| 1T RS S WL 31 25 8 AL R A B A AR 3 od o A 7R
IR AT E M E T AEUE D L S8 s B Y & e B, IO H AR A #  H A A T Y D R A DG B
IR, I 1R S D o 77 04 Tl SR Ay B 2 DR SRR I B0 SRR MBI . B 20 22 40 4RAR LUK 15
I 14 8 7 2 AR 55 43T ik A S 2 R TR AR o B, TR i S A AR P L A DI 2R A Y [ 0 AR A e
9o 811 ) A AR (I 5 5 1) R BCELAG W A . — b2 M 2 A8, AR e 03 Jy AR 2203 5 R Ry
T REAGEL ik y RS A 5 Oy AR Y A BT SR A RN VR 2 WF 5N SO A AR R T T B
KB R IR IR A BT 1 LSS a5 A7 TE R SRS e B A5 1 TR0 A 1) A7 A Pk R A 1P 55 )
RS Ty —Fh BRI 5 T, A EE R AL ) ) 2 ARy S AR SRR AR AR R R G T
G Z BIBEHLE R T8, B Bk 2 I N BE RGP I A M ) | Levy Bt SEREALIE 3h ok i
FEREHL AR G T AT, I DTS T T FALA 7 1% B 2 55

AR A% e (B ST 4R AL T IR S LR Al 324 O 1k IR Z ST N B A AR 2 B AR
RYLIRT S SRR S PR TE I T (61 S5 1R ah A, B % BB T RS2 0, SR, B AL 1% (1 10
FRIEAR LA 200 5 B B0 JEARTE 18 AR 30 072 DL R th AR Z R 1546 . A IR 35 R 4 B
JEA T ISR 5 1 R e RGEAL T Eh S MAREAE I Z b 18 AL R I AR 55 T S ry g 1) R ke 1
F G TP S A 2 D R A SN PR SR BE 5 R TE R 190 % 4 U BB T 10 = e % ) R o R ALE 24 D
TAHEATE TR 95 IR 5 1 32 200 =2 ) 2 A S 2 AR B T 3 SR A P e 5 M A A 7 32 14 B
DRV FIUER G R | B P RE R A Yuiia il ) I, T Btk — 28 TR A T 2 B IR IR ARG 1 =N
PR ) i RE . T R A 3 P A 0 1 A B S N T2 T A G 2 TR RO B SR TSN 2 IR, A7)
A A [0 R 1 A B 2 AT B R A o AR AP 1 D A 2 AT AR A 7 o S AR S
FE 0 = TR A S A AR EAE TR AT 27 1 5 N 8RR S5 & R T 52 e N 1 J2 T s (L FE A 1
TP ) BTN AR T R AR AR R 1 RIR T S - TR AR AL Y B A R AR 4
PE AT AE B3 i A0 3 249K (human immunodeficiency virus, HIV) 7 % T 48 Ji% 7% ( hepatitis C virus,
HCV) Uit B IE PR S50 K i T N AR AL 09 NP, e B 1 G I

Within-Host Between-Host

. Susceptible cells

A Pathogen

O Infected cells

Bl 1 - T TR IR i A S R 1) i B n 2 B (RE S ) B

Fig.1 Diagram of within-host and between-host nesting in immuno-epidemiologic model ( original image citation) "'/

TEARZRIR 55 2 B T SIRG 2 RIEM & L QOB 1 3 S 2wt s b fg , 26 3 J il 1 & 2% M)
2% 22 ROEAR B AL BB ) 3 )2 BIFFE I o R T I 88 T DL ROV IR U ) 1 A, 26 4 3 xS0t AT 1
B R T — S A — PR R



5 4 1 FREAF AP IBE R ALAR 19 2 R 25 A et B 5 ) 2 ik 5ot 3

1 JWHReZREBeERMEL

1.1 HEREHRERER

2 M A% JLg AL AR AT F2 SO BRI TEREAR K- A AL 4% I S e ZE AP vh R 2B R R RN o3 A I LA
FEYE A 1 TR A2 T SR BRI I SR, PR AL RE A 20005 2 3 AR S5 . — SR AL YL IR, RIIR 64545 0
EREN R e R e ) I DA R N % L7 POy o Sy QS B W NSO oy W S E I e A o o Rl |
LR A S SR AR TR IR RE A M A Y TR A% 476 2 R B A ; — 2 5 BRI | BV S T X 1% 5506 B AT
BPERE ST HIAMA

) 12 O AR L B ST A T IR ST BNE LR, JE T8l ) AR AR G R A N 24
B AT REIE B E 1760 AR 250 W B4 K Bernonlli 25124 X6 K AL T By R LI SE 4 M) A O BIF ST
1889 4T, Enko ™ {37 T I AR 2E — B HUAE Ui 3 1 2450 IS0 AR 2 A9 R IZ 5008 R 005 BA By
1906 4F , Hamer * 1 ¥R 51 AR %05 5, 57 1 56 TREZ B9 B B [ B Y . 1906 4F | Brownlee' ™' X 4%
g L IR e AT T GEI AT AR G Bl ) A AR T s e J it AR v PR S AR A A ) e R
25 Ross B XPIEE ST A1 Kermack 5 McKendrick X — 2845 Y i A4 (R 5T 3X R ZSIF 5% $ A X e ik
P A — BB B IX 73 ok . 1911 4 Ross AF5Y TIEBEAE ATEFI A ( EZRIF) &35 1 5ea B
B U AR U I S A A, b AASEIRY () 502 4 A m HE T i/ I R R ) B30 A B T
AXIRAIERE , SRR Y kR LA — A A B3l 1S BRI T B A S — 4 — A Y
RN 42 5 AR AR RE R, Jn SR A A S 0 P 4R R E B /N T L B 25 K 48 5 [ 2 #5 K
T 1, WG 25 iAT o X FEAUN RS AT TR 3 T 0 52 2 i B A v B2 S o P i A% G B A v EL 5 3k
AR SR 25 A — 35, Rk 15 A 0% SEURR 28 8 ] T At T vt 42 i 0 A S8 AR A B o 2 i 14 7 g
. 1927 4, Kermack F11 Mckendrick > Jy BF 5% B BE 5% B T A7 8 57 T B 8% — I Yt — ¥k & ( susceptible —infected —
recovered, SIR) AL A AT 5T 9 ({8 BE S 9 A0 2 3 T 2AWF 58 19 S ZE BRI AR A . B A& 8 Kermack
Y5 McKendrick #E—4" 8 2 — 0 AL Y A1 IR T Ui 8 C——3 AR T AR ek
Ry, ZHi SIR BRI BT LU R

(1) AEBAORHA FET- s ER RSN 122 2 BT PRRE A BN F R 24— 5

(2) Yol — 05 5 Bl R — s AR 4 J7

(3) 7E ¢ B 20, B S [] P DA s 25 2888t B9 N80 s N Bt B LE, LU R EBCh y .

BT 3 MBk, IrE L Y SIR By

S0 g5,
0 s (1) -aa(n). (1)
dR(t) _

o -,

Horr, S(o) A(0) TR (1) 7350 FR ¢ W 20 50 & el 5 AR S H I BE L B A o 0 | 3R A% e - R BRI
FRFE, S(0) I(0)FIR(0) NIAIYIE, L8y SIR A5 BCH: 3 ANl (1) B 5 S 7E R RE
TR AT AR IRGE ; (2) B BIRRK , Freim IE(E 2R B 2 /0 I S Ik Y R+ A B (3) B Ry
RAMBEZ /D AR SR SIS 20 NP

SR ROE ORS00, 5B HAl AR D B BRI, — A S 38 7 1 249 o 39 P i S e

MIANEL, X T2 SIR AR H AL AR R0n] 3R R, =§,ﬁ%@f§&“‘%z‘%7§é}ﬁ_ﬁﬁ R ) R

bro SFEAFERL R)>1 I, Z20LR SIR B rp e & 8 1(0) 55 LIHE TR, & — > P fl iz g
Ko I F) e 25 5 A W (B RS | STR A7 1 I i KA g

T =5(0) +1(0) = T 14In(S(0)R,)



4 R R % M (B % R 55 60 &

U T2 PG P P DR Ay WA T, STR AR g e o i) 20 Sy

1 1
tP:ELm) S(S=5. 1n(8/5(0)) ~1(0)-s(0)) "
Hodr S FRIRUE(E AT 20X N 10 5 JBH 3 5 AR G 1 i 2B 18 e 1 R R A5 5, AT AT A 1] G
SR BRI, — B Z £ . LAY STR R R () i AR 38 ik = ] 4L By
Z=S5(0) (1-exp{=R,(Z+I(0)) } ).

PII 1 e 2 HARE WA LA B WA (R e R 2l A e WA 75 5 LA S ™ B R B I B 48 b, R 48 32 WF 5T N
FURSedE, FHAZR R SIR FRAYIE F 95 B AL s Wit IER ARG ARRIE 45, Hivp X e ek, A~ ] e
SRR BEIR A R B TR) 9 S8 S N, HLAE R B 5 X206 7 MR LA AR K A B i 1, RIS J5 AR 2 R
YL | ol R B AL S B R AR G . SR, X4 TR IR 5 9oa An bk | 2 PRI il S 9% S R Js
ANEAGRET) A P REFR UG, AT SIR AU T I B AP35 . Ktk , Kermack 1 Mckendrick 7
1932 42 H T 5 L - 5) J& ( susceptible —infected—susceptible,, SIS) #5710

ZL ML) SIR BTN SIS FIRLE IAAL Yoo ol 1 2= s Bk ath e BT IR th 2 5 , RE AP AR g
i, BETC I T KGR 72 07 R W 8% Y i SCHR RN & 3 19110, 78 28 B 0 A2 G o A5 0 rh B4
TR E, B E R T 82735 BB A A A VB Ok — BERs IR I AN BAT BowmE > BRib =z 40, A 5
RERIE 2 J8 T 45 R i (B BT IR TR BRI ) X e AL R A R 3T AR Ok B2 A R A 5T
COVID- 19} TAEMATRZ 2 it Cuevas-Maraver 251 ZERF5E iRt T %1851 % COVID-19 Kifif7
) SARS-CoV-2 £ Delta F1 Omicron A8 1A /) 4% YL spg i 8 | I ZEAR 1Y rpr 25 J 1 58 P 2 T XT38 155 151K 14 5%
£1%F Delta F1 Omicron A8, M fi 142 T PSSR [R] UL i 5Y 45 58 S COVID-19 J& 22347 1 8] i 2 T FR
& HRAL T BEIE S
12 PMERERE-RITRIEE

Yo IR A i — WA T AR Y B BT 5% e T LAGE B 3 Gilchrist F11 Sasaki''®', AT 8 Jo @ X T — 294
FEAZ R AR B Sh S PR

gf=(r—B)P,
dr
B (2)
.
Horpr r S A AETE EN TSR a J& 18 F RN Z, P a4k AR, B R M % . 2R
Ja T — A e - A i
dS T T
T=b(s+ [ 16,0 + R ) =50 ([ pryicr.nar+a),
aI ol

S = () (D)D), (3)

=aBP,

(;—I:=I( T,t)-R(t)d,
FHULAHE 3R 15 00 0 A FBE T DL R R 7 18 E R IR b A2 6 sl 48 O Hod B B g 19 K S 1(0,0) =
Sﬁﬁ?ﬁﬂﬁﬂwmMﬂ%ﬁ@%%%ﬁ%ﬁuﬂﬂﬂwﬂhﬁﬁugﬁ%%ﬁﬁﬁ%im%TNm

T A AR N 3 e SN T R B TE EAET 8 R A AL HUBIAS RER e R 5% S B AR R AL, b il

d 7R TE ER A RRBET R, 1(7,1) KRTE ¢ 2SRy r I AR e F AR 18 99k 3

K. GG S(r) JBYE 1(r,0) FREH R(t) o — BIRPPAROHER, RIS BRYAE RS 7 =T I e ey

W Ir b ENBEGE S TEB YR (750 BN R Zh A 518 FRYFE TR I HHRR YL AR
da”(r)

B, M 2(a) T e, ™ L7 50 e el e SRR ” () SR BERS FLRH 252 st
%0 T) o e A e 9 e RS S RTHILE a” (1) BB 2R,

Ko M 2(b)¢ﬂu7yiﬂrl,7



5 4 1 FREAF AP IBE R ALAR 19 2 R 25 A et B 5 ) 2 ik 5ot 5

Bl 3 JBos T A AR RN ™ (@) 516 B RIEIR a Z 8] 1K 58 32 A0 A AR R4 6 R e S g
JRAS K e WSENE o AT A TE i 5 5 A 2R 2R B A o3 A, B0 1 A T - A A R TR AR e ) S )
o a2 R G R AL ) 1 AP A s 2 B — S0 WRSEIR A B, RV A 2R HORI A T 1Y
PEACEACRA XA R G e A AR i 2 e v sh 45, LRI AL AR E A i A
TAE B A AP 2SS Al o o T 252 G e S I8 A2 A HUBAS R B R e i AR A DA e 3 [
T PR RS SRS A5 7 5 B 8 R B AR A IS B A BAS 28 BB AR I B0 1, 3 [0 2 A 9 A SR W s 3o [
e AR AR H S e A R A G5 S I P i YR 256 T A 2R RO I, SR S L A A U R B AR
F B SEITT T R (A5 e A R R A O RS E M s b 2 T AR A e AR BT, i B RAE I R
IRFIRR X N B A S BE SN R (9 i I 2 A2 SR ] R AR T 0 sliFH O 0, BTN T —Fhiik &
FRRLTT VA A - A R R AR P A S, O B T SRR 5 A L3S AR A - AR RS,
FEA TSR

1or : 1r

Parasite Replication
r
W
|
I
= S
Parasite Replication
r
w

Host Immune Response Host Immune Response

(a) AU RS (b) i i AR 7
B2 4 BB R ML o (r) 53R B r XEORIE S HE & Al w (9L RS D

Fig.2 Diagram of the host optimal immune response rate curve a” (r) versus parasite replication rate r
for different parameter values & and w ( original image citation) '

10 B 10 L

Parasite Growth Rate
r

Parasite Growth Rate
r
W

0 = 0
5 10
Host Immune Response Host Immune Response
(a) p=O TR 25 A AL A (b) 8=0. 1N T = S S TR A 3R

Bl 3 A geds BRI R RIRILE r (o) 5274 RE R o 3T A SBUER LR FEES )
Fig.3 Graph of the optimal parasite replication rate curve r* (a) in the host versus the parasite replication
rate a for different parameter values (original image citation)"'®’

ZJ , OR B WTTEN B1TF IR S S ~TRA TR B B ROA IR 5 05 . SR — WA o S A g e 9 J i 2
Bl 323 1 I R DL S SR A A AR DG R T ST L, R RIL 9 £ B kL 2
SHRA P - T IR A M T BALE LUR 3 5T

(1) i 2 AR5 Qi i 07 AR Aok i A AT 0 45 A 1901 i I 1 i o A B R el SE T Rl e o I A
TRE-TRA TGRS, XA A ARl i D At A 25 AR S AL, AL DR 9 1 31 22 R pR I REAE 2N, B



6 R R % M (B % R 55 60 &

A SCHR S AT AY 2 TR AR B9 38 S HER U REAEL ) Herp R gsge ) SRRy 0 g A 0 T e
JERAR SEARILAF AR 2 . 9140, Martcheva %57 $ Y T — N U RRAR Y | 1200 LA AR [ RURE 4 28 2 AN A 7
TREF B AL Aok RN ENFRRE b PR R B35 4 S T AR R v ) B RR RE S R AR A L BRI,
FERFIAR R I RGBT RE Y, G0 2e A5 00 1m0 119 TR AR R 615 168 B e 28 T AR BRI TR AR . % 9R 8
T T e AR R AR A B AR AR ZE S, % SR 25 AR B0 25 4 B2 7 G b 1 1
H 25 ™ 5 (08U, Webb 2511703 1 A4 B 5 A8 I S JER L ) SR8 — AT 9 R TR AP 5 T 24 BT AR A K o PR 3 1 3 LA
Ko SRR FE A ., Li 251197 T Martcheva 257 45 5 8 ST T — AN XU BR 0 E — 1L YA R B A
1A N B G aot B 5 A% el OB 4R S R Al ke | I 08T TR =2 [ L [ B A A% i 78 B rh S 3 e
Fraser 2" (OBIFT f A 1 350518 P01 55 2 2k it 5 08 Tk U0 o S o ) A% ek 2 TR A DG 2R, Ao 2 Sk
[ 18] Fh 42 21 1y —Fh R 1% S EB R R YL 25 76 TORER B B A 4 L (1] [R] B~ 4 R S Bsf 1) A9 A8 Ak
R B Y PR, [R5 R T AR B U BE B (T B RRSE I R A9 A8 S L SCHR [ 18 ] A B AR 4EL G AR
BRI | Bl B 2 M BG N, JCRE RIS YRR i [a] 2 N Rk,

Saenz %5l F—~ 25 A J2 A N BUBA A% 2l 01 2 B R A 15 1R R B 5 J G A A PN 95 B3 8l ) 22 X HIV
AT E BN FE I, AATTAAF 5T 45 R W 22 SB35 7 2R s 241 1 XU 3 /N, 186 03 7 s 1) 14 L 481 7T g 25
O BTG NEL xR S5 5 HIV JiA 7 A 24 1 sh 2R S48 74 A0 UL, A B T3 ok e SR #97°
R ERAR T %, 5T Gilchrist ' (#4712, Gilchrist 1 Coombs " L Kz Coombs 25 #5371 1EAk %
Az TR FE PRI 28] AR IE BRI G 7 ] AR A BT R — A G 8 — A TR B R R A 5 95 B 0 1 T B
P ATE E R BIR R AIEH . Duan 2802 857 T — AN 08 — A TR AR BRI F 55 9 B 40 i 32 P 22 kAL A
T ERIBRRALREVER, N T i — W5 B G 4% A v R B T AR, AT TS I T — A BT UGS 1 P
PRAGYLRIEAY | BifiJ5 , Numfor 250 1 U8 — i A7 s B B (i P o e s bl £ R, 78 32 N KSF- (0 ) s 7
IR PR IR 1 B YeAAd /M TS0 S i 42 1 ) S A Bie /M . 2023 48, Xue %6 #ESL T — AN SUB SK 3l
BB B 124 S A YRR A B I8 /R T PURREIRTT A2 A I X COVID-19 B & 5 , AR fi A
B 2845 T8 HIV HCV 550K s A28k, I 74 TR g 10T

(2) 1 = B 5 5 oy J7 R AR 1 A% YL B TR o AR ¥ e 5l 505 5 2R A R AR e il A ke ok
T IR A e — A TR AR SO il Almocera 25V A8 T iR 22 ROEEAR Y B fE T BRI 3 O 1 S 1Y
A% SIR BERIFR ALK . FE5E — MR A (B ) o AT AT T RSB M AT, AR X 45 SR 4B 7R T SIR
ARSI PR A7 i A RE T | S S R T B TR T T S IR PR B AR R ARG O
B, A6 R B R GEAFAE P U X003 S i A 32 PN SR AR A 0 LA e P ST i Ak ek e A RIS /NI
[P 5 A (SRR ) B 43 BT iE s 1 B 25 52 6 10 A BT B4 2R, 52 m 1 MU 3]
e RIBTTH] B SCHRR 2202 Il 3 R A 7 ORI 5T 5 T 24U A1 COVID-19 4589858, 5 IE LEA 2 421
A A, 508 HU R S8 S T A —Fp PR SR Sl AL g | o IR S G AR 5 8 AU R R hld 3 %
Fge e HEAE X X g iE 4 T BB R R AN [R] T e a5 0 AR S0 s 55 ELHEAG B AL Y i B AR
R ) 2013 4, Feng %'l Cen 25" 3 B T I FHF5E 55 2 HUR ORI | i B A5 5058 1 R85
5 YR G T AR 5 15 R PR A R, ORI AR 5 125 (ARG T EL Al S 8 — S A 30 B R B ) 3 ) Y —
AN R, P LA i PR Y5 YL A B 8 S X P FE 2 TR A IE 2R L 2015 4F, Feng 451 7E [ iR 41 AR A fi ik
filh B2 i T PURAE T2, 00 T — A8 PR IR S M Bl S B ) i o 25 R 1 I8 RE h AR S
B0 A ELARRPE AE PRSI Bl 50 P SRR A 8 s B AR R Al A A RIS RIF S 45 SRR 2 W 71330905 1
E AR, 2 18 N 51 ERSIEMEG R 2 HEZ, 2019 4F 12 J], COVID-19 H 1A 17, Wang
LR SE S ST R AR AN N G S R 22 1) A AR ELAE T, P AICF AR RS T LR ST COVID-19 fYTEAE IR
JT T IS AR . A TRORF R Z5 R s U RIRIT s 25 W 5 TP R B A T H ol A i i 5 - 65
(RIS BRI e B b R R R e IR N IR B — MR K BB B, X — I B, 9 2 ) A2 T o R A A g
FRGEHY SN IR B - 0 1 A8 DR ARE AR — S AH O [ A KT, S P RGN e /D ) 1 5 S I [R) AR
]

(3) kBl J)2F 3 AR 7 75 1 0 A% 36 R B R A6 TR 5 (5 4% 8l 1 4 b A WL R A, T A G038 — ¥
ATHPE Y I P Ak I A ) S - IR A TR AR T R ZER A R A RIS J12% . FERER



5 4 1 FREAF AP IBE R ALAR 19 2 R 25 A et B 5 ) 2 ik 5ot 7

WG RGBT 2 I, A7 0 ZEAE 75 b AL A v B % 08 5 35 0 AN 2R R A . 2020 4F, Xue
LTI T — A LA o R A 1 WL Tl R A G — AT 3 A TR R ) 45 7 = ] %40 3 ) 2 R 32
BRSNS B EA R JFRRSE 1A BAE PN I TR RS B RS BhASAT AT A B, BUIm R 5 A SR 05 — A T i A
T xR I ALTE 5 0173 S A R IR B 127470 o A R 42 Tt B 58 7 AR A= T A AR i 3
A% R MALREFE A A2 TR R 2590972 2023 4, Liu 558" 57 T —AVKEie 28 8 71 19 Ak 3 1 2% 5 15 4%
) J1 2R IR AR U M A A LASR TS A B 2 AL B S22 52 TR STS BERURAN 1R 12 e oy
1% IR — A SRR SRR R ) T 2, H R AR A i R AL e R AR B ) e, b
AT ABIE L SRR WL A3 IO 1803 AN 2 R 1 M 5 2 8 )R 0 P T, (L2 S 0 g 125 7 ) e (K P
LA, 2 BT I HEAL T e T BRI AFAE TR, X R W] 2O R 1 7 AL T R S AR s I s . Yang 55170 42
T — AN XU R G I S~ TRAT A B R AT ST B LA A R B A8 o A AT F A5 O P08 B A S 1 20 22
Mo SCHRL70] R T — 1A RS BUERI BN R MNTRPF L R R, BEHE 28 o B9340, k5 1 iR
WEZ 38, I EL8h 25 WA 2 i VI BUATRE A . LA, SCRE PR o 1 55 — HUBEAUL A5 2R AT B B fE 45
JE/R T —Fh 0 R, RIS HIE o W MERGRE MR AL

BATTH 2, e - AT B — SR R | e I AR i 32 AR S5 B (A KT 1) i 2 IS B R
FAEAR, TR R B B e R B X AR B8 I AT TR R 2 G 2 ML A 52 W o 7
i BRI P AOEAE Tkt Jy AL IR, SUR TR 15 A s A XA/ 3 Ty 2 R BB T R Ah, Y
A AR IX A2 R Z IR AR LSS e — IR AT AR T RS2l 2 X SE 38 i g ME— 53 . LIl i
RGN Fifp A Yo A AT 27 v 18 AR A R ) I T 2 S R 2 T L o A Loy A 8 i ik ke A% g A
AT S 1 A il R T 2L

2 ARWM&ESZREReERRER

21 SEHFEMEEIR

LR AR Z Z M R R, A5G A 2R AL SR AT HER R, R R ILFEM R T2 28 RS EE
fiE, BRIt A% G 20 0 2 @ 5 5 e RGBS UM OC . SEbr b R 2 IS R b 1 5 RGEHR VRS A2
% sk A AT S Mg ATRE ST BLAEEE A9 07 sREE T s f o, X — O ik B e — At
P, R e s ] LGB I E 1736 4, I 5 L4 2K Buler i 1 R M & LR )T, 78
FE TR 20 tHE22, K 22 B0 W) 45 A5 70 56 T 0 0] L 161 2 i F P e A B, 20 22 60 AR K, &) F R B K
Erd6sF1 Rényi FIHEHS AT HEHLB A EE A T H  $2 i T Erdés-Rényi ( ER ) BEML I A HY | I X5 BEAL E] i
T GEXT ) X —RErsaE T RIS BIS IR R R 3Lnl, sl Tz Bt Mk g, MiEREEEFH
SRR 2GR TR AR Rk R A4 R 2 R 22 G, ARG R B 5 AR 22 BLSE i 45 91
FELREREHL A R, T2 Z2Fp A2 2 R IL R, PRI, F 9 T 1 i e AR R 7 s B BRI A e
SZRMSEFRMLE 7 Watts Fl Strogatz T 20 4R FEC AAR) AR T F/MEF” MM EZ S,
MATHIBEGE R R T 1R 2 A T 58 R0 A58 S REAL 2 8] AR , 7R S 26 b {5 8 A5 4 R T e it
FRE R | [P PERRAE T I 2 BRAh, T TAEIR I8 i 1A L 7E < /N L 00 £ rh A5 T Ry U Y
B4, Bfif5, Barabési Fll Albert ZEZE T Watts Fll Strogatz B TAE , {148 H 5 BEKL X 28 F1 /N TH S /0 28 i o
R B 2 R S S PS4 I X — R R AN 7] | 1 22 LS8 A R TR I 2 H AT S ML AR S S ML (75 X 2%
I TCAR EERRIE . DA A TG 1 1R 38 SCAATL ) L i g T 52 4% I 245 [ Bk 5L A /0N Tk AL AR T 1 1) D
R R I M s R

21 ALk, B 22 M e SRR S AR R 22 R R RA BRI R . X — B HEAA I 55
THREETY W SRR A 2R Rk e B AR, R AR M RIS Y
Biolo Z—JE X A NES B DL AR e ™ AR B R S AR R s S R T R T
W 245 A2 2 B AH EAE A AL, e Ak, R X4 (A BIF 9 AR B A B2 2% IO 24 B 1) T 2 43 5, A B AR 1)
IOV 4 O A S R AR AN G T T R SR AR AL IR TR AR TR [R] 45 22 1] A AR B A
FHAFR G RN, WERE 2 RG22 MV B 24 B 8l G R4 TRl A T 5, Rl B ] RS | 52 42 48 o



8 R R % M (B % R 55 60 &

FERRVES RN 5 B T 0 3 o™ YEBNe Ty I, 22 5 TS R B 058 35 I 4 580 | R 2% 00 245 i 2
M B 12 AT R R AR R RN T, 2 2 N 28 BRI A DR i 22 S B ] UER AL T 5B 1) SR B RN O ik,
A 28 5 1R BB HE AR LA H ) 4% B Ae e MR AT Sk | oL Ju i e #5512 56, VR &, B
Z= AT AL T FATTRT LS R GEA 7o O BRAR | 38 A DR 52 2% 2R G0 v (1) S B ) L AL 17 SC B 1) DL i
MR, ARk, BEEB ARSI 52 MBS0 AR S & e AR A BRIV N 7 AR TR I 52
22 EFRMBLERHER

32 A W28 AL G AL AR Sh A I 58 — B — DI R, S R IR AR I — Gl 22 W P22 5K Bl
JEBEE GTEARE A5 B AR TRGEZ 2R E i A b, DR AR T 2R ik,
B mAEe RS IR FEYLE R ACH A SR, RLE 1985 AR AT BE SR N BT e At s
K RATIRN R LS AR R T 3 f e ABE R A #E " . 1999 4F, Newman Fll Watts ™' 32 7B i
FSERT T SIR BEAIE NW /NS 28 (LR I8, AT TR A58 7R 76 NW /NG R 28 v 4446 (Y It
£ 32 MZAE I REES Y520, 2001 4F, Pastor-Satorras Al Vespignani B UK FH &2 22 2% #2571 4 R 1) SIS 1%
AR
ds,
——=—BkS, (1) O+yl (1),
dr

(4)

di,
S TPRS(DOYI(D), ke (1,2,n]

Hrfr, B FIREAL I ] P — > 5 B T A L G 35 AR T IR L A 32, © RO TE I 2% rh B AL %6 B Y — 2%
i ] Jeiig A HAE S

BEJ5 , Moreno 45 3R TAEH A 4% SIS HEAU e A T M4 SIR A58 | I JRR T BE 434 o % Y [
(B RN e 2 28 R B S 3 T I 4%l ST A% i A AU () SR B 2 2 A I 2 T 0 T & PP T I 2%
(AT Guipa s Iy PN 465 A2 G g A5 TR AR 4l ) 246 e A %) s 1) IR 5 9 9 0 28528 A %) B i) RUJBE =2 i g P, T DA 4
ML 32

(1) IR KL AL YL A i AR A TR F AT 2 P 4% 174 28 ol S e PR T e A 1 L 72, AE T
() BEN AR Z 1] A9 12 il B 2 AN R G FE PP D0, R 25 I 4% 2 PR D) 3 $h 19 & 385 fR 3R . Pastor-
Satorras il Vespignani 1| F X b BRI HE A HUG R 20 TS AL 45 o O AE 80 AT THR 95 35 A5 AR S A0
FEMERNHEAT 5328 PR R 36 799 55 S B 3 3090 . 7R BeHESR S AR IR BEAE AT A AE S22 Lk
PR 56 A S0 T O 265 A ) B 1 o502 1] (R A48 IS ok — AR R SO BRI . XS eR S 3 17
PR — 453048 ) L 17 s ROME RS, RO 5 s & BB S ir A 1 i R R BBz e, R4k 2
MR LT S B 2 B4 3 e R R R 4 1Y SIS (B #E ik f , X Se 58 0 S BIHh $hGE 11 40 AH
S Rk AR T SRR I R AR, AN, AATTIE S I T B R A, A AR A g
SRV AR R TRAL T X AL IR AL A ERLE

(2) VK IEEAG YL AR | X AR A LR AR 2 50 5 1 2 119 2 J ol B Jrs s P T I 4% 1) R R i B 3
G 20 AR Z A R FE A OC R BRI LR . TEXFIIEOLT , WA 2 M 48 2 G2 18 Ul Fh a5 14 1Y
A E ., Keeling 451" IRAEAG YL R 5| AT A= A ERBE Aol AS AR PE ROMES:, JF 35 1 R0 0 2%
SRR A AR S X B AL AR B . JLAE)S , Eames Fl Keeling "™ "™ $& H1 7 S i W 48 - B4 %k 1 T 455 78 F T
T AL RE S . BLAN B T IR I 9 J7 ik 38 7R A I 28D i G 4R B A1, 0 1T Lz R A 2503 Ak
AREALEST, B4, Lindquist 2 F AT 5% B A BEIG R 2 T BB A M 4% LAY SIR Al SIS #EAL, fiff 5% 45 11
WK, FRSMZ b SIR R (AL RE B (5 B B A3 B A — 30, 52 AL, s M4 SIS #7
AEHE B SIR ARG, H G AR AT A SR B I8 . SR, %3 3 S AR A 20 BE AR AR 6 M v 1Y
HEH, S BT A%, I LA B AE B SRAS R (1 AL 46 I . 2008 4, Volz' "7 Fi| FHAE % A5 nil o B0k 2 57
T REME R AT R B A B0 B 2B AL R 1 FE Y SIR AN, FE UL JERN 1, 2011 4F, Miller ™ 5] AT A48
R TR (S e ML) SIR BB HAG AH A 45k, JmAFok, ¢ TERA M4 L AE 375 M bF X 78
gl;?kéi;[log'IIO: .

(3) Vi fb X 45 A% Yo 7Y 3o AR L TR (18] R i 2 5 g 0 AR 190 2 e ol R 5 T 4% 17%) A B8 A X



5 4 1 FREAF AP IBE R ALAR 19 2 R 25 A et B 5 ) 2 ik 5ot 9

XAFRIEAR BLAE 4 7% 16— T A% G i 76 #1528 W 28 AL R IE | N 06 1% e g 1 e I A8 A 2 ok 5 R e 3 4
file | T 2 S R R RN — AN G S H M, 30 Jeg 38 1 S 3 % T RE R 1) 3l ) 24 A AR SR S ], s ok X
WA EHT R S B . Gross 2512 AR E A W 2% SIS AR rf 3 p T R4S R % A1 O, R IR R AT B RA
B IRGEZRER SN ST R, SR, B O R B T O 24 1) 4 J A SR IT 422 ik 1) JHL At A 1A B9 £
B X SISO A E . P, Shaw FI Schwartz! " 42 1 T [ 58 I 2% SIRS LA FEiZ AR B
JEAN AR W7 T 5 31 3 0 5 A o 2 BE AL BE 4 — A R (T FOIR 25 A9 AN PR A7 2 Mk, Szabé-Solticzky %' fifi
FH RS B 53 T R B4 3 AL 35 D) 45 1) B LA DL 3 R ) 2% SIS AR HEAT T 20 20 43 BT, WFoR 45 SR 4%
B, B T OB B AT RS RS A, IR P RE SR B IR G, Pu 261 R T IR 2 M R AE TR A A R R
] A R 5 A e B ATR A I 28 &R IR T — R sh 25 A& B A I 25 B 2%, LU =5 COVID-19 il
MIMERRTE, BT, T FHAE N 45 AL Yo i A5 A0 i A 5% 3 BAROB T B AR 40 45 SR A0 2 SR AR A s B oy
Ty R (H i = AR AR PRI AT SR, IR AN, A T X4 A Yl A R ST RN e 0 4% 4% e A AR )
7 H Y R 2% 4 s 45 T8 £ H B4 R 43 . Pujari Al Shekatkar! 'S i ] 2% i) j 2% 14 Y s SR BF 5T T A2
il 25 X% COVID-19 KFATHISEM . Frieswijk 45" $ H—Flogr & i 22 A 11 B e I 4 B80T T 98 )
PEAE YL I (WAL HE . i 1k o 2% A% g 155 0 BV BIF 50 0 A0 AN I, 80 2 A OO B2 4% D) 246 £ e i 155 B F 5 1) 4 1t
ﬁm[lzo] .
23 EZMEREBE-RITHRERNNEST
ZE LTRSS TR AL AT R RE S A AR 2 (2, X1 52 2% I 4% 928 — SR04 79 A 2R f A
FEHIA R, 2015 4F, Gupta %' RGN T 2 28 M4 a8 HIV A& Y st i Ao A TAE S fE# % 18 5
HIV 22— B B, T HLN D G220 5805 (1) sh A AR A0 B RS M, 75 2225 1 — Fh sl 25 4%, v (1 )
SREER S R A T R AR T S L VEE B TR AS R B 28 254 an el 5 18 3 R s S A EAE T, A
SEMTE ER A, B2 ML G HIV AL G i B HE — AN 3090 B i 32 19 P9 38 G 28 2= A5 0 R — N A4
TRV HIV ABHEARY i 32 SR e AR TE P ABE T i i A, 5 AR Z i RS e e, Bk
()15 32 BT Rl R Ry
T'(7)=A—k,TV-dT,
T/ (7)=k,TV-u,T,, (5)
V'(t)=7nT,~cV,
Hp, T(r) T,(7) M V(1) 53R 7 W Z0%F 00 5) 8% CDA+40 L 32 S8R YL 1) CD4+ 41 i A 247 F B 50,
SR\ FIR 5 B0 CDA+HIILIN ™= A2 28k, 3R 5 [B ) CD4 + 41 I A B B L 8 o RN A2 IR 1) CD4+ 4
LB BE R R , d o FT ¢ 0 5 3278 5 SRR Y CDA+ AN 32 S8 YL 1) CD4 -+ 41 L s B2 40 T- B SBT3 FE5I
#b, Smith 1 De Leenheer' ™' Xz 2 P9 A B A B e PELEAT T VRAMAG AT, AATAS B S s FAEBUN T 1
AF, TR 0 2 R AR 1Y M AR RO T 1, M A R A R AR e Y, 1 S R AR R
IR MY HIV 755 B AR TR B9ALHE , B an T AR 0 iR

i" =A = kA, (1) S, (1) —uS, (1),

i, i,

E"‘E == (n +y(71))i(7,1),

i,(0,1) =kA,(2)S,(1), (6)
Ak

o= vt inar - r a0,

1 “ = Bi(7)i(7,1)
)\V(t) _<7,€2=1 kp(k)jo Wd’]’

o, S, () FRAEMZL ¢ 0 k 0 5B S, (1) FERTERTZL ¢ FUBAEIS Sy = B EE S & (R 1 5
HYBEER A, (1) R AE ¢ 20 k JSBOR S SRR ML 5 8, N0 =S,(0)+ [ iy(r,0ydr oo
2 & LR BRAKL. SR, RN k05 I R BT B0 LR BB o MR

ke {1,2,"',”},



10 R R % M (B % R 55 60 &

SAETR A () FRIBR T, n 2 AR P B ORIEHRL, (k) = ikp(k)i‘%ﬁlﬂ%ﬂﬂzi’%&?,p(kﬁ'@%

W3R, AR HIV 483K B,( 1) = B, V() R 6 R AL y (1) =y, V() ME R
5 BREOH 1 S PRI ()R AR £ ke DT 57 T 5 20 PO 2% B 88 — A T HIV A

S TRATRREI | R T B s | o 03 S TR LA S0 TR & S — AT BB T EE I, Rt AT
BT SCHR[ 207 o BRI . I A , R T2 0 03 e G 8 — TR AT R M R SR M (L ke S B, BT
e, A 5 B A AT T T A s R P S R (AR R Y A A BN T, T
57 15 8 4 R WA R 4 SR , 305 T 085 5 1) 7 e Uk B R P A R T 1, O L B ek L
BRI, Y 2 WL A TOAR FE 9 45 e P | s 2 A B 3 Ay o P 501 2 2P D 06 R
T 2 2 T PR e I, e N KO 2 G 2 A B N T AR 5 T A D) 4% 1 S A AR U i
S A BN b T, S e VLEE 4% S 1 A6 o T 8 AR 3 T A B HS MGG 25 397 ) I, AR HIV
I 2 5 126 30 P (AR ], 2ol R B K P P 2 B S R [ (T R TTT , i o A B0 e 2 T A 501 A o
S 90 2% 2 ST P A R SR TG 90 248 8 1 ST BRI A% 5 7 0 2 T4, TSk b R S B il
WLEEE T 2Bl 0, BIVER Y A KON 3830 e R P A B B AR, /SRR B0 T, I B RS2 B L e A
TR T R 100 25 1 i 1

W) ,2023 4F , Gupta 2502 4B T SCHR[ 121 ] PR i BN SR 4 I 2 25 ) O S e 4
e, B UCKESE T 2 RE WA B4 00 265 G g — AT R TR MR PR 2 A, AT G T S 5 0
ST AT T RAE ST BB TS R R AT - 2 24 R = I R B BRI R A
S IRV T ) TT R MR I 2 S ) 52 S M TR () S50 o, 28 W3 ok 000 7 T2 BT 2K 25 4 O
TP SR TR | VT LA 255 b T 3 T R % e o (5 %, X — 450 5 Sk [ 124 ) BSR4 SR B,
It S o e e A B R I, ) B2 3 T 25 25 i) A B TR T R 2 B T, WTRE S BCE 2 A
B P 22 G . I RS S OR AR A, 10, 2020 45 26 [ 454E R 2 5 AR TR AR R 12 T
2021 AEHEIN T 15%" 155 1l 2020 4F LR EOT A AEZ 0 18 500 A1) BFFYiL Fe W, W %5 b 2524
8 5O S S ) S R I 52 S A T 2 25 S A RE B T AT R 2 BRI, X — A3
TS 2 e B 22 0 TR R ST A WA g 3 T AL B, LABIT 1k A it e o TR IHe , 623 1) 3L
o T R I A DG T A 255400 PR IR 0 0 , ) Ptk 97 1] 40455 7 BT 1425 245 9 0 i) A0 g R 4 A 6
S 3L PRIR R SE PR O VAR, SR, SCHIRL 121 ) RN 123 ] A3 B s P2 5 A 5% i B A /P Y
645, 2023 4F, Yang 17 N T — A2 R W45 A5 YRR 578 T SRR AR A KO G0 2 T AR B 5 4 R
B G A O T 1 AR UAS A A R T 1, 350 28 W6 JB0 PR A = K P A i 5 (LT Bl R 4
TERE KT S BUE YRR % .
24 EZMEEE-RITHERNIEENRLRITRE

AR, A 3 AR T IA B B A4 (B 52 A0 B B R L PR P RO 55 . AT
0 B R B 45 B 75 2R — A N, B B RS IR 22 /0 A I — TR 30 R e N g 06 {1, DA B S g
ONEUHE A I 22 /0, AR AT TRIF S 1O AT 0 {1 39k 00 (L A i) DG i A AT S, 8K, ol T
G~ TRATITRE IR 1) 5 P, R 2RI 1 e (P ) I8 0 5 AT WIASEATS SR — > LA Bk A [T

YT PR ORI 106 T8 2 4 G — AT BB (0 T4, Han 2502 43 557 T 4950 IR A G-
F993 SIR BT 25 60 95— AT SIR BT | B i 75 2 AL Sy

dP
= rp-dBp,
9 7
d—B=A+)\P—a'B,
a¢
Foh P08 £ MR RS B(2) Fom ¢ IR AT: - s S 0 A 2  d 7 i
G T W R O A S e A 0557 P\ 55 AP A S 0 S8 2 7 A 9 L
BT o R AT
SCHRL 128 ] FFRSCHY LI ST A 6~ £355 STR K1)



5 4 1] FREAF AP IBE R ALAR 19 2 R 25 A et B 5 ) 2 ik 5ot 11

dSU)__i E .
o | B naz,

9i({,1) 9i(4,1) ,
i T ==y(P({))i({,1),

; (8)
i0.0=" [ Bro)icenaz,

RO [ yr@nicenac,

St (o) FORTEITAL 1 SR AURHCR 12, 0) SEAERRH I A ¢ FUIEAL o ORGSR, R (1) 407 1
ARSI MERIECE, B(P(L)) = ByP(0) BRI N ¢ AOBERT AR AN E R kT, Bofe
LI y(P(L))= 7, . P(O) ) Bl JEsbit R 1, RS SELHK 5, (P(£))= 9, P({) FE T4,
Xk (128 ]B19E S04 SAE T SIR BURAOAEA A MR BT TR, T A

Ro= [ BOP@) ()L,

Z=N-S, CXP(_;{(D"'(SO_S( © ) )Ro>j )

BOS[ £
( Np_Fyl] J’() P(é’)i(é”l‘I})df—’)’OI,”:O’

m({)
m({-t)

SR, S, FORCHRT 1281 BU0(8) WM IOBI, D= [ B(P()) [ (1-0) T g Fo e 1=

[ (p(o) 0o

Wik, 1, FRR BN, S, M1, = [ 1(£,1,)dZ Fermue sl oo 0 5 4 MU 0B, Wedh, i

T I3 AT RECE S, AR A BT 1 32H A B e 2 U7 R (A7 e A — 1, 01 M, 28 T B A g I (]
FRUBE Y SEAR 0 SOk 128 T T A2 — A T SIR ASE AR (18 3 A 7 0 8 | W0 F U] | A2 T ) 4R 52 i) A e 26
AT, B aERak X F

N(yy+y,P") N(yo+y,P")
I, =Sy+l,——— " 1+1nso—1n% ,
0 B.P
™ 1 ,
t,= JO e * dr’,
1+S)=Soe™ ¥ T =(yo+y, P ")
TE 1
Ig= fo e dr’,
So=Spe” N T =(yoty, P )T’
I, =N-S,,
‘e e e o N N(yo+y,P7) S
Hop P 3R SCHR[ 128 ] 1 ENARL (7) WP 5,7, = — (ln So-In —————— ),TE RS, -
B.P B,P
Fol” N(y,+y,P")

SE .
Spe” N TE=(y+y, P )7, =0 BIARFPERKIIB— R, S, BT TR N-S, + In 'S 0 A9FR H 3 /INRIFAR

s

— MR B, SCHR[ 128 1 #8978 1 BEA A R, A RIS R (4 b v AL T 1] BB 8 2 Yo B S 2 2 2 L
rod A A Mo BZEACTEOL, N 4, KOS SR T4 1 SR W IO 2% 15 0l g SR A 7 A S5 0 7 3% 3
DX AR AT SR sl 2 i) T , LASHAS i =R R I3 I, AT | AT 35 0 o S e 2 J T S
(80 01, BN, 3 ied 328 A P L3 5l S5 ) 1) 25 0 R i v S e I B SR PR RO 280 AR, I SR A
RS SN 55, B T R A D i R SE R TR RERE AR T A R I AU . PRI, B
W AVTRR A8 e e 14 LA LR B R34 i i



12 R R % M (B % R %560 &

1.499 0.18 0
1.498 1016 50
10.14
1.497 for 100
s <3 S
& 496 {010 = -150
0.08
-200
1.495 Loos
1.494 . . . 0.04 X . . . =250
0 0.1 0.2 03 04 05 0 0.05 0.10 0.15 0.20
r d
(a) T JEAAR (1 A2 L g R FRD B TR (b) G2 A B AR T B 22 d X R FA 5
1.496 98 0 L
—_—— R,
1.496 96| —e— v |17001 1496¢
1-0.02
1.496 94} o e
o 1-003 & &
1.496 92 1.492F
1-0.04
1.496 90 | 502 1.490}
1.496 88 - - - s ~0.06 1.488
0 001 002 003 004 005 0
A A
(c) G B2 7= AR 1R LA PR A0 R FD 5 ) (d) GRPBEANPATRFLL ™ 2R A X R 5
1.50 - - —0.014
10.012
1.49
10.010
o 18 {o00s
a9 “
147} 0.006 =~
10.004
1.46
—— R | 40.002
1.45 - - - 0
0 0.1 0.2 03 0.4
(e}

(e) FIEAMMIIIE R o X R HIFI
B4 HEATLAEOR, A SR BB AT BOBEH L Y Ro BRGOIESE B r d A Al o AL (R 1

Fig.4 The basic reproduction number R, and the standardized forward sensitivity index ¥7*o of the between-host

model as functions of the immunological parameters r, d, A, A, and o (original image citation ) (28]

W5, SCHR[ 128 JAES7 T AN °T Y 0 28 G — A 7 SIR R

ds, (1)

dt :_knp(t)sk’
0 (£,1) 9 (1) .

2z o =—y(P({))i({,1), (9)
i,(0,0)=kn,(1)S,,
dR (1) E

LE [ vraoicenag, k=12,0m,

Horb, S,.(0) MR, (1) 7R ¢ B ZIEES ke 19 53 JEANRS 49 OB, 0, (4, 0) 3R o IZIBE k HURGLAR I ¢
E"JJE@% WU, v (P(Q)) B S SCHR[ 128 1 HEAY (8) i), & J1 m, (1) 52 3N



5 4 1] FREAF AP IBE R ALAR 19 2 R 25 A et B 5 ) 2 ik 5ot 13

~ p(j (P({))i(g,t
np(t)zzjlzi]; B ;V)l ) az.

Jj=1 j

s, T R R R, R & 95 35110 09 SO, ()= 3 ip(J) RS

I B,(P(0))=B,P(0) RN j IRBRHE TS A AL RN Jy ¢ TR, 400 WA FA BN
Rt = S (0 [ BP0 Az,

AT R

' kin(7) £ BCP()) () (EB(P(O)),
z,(=)=N-Sep | 3 LD A e (s ()-8, - y O 0 ).
Sl 5, o ST 128 TR (9) RSy & 19 53R 2RI 3 (&) = jji;xg-;);z(f_))d; S AR

PR R T R A AN Bl i DR UE W] T S U5 Rt O AE A PE A ME— . 5 3CRR[ 127 ] e T e A M
BEEEE AR EL , SCRR[ 128 ] YR FT AR Z AR TE T 5 2 i i K U5 225 08 15 1 J2 N R 3l 25 S A e 1Y
JRYLAERY . 5 Gupta 55V MBS HI L, SCHR [ 128 ] 25 IR T4 5T 190 45 0 N5 44 X6F % o A2 48 XU 114 52 i , AF
FEARL TR | 2P 4 I R A A I, 55 R MTAAA AT AR L, A P A R 25 30, DT B8 ] S 0B
ZH (LA S 1 6) o DL BT il e B P il F it g (1 1 B AN | (HUR SC T W2% S e — A T A L) 5 ik
T 2T,

30 3.0

2.5

2.0F

L(1)

20 40 60 80 100 120 20 40 60 80
t t

(a) B,=0.000 001, 7,=0.006417,=0.000 001 (a) B,=0.000 1, %,=0.06Fy,=0.000 001

Pl 5 BERL(9) i 1, S ) AT AT 3k L TR 465 FIR M TS 53415 (I 5 D)

Fig.5 The time evolution of /, in model (9) , where the network follows a Poisson distribution ( original image citation) '

40 4
30 3
: g >
10 1
0 0 .
20 40 60 80 100 120 20 40 60 80
! 12
(a) B,=0.000 001, 7,=0.006417,=0.000 001 (b) B,=0.000 1, 7,=0.0641y,=0.000 001

6 WIHL(9) P I, B ) AT A 3k L T 465 IR M A A (IR D)

Fig.6 The time evolution of /, in model (9), where the network follows a Power-law distribution (original image citation) (28]



14 R R % M (B % R 55 60 &

3 Rg5k%

UTARSR ARG B AR A 25 TP R TR R R R YA I 2 X7 i AN UASUR) R T A 252 40
S, )2 BT OSSR AR R B A R sh S . e CREAE 2 P s RERURI 5 3101 = L e sh 25
B B2 BN — B 5 3l P . SRR — R AT R TR D AT T B A3t 1 5% T DR 1 A i LA
SEAN AN AU A i 3 N AR S AR Sl 2 RV AR SR OB A 4 2 11 A AR EL B ABE I, 28 — A T A5 28
SRR PSSO, B E— 71, DRI, SR — VR AT o R R A A DA o A WA T 2 v B R A [ 5 TR ATS 4K
FAEE RN, 58Ik, T RIE-TRATR BB AT 5 C 20 5 1T WAL 5l ) 2 1) G il AR ) 2 B )
FE, NI 2R G N B 5 BONHERBIEST , LA DA SR ) #5210 Xl ¥ 15 R R

ARAE RS IX — 4T T A, AT bl A — 20 0

(1) BIRGPE-TATAR R C 2R T KRR BR  (FUR 5 TR0 AT W B JFC 39 0k i) g B BF 5 4
REARH AR . SCHR[ 128 ] 28 o A el A5G SRR A7 BB |, 0020 2038 1 IR AT I (R WL ) AL
T AT REATAE PR — BYUEAEL | 14 i =2 A B BB UE A SCRF o ARG - TA TR L o | i 2 A SR AR I 7E A T
AR bR B E AR SN T AR ) 5 A, AR IACA T W Y B8 43 BT S Mn PRI, AR 22 285 RO T AR (B
B, DR S AT S BRI AS e R, LA A 0 7™ 4 RO GIE ], 2 H RIS b B — A B EE PR
AN A N TS

(2) FIF L RESBEIA BTSRRI B AR5 A o SR, i 32 22 [ AR £ 1t 2 S Wi
FAER AR R TEAL X MR EAE S S A, A0, e K 1 A B 1 A (PR ) AT AR St i
REARIERERE ) o 84 1k DR R R b PO SR A I Rl R G SR e — A T AR 707 SR
BT S TR A AR ROBL A R 5 S e - TR T A B O BT 14 R R T, B T BE & KB i L . DAL, U5 1 2
A T TAER a7, SR, X — AU s i 2 Bhi . 75k, S BUR G AR XU R & e - it T
SRS 14 A4 B A o, 3 A A R ) A P A B s AR R NI X LUK, v 2 R AR 2R A 5 G 2R
2 E IR 4 B, T RE S 2R = R RE T B DR BEA T A R B 5 207

(3) HHT, CAT RS A R 2% G — A T A ) 22 O AR R KR 45 L ST i) AT T VA K 5 bt oy SR 2R
P28 G — AT IR R A S 051, LHE A, YA IR 245 T 3 2 S 2 7 e MR 3 2 il i 5, o LA 0 W AS SR A A
— B AIRIME , FETE IR 2840 MR i s M 72 1 n] e B R S S RIS TR AR RE
I B HORTA R0 SF o A 2 5 SO IR Sh A5 A i T2 BRI 5, s T I K A Bk A

L pd e

(1] SRR, S, EAas, 55, A4 sh 2 B B S5 [ M. bt Bh ik, 2004.
MA Zhien, ZHOU Yicang, WANG Wendi, et al. Mathematical modeling and research on infectious disease dynamics[ M ].
Beijing: Science Press, 2004.

[2] World Health Organation ( WHO). Coronavirus disease ( COVID-19) pandemic [ EB/OL]. (2019-11-12) [ 2025-02-18 ].
https : / www.who.int/zh/emergencies/diseases/novel-coronavirus-2019.

[3] CHENG Xinxin, WANG Yi, HUANG Gang. Edge-based compartmental modeling for the spread of cholera on random net-
works; a case study in Somalia[ J ]. Mathematical Biosciences, 2023, 366;109092.

[4] JIN Xiulei, JIN Shuwan, GAO Daozhou. Mathematical analysis of the Ross—Macdonald model with quarantine[ J]. Bulletin of
Mathematical Biology, 2020, 82(4) .47.

[5] LAN Yugiong, LI Yanqiu, ZHENG Dongmei. Global dynamics of an age-dependent multiscale hepatitis C virus model[ J].
Journal of Mathematical Biology, 2022, 85(3) :21.

[6] KHAN M A, PARVEZ M, ISLAM S, et al. Mathematical analysis of typhoid model with saturated incidence rate[J].
Advanced Studies in Biology, 2015, 7(2) :65-78.

[7] BUONOMO B, D'ONOFRIO A, LACITIGNOLA D. Modeling of pseudo-rational exemption to vaccination for SEIR diseases
[J]. Journal of Mathematical Analysis and Applications, 2013, 404(2) :385-398.

[8] SAHU G P, DHAR J. Analysis of an SVEIS epidemic model with partial temporary immunity and saturation incidence rate[ J].
Applied Mathematical Modelling, 2012, 36(3) :908-923.



5 4 1 FREAF AP IBE R ALAR 19 2 R 25 A et B 5 ) 2 ik 5ot 15

[9] LIU Qun, CHEN Qingmei, JIANG Daging. The threshold of a stochastic delayed SIR epidemic model with temporary

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]
[22]

[23]

(24]

[25]

[26]

[27]

[28]
[29]

[30]

[31]

[32]

[33]

immunity[ J]. Physica A Statistical Mechanics and its Applications, 2016, 450.115-125.

LIU Qun, JIANG Daqging, HAYAT T, et al. Analysis of a delayed vaccinated SIR epidemic model with temporary immunity
and Lévy jumps[ J]. Nonlinear Analysis; Hybrid Systems, 2018, 27.29-43.

ZHAO H, FENG Z L. Staggered release policies for COVID-19 control : costs and benefits of relaxing restrictions by age and
risk[ J]. Mathematical Biosciences, 2020, 326:108405.

MUSA S S, WANG X Y, ZHAO S, et al. The heterogeneous severity of COVID-19 in African countries: a modeling
approach[ J]. Bulletin of Mathematical Biology, 2022, 84(3) :32.

OLABODE D, CULP J, FISHER A, et al. Deterministic and stochastic models for the epidemic dynamics of COVID-19 in
Wuhan, China[J]. Mathematical Biosciences and Engineering, 2021, 18(1) :950-967.

LIU Yang, YAN Limeng, WAN Lagen, et al. Viral dynamics in mild and severe cases of COVID-19[ J]. The Lancet Infec-
tious Diseases, 2020, 20(6) :656-657.

HE X, LAUE HY, WU P, et al. Temporal dynamics in viral shedding and transmissibility of COVID-19[ J]. Nature Medi-
cine, 2020, 26(5) :672-675.

GILCHRIST M A, SASAKI A. Modeling host—parasite coevolution; a nested approach based on mechanistic models|[ J].
Journal of Theoretical Biology, 2002, 218(3) :289-308.

WEBB G F, D'AGATA E M C, MAGAL P, et al. A model of antibiotic—resistant bacterial epidemics in hospitals[ J]. Pro-
ceedings of the National Academy of Sciences of the United States of America, 2005, 102(37) :13343-13348.

FRASER C, HOLLINGSWORTH T D, CHAPMAN R, et al. Variation in HIV-1 set-point viral load: epidemiological analy-
sis and an evolutionary hypothesis[ J ]. Proceedings of the National Academy of Sciences of the United States of America,
2007, 104(44) .17441-17446.

SAENZ R A, BONHOEFFER S. Nested model reveals potential amplification of an HIV epidemic due to drug resistance[ J].
Epidemics, 2013, 5(1) :34-43.

NUMFOR E, BHATTACHARYA S, LENHART S, et al. Optimal control in coupled within-host and between-host models
[J]. Mathematical Modelling of Natural Phenomena, 2014, 9(4) :171-203.

MARTCHEVA M. An introduction to mathematical epidemiology[ M ]. New York: Springer, 2015.

WANG Xueying, WANG Sunpeng, WANG Jin, et al. A multiscale model of COVID-19 dynamics[J]. Bulletin of Mathe-
matical Biology, 2022, 84(9) :99.

SOUZA M O. Multiscale analysis for a vector-borne epidemic model[ J]. Journal of Mathematical Biology, 2014, 68(5) :
1269-1293.

BLOWER S, BERNOULLI D. An attempt at a new analysis of the mortality caused by smallpox and of the advantages of
inoculation to prevent it[ J|. Reviews in Medical Virology, 2004, 14(5) ;275.

ENKO P D. On the course of epidemics of some infectious diseases[ J . International Journal of Epidemiology, 1989, 18(4) :
749-755.

HAMER W H. Epidemic disease in England; the evidence of variability and of persistency of type[ M]. [ S.1.]: Bedford
Press, 1906.

BROWNLEE J. Statistical studies in immunity; the theory of an epidemic[ J]. Proceedings of the Royal Society of Edinburgh,
1906, 26( 1) .484-521.

ROSS R. The prevention of malarial M]. [ S.1.]: John Murray, 1911.

KERMACK W O, MCKENDRICK A G. A contribution to the mathematical theory of epidemics[J]. Proceedings of the
Royal Society of London. Series A, 1927, 115(772) :700-721.

KERMACK W O, MCKENDRICK A G. Contributions to the mathematical theory of epidemics, part II[ J]. Proceedings of
the Royal Society of London. Series A, 1932, 138.55-83.

KERMACK W O, MCKENDRICK A G. Contributions to the mathematical theory of epidemics, part III[ J]. Proceedings of
the Royal Society of London. Series A, 1933, 141.94-112.

TURKYILMAZOGLU M. Explicit formulae for the peak time of an epidemic from the SIR model[J]. Physica D: Nonlinear
Phenomena, 2021, 422.132902.

NG K'Y, GUI M M. COVID-19: development of a robust mathematical model and simulation package with consideration for

ageing population and time delay for control action and resusceptibility[ J]. Physica D: Nonlinear Phenomena, 2020, 411



16

R R % M (B % R 55 60 &

[34]

[35]

[36]

[37]

[38

[

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47

[

[48]

[49]

[50]

[51]

[52]

(53]

[54]

[55]

[56]

132599.

CUI Jingan, WU Yucui, GUO Songbai. Effect of non-homogeneous mixing and asymptomatic individuals on final epidemic
size and basic reproduction number in a meta-population model[ J]. Bulletin of Mathematical Biology, 2022, 84(3) :38.
XIAO Y N, XIANG C C, CHEKE R A, et al. Coupling the macroscale to the microscale in a spatiotemporal context to
examine effects of spatial diffusion on disease transmission[J]. Bulletin of Mathematical Biology, 2020, 82(5) :58.

FENG Z L, CASTILLO-CHAVEZ C, CAPURRO A F. A model for tuberculosis with exogenous reinfection[ J]. Theoretical
Population Biology, 2000, 57(3) . 235-247.

WANG Xia, WU Hulin, TANG Sanyi. Assessing age-specific vaccination strategies and post-vaccination reopening policies
for COVID-19 control using SEIR modeling approach[ J]. Bulletin of Mathematical Biology, 2022, 84(10) ;108.
BUGALIA S, TRIPATHI J P, WANG H. Mutations make pandemics worse or better: modeling SARS-CoV-2 variants and
imperfect vaccination[ J]. Journal of Mathematical Biology, 2024, 88(4) :45.

CUEVAS-MARAVER J, KEVREKIDIS P G, CHEN Q Y, et al. Vaccination compartmental epidemiological models for the
delta and omicron SARS-CoV-2 variants[ J ]. Mathematical Biosciences, 2024, 367:109109.

PANT B, SAFDAR S, SANTILLANA M, et al. Mathematical assessment of the role of human behavior changes on SARS-
CoV-2 transmission dynamics in the United States[ J]. Bulletin of Mathematical Biology, 2024, 86(8) :92.

= H e, 32 ARAT AR R R R T A 1R TR AR K Rl S 5 B AR S A [T ] AR AT 2 Ak K, 2020,
41(4) . 480-484.

TANG Sanyi, XIAO Yanni, PENG Zhihang, et al. Prediction modeling with data fusion and prevention strategy analysis for
the COVID-19 outbreak[ J]. Chinese Journal of Epidemiology, 2020, 41(4) :480-484.

WANG Sunpeng, PAN Yang, WANG Quanyi, et al. Modeling the viral dynamics of SARS-CoV-2 infection[ J |. Mathemati-
cal Biosciences, 2020, 328.108438.

FENG Z L, VELASCO-HERNANDEZ J, TAPIA-SANTOS B, et al. A model for coupling within-host and between-host
dynamics in an infectious disease[J]. Nonlinear Dynamics, 2012, 68(3) :401-411.

CAI L M, TUNCER N, MARTCHEVA M. How does within-host dynamics affect population-level dynamics? Insights from
an immuno-epidemiological model of malaria[ J]. Mathematical Methods in the Applied Sciences, 2017, 40( 18) :6424-6450.
COOMBS D, GILCHRIST M A, BALL C L. Evaluating the importance of within-and between-host selection pressures on the
evolution of chronic pathogens[ J]. Theoretical Population Biology, 2007, 72(4) :576-591.

DANG Y X, LI X Z, MARTCHEVA M. Competitive exclusion in a multi-strain immuno-epidemiological influenza model
with environmental transmission[ J]. Journal of Biological Dynamics, 2016, 10(1) :416-456.

MARTCHEVA M, LI X Z. Linking immunological and epidemiological dynamics of HIV; the case of super-infection[J].
Journal of Biological Dynamics, 2013, 7(1) :161-182.

CANDELA M G, SERRANO E, MARTINEZ-CARRASCO C, et al. Coinfection is an important factor in epidemiological
studies; the first serosurvey of the aoudad ( Ammotragus lervia) [ J]. European Journal of Clinical Microbiology & Infectious
Diseases, 2009, 28(5) :481-489.

LI Xuezhi, GAO Shasha, FU Yike, et al. Modeling and research on an immuno-epidemiological coupled system with coinfec-
tion[ J]. Bulletin of Mathematical Biology, 2021, 83(11) .116.

BALL C L, GILCHRIST M A, COOMBS D. Modeling within-host evolution of HIV; mutation, competition and strain re-
placement[ J]. Bulletin of Mathematical Biology, 2007, 69(7) :2361-2385.

GILCHRIST M A, COOMBS D. Evolution of virulence: interdependence, constraints, and selection using nested models[ J .
Theoretical Population Biology, 2006, 69(2) :145-153.

DUAN Xichao, SUN Xiaosa, YUAN Sanling. Dynamics of an immune-epidemiological model with virus evolution and super
infection[ J]. Journal of the Franklin Institute, 2022, 359(7) :3210-3237.

XUE Y Y, CHEN D P, SMITH S R, et al. Coupling the within-host process and between-host transmission of COVID-19
suggests vaccination and school closures are critical[ J]. Bulletin of Mathematical Biology, 2022, 85(1) :6.

SHEN Mingwang, XIAO Yanni, RONG Libin. Global stability of an infection-age structured HIV-1 model linking within-host
and between-host dynamics[ J ]. Mathematical Biosciences, 2015, 263:37-50.

SUN Xiaodan, XIAO Yanni, TANG Sanyi, et al. Early HAART initiation may not reduce actual reproduction number and
prevalence of MSM infection: perspectives from coupled within-and between-host modelling studies of Chinese MSM popula-
tions[ J]. PLoS One, 2016, 11(3) :e0150513.

SHEN Mingwang, XIAO Yanni, RONG Libin, et al. Conflict and accord of optimal treatment strategies for HIV infection



5 4 1 FREAF AP IBE R ALAR 19 2 R 25 A et B 5 ) 2 ik 5ot 17

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]
[72]

[73]

[74]

[75]

[76]

[77]

(78]

[79]
[80]

[81]

within and between hosts[ J ]. Mathematical Biosciences, 2019, 309.107-117.

SHEN Mingwang, XIAO Yanni, RONG Libin, et al. Global dynamics and cost-effectiveness analysis of HIV pre-exposure
prophylaxis and structured treatment interruptions based on a multi-scale model[ J]. Applied Mathematical Modelling, 2019,
75:162-200.

ALMOCERA A E S, NGUYEN V K, HERNANDEZ-VARGAS E A. Multiscale model within-host and between-host for viral
infectious diseases[ J]. Journal of Mathematical Biology, 2018, 77(4) :1035-1057.

ALMOCERA A E S, HERNANDEZ-VARGAS E A. Coupling multiscale within-host dynamics and between-host transmission
with recovery (SIR) dynamics[J]. Mathematical Biosciences, 2019, 309 .34-41.

AILI A, TENG Z D, ZHANG L. Dynamics in a disease transmission model coupled virus infection in host with incubation
delay and environmental effects| J|. Journal of Applied Mathematics and Computing, 2022, 68(6) ;:4331-4359.

LI Jun, ZHAO Yulin, LI Shimin. Fast and slow dynamics of Malaria model with relapse[ J]. Mathematical Biosciences,
2013, 246(1) :94-104.

SULLIVAN A, AGUSTO F, BEWICK S, et al. A mathematical model for within-host Toxoplasma gondii invasion dynamics
[J]. Mathematical Biosciences and Engineering, 2012, 9(3) :647-662.

TURNER M, LENHART S, ROSENTHAL B, et al. Modeling effective transmission pathways and control of the world’s
most successful parasite[ J]. Theoretical Population Biology, 2013, 86:50-61.

FENG Z L, VELASCO-HERNANDEZ J, TAPIA-SANTOS B. A mathematical model for coupling within—host and between-
host dynamics in an environmentally-driven infectious disease[J]. Mathematical Biosciences, 2013, 241( 1) :49-55.

CEN Xiuli, FENG Zhilan, ZHAO Yulin. Emerging disease dynamics in a model coupling within-host and between-host sys-
tems[ J]. Journal of Theoretical Biology, 2014, 361.141-151.

FENG Zhilan, CEN Xiuli, ZHAO Yulin, et al. Coupled within-host and between-host dynamics and evolution of virulence
[ J]. Mathematical Biosciences, 2015, 270.:204-212.

XUE Yuyi, XIAO Yanni. Analysis of a multiscale HIV-1 model coupling within-host viral dynamics and between-host trans-
mission dynamics[ J]. Mathematical Biosciences and Engineering, 2020, 17(6) :6720-6736.

LIU Qiutong, XIAO Yanni. A coupled evolutionary model of the viral virulence in an SIS community[ J]. Discrete and Con-
tinuous Dynamical Systems-B, 2023, 28(9) :5012-5036.

IWASA Y, POMIANKOWSKI A, NEE S. The evolution of costly mate preferences II; the " handicap" principle[ J]. Evolu-
tion, 1991, 45(6) :1431-1442.

YANG Junyuan, JIA Peigi, WANG lJin, et al. Rich dynamics of a bidirectionally linked immuno-epidemiological model for
cholera[ J]. Journal of Mathematical Biology, 2023, 87(5) .71.

ERDOS P, RENYI A. On random graphs[ J]. Publicationes Mathematicae Debrecen, 2022, 6(314) :290-297.

ERDOS P, RENYI A. On the evolution of random graphs[ J]. Publications of the Mathematical Institute of the Hungarian
Academy of Sciences, 1960, 5:17-61.

ERDOS P, RENYI A. On the strength of connectedness of a random graph[ J]. Acta Mathematica Academiae Scientiarum
Hungaricae, 1964, 12(1) :261-267.

TR/, 2R3, BROG o SR 48 Bie S R I M) . bt i AR ik, 2006

WANG Xiaofan, LI Xiang, CHEN Guanrong. Theory and applications of complex networks[ M |. Beijing: Tsinghua Univer-
sity Press, 2006.

WATTS D J, STROGATZ S H. Collective dynamics of ‘ small-world’ networks[ J]. Nature, 1998, 393(6684) :440-442.
KITSAK M, GALLOS L K, HAVLIN S, et al. Identification of influential spreaders in complex networks [ J]. Nature
Physics, 2010, 6(11) .888-893.

PIQUEIRA J R C, NAVARRO B F, MONTEIRO L H A. Epidemiological models applied to viruses in computer networks
[J]. Journal of Computer Science, 2005, 1(1) :31-34.

DE SILVA E, STUMPF M P H. Complex networks and simple models in biology[ J]. Journal of the Royal Society Interface,
2005, 2(5) :419-430.

CATANZARO M, BUCHANAN M. Network opportunity[ J]. Nature Physics, 2013, 9(3) :121-123.

NEWMAN M J, PARK J. Why social networks are different from other types of networks[ J]. Physical Review E: Statistical
Nonlinear, and Soft Matter Physics, 2003, 68(3) :036122.

KUMPULA J M, ONNELA J P, SARAMAKI J, et al. Emergence of communities in weighted networks[ J]. Physical Review
Letters, 2007, 99(22) :228701.



18

R R % M (B % R 55 60 &

[82]

[83]

[84]

[85]
[86]

[87]

[88]

[89]

[90]

[91]

[92]

(93]

[94]

[95]

[96]

[97]
[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

PASTOR-SATORRAS R, CASTELLANO C, VAN MIEGHEM P, et al. Epidemic processes in complex networks[ J]. Re-
views of Modern Physics, 2015, 87(3) :925-979.
WANG Yi, CAO Jinde, JIN Zhen, et al. Impact of media coverage on epidemic spreading in complex networks[ J]. Physica
A, 2013, 392(23) :5824-5835.
ZANETTE D H. Dynamics of rumor propagation on small-world networks[ J]. Physical Review E Statistical, Nonlinear, and
Soft Matter Physics, 2002, 65(4) :041908.
HOLME P, SARAMAKI J. Temporal networks[ J]. Physics Reports, 2012, 519(3) :97-125.
LIU Guirong, LIU Zhimei, JIN Zhen. Dynamics analysis of epidemic and information spreading in overlay networks[J].
Journal of Theoretical Biology, 2018, 444 .28-37.
TE/INIL, 255, R o 28R i [ M. dEoe . m & 20F it 2012.
WANG Xiaofan, LI Xiang, CHEN Guanrong. Introduction to network science[ M ]. Beijing: Higher Education Press, 2012.
XU BEAs . W4 AL Qe gy 22k e [ M. bt S 45 i A 6], 2015.
LIU Maoxing. Recent advances in the dynamics of network infectious diseases[ M ]. Beijing: World Publishing Corporation,
2015.
WANG Yi, WEI Zhouchao, CAO Jinde. Epidemic dynamics of influenza-like diseases spreading in complex networks[ J].
Nonlinear Dynamics, 2020, 101(3) :1801-1820.
KLOVDAHL A S. Social networks and the spread of infectious diseases: the AIDS example[ J]. Social Science & Medicine,
1985, 21(11) :1203-1216.
MAY R M, ANDERSON R M. Commentary transmission dynamics of HIV infection[ J]. Nature, 1987, 326(6109) ;137-
142.
NEWMAN M E J, WATTS D J. Scaling and percolation in the small-world network model[ J|. Physical Review E: Statisti-
cal, Nonlinear, and Soft Matter Physics, 1999, 60(6) :7332-7342.
PASTOR-SATORRAS R, VESPIGNANI A. Epidemic spreading in scale-free networks[ J]. Physical Review Letters, 2001,
86(14) :3200-3203.
MORENO Y, PASTOR-SATORRAS R, VESPIGNANI A. Epidemic outbreaks in complex heterogeneous networks[ J|. The
European Physical Journal B, 2002, 26(4) :521-529.
BOGUNA M, PASTOR-SATORRAS R. Epidemic spreading in correlated complex networks[ J]. Physical Review E: Statisti-
cal, Nonlinear, and Soft Matter Physics, 2002, 66(4) .:047104.
MIZUTAKA S, MORI K, HASEGAWA T. Synergistic epidemic spreading in correlated networks[ J]. Physical Review E.
Statistical, Nonlinear, and Soft Matter Physics, 2022, 106(3) ;:034305.
LIU Z H, HU B. Epidemic spreading in community networks[ J]. Europhysics Letters, 2005, 72(2) :315-321.
BONACCORSI S, OTTAVIANO S, DE PELLEGRINI F, et al. Epidemic outbreaks in two-scale community networks[ J].
Physical Review E. Statistical, Nonlinear, and Soft Matter Physics, 2014, 90(1) ;012810.
LIU Junli, ZHANG Tailei. Epidemic spreading of an SEIRS model in scale-free networks[ J ]. Communications in Nonlinear
Science and Numerical Simulation, 2011, 16(8) :3375-3384.
MENG Xueyu, CAI Zhigiang, SI Shubin, et al. Analysis of epidemic vaccination strategies on heterogeneous networks:
based on SEIRV model and evolutionary game[ J]. Applied Mathematics and Computation, 2021, 403:126172.
STELLA L, MARTINEZ A P, BAUSO D, et al. The role of asymptomatic infections in the COVID-19 epidemic via com-
plex networks and stability analysis[J]. SIAM Journal on Control and Optimization, 2022, 60(2) :S119-S144.
KEELING M J, RAND D A, MORRIS A J. Correlation models for childhood epidemics[ J]. Proceedings of the Royal
Society of London. Series B, 1997, 264(1385) :1149-1156.
EAMES K T D, KEELING M J. Modeling dynamic and network heterogeneities in the spread of sexually transmitted disea-
ses[ J]. Proceedings of the National Academy of Sciences, 2002, 99(20) :13330-13335.
EAMES K T D, KEELING M J. Monogamous networks and the spread of sexually transmitted diseases[ J]. Mathematical
Biosciences, 2004, 189(2) :115-130.
LINDQUIST J, MA J L, VAN DEN DRIESSCHE P, et al. Effective degree network disease models[ J]. Journal of Mathe-
matical Biology, 2011, 62(2) :143-164.
NEWMAN M J. Spread of epidemic disease on networks[ J]. Physical Review E. Statistical, Nonlinear, and Soft Matter
Physics, 2002, 66(1) :016128.
VOLZ E. SIR dynamics in random networks with heterogeneous connectivity[ J ]. Journal of Mathematical Biology, 2008, 56



5 4 1 FREAF AP IBE R ALAR 19 2 R 25 A et B 5 ) 2 ik 5ot 19

(3):293-310.

[108] MILLER J C. A note on a paper by Erik Volz; SIR dynamics in random networks[ J]. Journal of Mathematical Biology,
2011, 62(3) .349-358.

[109] WANG Yi, MA Junling, CAO lJinde, et al. Edge—based epidemic spreading in degree-correlated complex networks[ J].
Journal of Theoretical Biology, 2018, 454.164-181.

[110] WANG Y, MA Junling, CAO Jinde. Basic reproduction number for the SIR epidemic in degree correlated networks[ J].
Physica D: Nonlinear Phenomena, 2022, 433.133183.

[111] GROSS T, D'LIMA C J D, BLASIUS B. Epidemic dynamics on an adaptive network[ J]. Physical Review Letters, 2006,
96(20) :208701.

[112] GROSS T, BLASIUS B. Adaptive coevolutionary networks; a review[ J |. Journal of the Royal Society Interface, 2008, 5
(20) :259-271.

[113] SHAW L B, SCHWARTZ I B. Fluctuating epidemics on adaptive networks[ J]. Physical Review E. Statistical, Nonlinear,
and Soft Matter Physics, 2008, 77(6) :066101.

[114] SZABO-SOLTICZKY A, BERTHOUZE L, KISS I Z, et al. Oscillating epidemics in a dynamic network model: stochastic
and mean-field analysis[ J|. Journal of Mathematical Biology, 2016, 72(5) :1153-1176.

[115] PU Xiaojun, ZHU Jiagi, WU Yunkun, et al. Dynamic adaptive spatio-temporal graph network for COVID-19 forecasting
[J]. CAAI Transactions on Intelligence Technology, 2023, 9(3) :769-786.

[116] BARTHELEMY M. Spatial networks[ J]. Physics Reports, 2011, 499(1/2/3) :1-101.

[117] HOLME P, SARAMAKI J. Temporal networks[ J]. Physics Reports, 2012, 519(3) :97-125.

[118] PUJARI B S, SHEKATKAR S. Multi-city modeling of epidemics using spatial networks: application to 2019-nCov
(COVID-19) coronavirus in India[ J]. Medrxiv, 2020: 2020.03.13.20035386.

[119] FRIESWIIK K, ZINO L, CAO M. A polarized temporal network model to study the spread of recurrent epidemic diseases in
a partially vaccinated population[ J]. IEEE Transactions on Network Science and Engineering, 2023, 10(6) :3732-3743.

[120] PORTER M A. Nonlinearity + networks: a 2020 vision[ M ] / KEVREKIDIS P, CUEVAS-MARAVER J, SAXENA A.
Emerging Frontiers in Nonlinear Science. Cham: Springer International Publishing, 2020.131-159.

[121] GUPTA C, TUNCER N, MARTCHEVA M. A network immuno-epidemiological HIV model[ J]. Bulletin of Mathematical
Biology, 2021, 83(3) :18.

[122] SMITH H L, DE LEENHEER P. Virus dynamics: a global analysis[ J]. SIAM Journal on Applied Mathematics, 2003, 63
(4):1313-1327.

[123] GUPTA C, TUNCER N, MARTCHEVA M. A network immuno-epidemiological model of HIV and opioid epidemics[J].
Mathematical Biosciences and Engineering, 2023, 20(2) :4040-4068.

[124] DUAN X C, Li X Z, MARTCHEVA M. Coinfection dynamics of heroin transmission and HIV infection in a single popula-
tion[ J]. Journal of Biological Dynamics, 2020, 14(1) :116-142.

[ 125] U.S. Overdose deaths in 2021 increased half as much as in 2020-but are still up 15 percent, 2022 [ EB/OL]. (2022-03-07)
[2025-02-18] . https: / www.cdc.gov/nchs/presstoom/nchs press releases/2022/202205.html

[126] Centers for Disease Control and Prevention, HIV basic statistics, 2022[ EB/OL]. (2022-04-09) [ 2025-02-18]. https: //
www.cdc.gov/hiv/basics/ statistics. html.

[127] YANG Junyuan, DUAN Xinyi, LI Xuezhi. Dynamical analysis of an immumo-epidemiological coupled system on complex
networks[ J]. Communications in Nonlinear Science and Numerical Simulation, 2023, 119.107116.

[128] HAN Zhimin, WANG Yi, JIN Zhen. Final and peak epidemic sizes of immuno-epidemiological SIR models[ J]. Discrete
and Continuous Dynamical Systems-B, 2024, 29(11) ;4432-4462.

[129] GILCHRIST M A, COOMBS D. Evolution of virulence: interdependence, constraints, and selection using nested models
[J]. Theoretical Population Biology, 2006, 69(2) :145-153.

(8. WAEKE)



