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Abstract
To gain a deeper insight into the in-host infection mechanism of Chikungunya virus (CHIKV), we

CHEIREE

SCEDIH: B, fEne, FH. BT XERYHLEIR Logistic MK AL E R E S 1B AN B SRR,
2025, 14(12): 162-174. DOI: 10.12677/aam.2025.1412496


https://www.hanspub.org/journal/aam
https://doi.org/10.12677/aam.2025.1412496
https://doi.org/10.12677/aam.2025.1412496
https://www.hanspub.org/

I %

construct and analyze a four-dimensional dynamical model incorporating dual infection pathways.
The model integrates two transmission routes, virus-to-cell and cell-to-cell, along with the Logistic
growth of susceptible cells and B-cell mediated immune response. We derive the basic reproduction
number, R;, and establish it as a key threshold for determining the trend of viral spread. By con-

structing suitable Lyapunov functions, we rigorously prove that the disease-free equilibrium is glob-
ally asymptotically stable when R <1, and the unique endemic equilibrium is globally asymptoti-

cally stable when R, >1.Numerical simulations are performed, and the results validate our theo-

retical analysis. Furthermore, parameter sensitivity analysis reveals that the intrinsic dynamics of
host cells have the most significant impact on R;. This study provides a robust mathematical tool

for understanding the complex infection dynamics of CHIKV and for evaluating potential interven-
tion strategies.
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1. 5|15

FE AL H HE# (chikungunya fever) & H1 &1 15 #E% 7% (chikungunya virus, CHIKV) 5[ 1) & yum, *
EORI ARG, MR A F2 KO PEIRNRHE. H 1952 4E3H 55 Jé W e S HRtAT . 1956
SERRI A BREE LR, 12 KRR AR AN AR R W X R MR AT S B HEN 20 A, ENEVEHBIX AR
RORFUAESEENE, 2005~2007 AN, 0% B R VE B Somisik 27 T3, 5 4N T 40%;  ENEER i 5E
R BRI 139 Ji6l, 0 HhIX R R I 45%, B HAERAT X R LR R 11, (A RERIE,
VEEL EESARRAT EZ AR LR G]. 2025 4 7 L, T ARG X 3L FL E ERGE B, 2t
IR =0, HOyEEIXIE, 51Kk5TZRE.

IGRZTH, FEALE NG EERGER S A, )5 3B0RE . REHRREIR, EELURE
R HLIX 5 5] R KIS R R IRAT, R IX IR IT RGIE st iR iR, CHIKV G Rk B
N, PSRRI 1 EL M E2 RALM IgM Uik, 55 6 R AIE IgM Jiikr HIlS
o B MUAE AT BEARAH 0GB R, 196G BRSO AR R 2y, H CHIKV G mT i T4t 0 1
BT A 0 B2 X AR AT IE1Z B 4, AH 2012 B 4R IR Y 5 v AR K08 24 42 [1] [2]

FEIRFFAL AL 71, CHIKV BRI 28 g 1) B4R Gus ey KA s [ 4, 38 nl 14 Bl 1515 5
(2N B (] R 2 ), 1) AT A TR AR AL 4%, 1% 45 MR A 7 TR A2 B AR TR B R T IS R 2R IR AR R
Ui 5, R CHIKV 2/DAEAE M AR e A o FARRALHEE SO BR800 R 1 18 32 5095 I N S 4 i
Rl B A BARE A, T3 A A v fh AR S R, AR B N AR N B3l ) %
1T, RRNNRER R AR . 18 SRR IG YT S0 il 2 3t 2 2% (3] [4].

WAER, Of —BUA B Tt FmiEEsh J1°7([5] [6]. AT, BA ) CHIKV 15 £k AR 4T
e T A — iR G4, BREIAL 118 EAEM AT . KRl BUD A AL RIS CHIKV (1 ML AR =
(R - AN - 40R). Sy iEan Pl Logistic I PRHIIEGK LA B 4 T HIRE PR e N IX = A
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SR 4

KB AL -

N T HANZ 21, JFEAERBZIE CHIKV KN RGBS, ARSIt 17— Bl 4e
NS A EETARRAS: (1) #ES PR SR RE—EAHERR,; (2) 2/ Lyapunov
BRHGE, HAIER] T IO T R ARG T m i R R E s (3) IS BRI Y, A BLTE LA
MBI FESN F1°7 (PET- 5 o A1 Logistic IR R HK )X Ry MK A Z . AWFFONRNEL R CHIKV 1)
SERGER LA VYA P A6 T O B PR A — N B 5 35 I A R 2

2. BT Logistic 4. AFHELEIERERN CHIKV BRI HFER
2.1 fERIENT

TELS LI T3 ) S BN b, AT 2 A R CHIKV 7E AP 8 OB R, BN T LA
SEEEIEMENLR. B, S EI R 1 R S VR, BRI Logistic 1Kk tiiA 5 4
RO, i LR 5 96 2 0 I BT 2 SRR . BUUK, T CHIKY AU et 5 3 2 ORI I i e
M, AN I L 4R, B T PR R . R EIXE CHIKV R EMOR
WO T IR A, BN T th B AINMISr 5 ISk i 25 e R

sl FRE, AR T4 Logistic H1¢. PIRNEA M B 41IA S04 R 1 CHIKV
R 1925 R

ds S
dt
3—It=b13V +b,SI -1, "

dv
—=ml-rV - pBV,
dt L

9B BV -sB,
dt

max

:,u—aS+kS(1—S ]—blsv_bzsn

Hep, Sy 1L V5B R GIENRANN . S ARG i B A RORL AN S B AR A
Gy IR LA g0 (R BE A, P o (R BERET S, K A2 2 I N AR 2L Logistic 4 R %, S, AL K%
o EXEEAIEEPMEGGEIE: B, HERNENE AT DOE I 5 i 206 R RN Al B, 0
b BB R 55—, SRRONRGHIR AT ol 5 52 g N AR i e Jgk e, W B b, (]
Z IRl . SR NI W B R RORLR G B 4EM A LA B r RO S HETESET: . EER
PEPAR CMEE ME R m o e B AL LMEERE R n 7. p 0% B 4 S B R &
Ja, G B AL B R i B R S R g, B E RO ¢

22 BEEES
B, B — AR T 4 Ey (S,,0,0,8,) , Frfs

sma{(k—ap /(k_a)%‘s‘:ﬂ .

77-
2k s

S, =

T SCEA T AH
_bS;m+b,S,(r+pBy)
B(r+pB,) l
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R, > 1IN, BB ET (S 17V BY), S

_ I*:V (r+pB) 5o i
S-cv"’ m ' bV™+Db,1"
V R ITFE AV +BV P +CV 2+ DV +E=0 /2 S, 1", B W R FEMIEM . REUNZRE A 3%

P
23 MHFEM—1tSIERAY

SEHL 2.3 TEWIUR 1 1(0),V(0),5(0),B(0)=0 F, REL()IFIEME—IE G,

WEW]: ¥ X =(S,1,V,B) s £(X)=(f, f, f,, f,) s i f MRS BT RAMRER. B8, f Xt
S,1,V,B T 4#ES>0,1>0V >0,B>0 XIiEL:, # f 2 //H Lipschitz 2F. TRV KM
$(0)>0,1(0)>0,V(0)>0,B(0)>0 F, RH(1E[0, +o0) LAFEME—HE[7].

AR UL AE MR I AR vk o BB (S (1), 1(1),V (1), B(t)) MARGHIIR SR AR R ST , ZEAR R
MRS R G WAEAE—ANIEC >0, #13S,1,V,B HWED— N EAEZNZIG % T 0,
WA A R . R E S Ete[o,t*]aﬁﬁﬂﬁﬂinﬂw FITA DA T3 B AR E B FRATTE — B
6 B BT AR %55 () =0, W\Uazyzoo #B(t')=0, mu‘;—f:nzoo #1(t)=0. W

di . ‘ \ \ di e (e dv .
E:bls(t V(t), BEALE S(1)=0 HV (t)=0, éﬁzazoo R, #V(t)=0, )”\UE=ml(t),
?\Jl(t*)zo, E&Z—\:zoo EFTE RO, RO FE R &) SEERAE RN, XERE EA RS
ot O TSN 1A o 3 S IRAT WV B (BRI RE—A O MR & o BELIE, A8 (S (1), 1 (8).V (t), B(t)) ¥ T
Frf 20 wAUERRFES .
3. FERRREM
3.1 RRTERNEREEY

SEF 3.1 MR, <IN, RGEAETITH R E, (S, 0,0, By ) AbJEHBHTIL A E -

HEW]: ETCR T £ (S,,0,0,By) b, AT HUAERE I A

—a+k[1—82ij ~b,S, -bS, O

max

J= 0 b,S,—-f8  BbS, 0 |
0 m -r-pB, 0
0 0 cB, =

ﬁ%ﬁjﬁiﬁy(ma)(m 2 +ij(/12+a1/1+a0):0, FFHIEE 4 =-6<0, 4, :_(ﬂJrﬁ}o )

0 max

FERPEANRHAEE 2 AN TT FE
A +ai+a,=0 )
fiifd, Hrha =-b,S,+B+r+pBy, a,=—(b,S,—B)(r+pB,)-mbsS, .

S,m+b,S, (r+ pB
R, = S *+BaSo (T °)<1?Efa0=—[(bzso—ﬁ)(r+pso)+mblso]>o, 8, =-0,S,+f+r+pB, >0,
/B(r+pBO)
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FIHFIEERE, "3 FRQ)MMIISSEI NI T2 I 1ETC T s R AR {E 1 S5 38 8 7 8
B, 2Ry <1, RG(IETH FH 2 Ey(S,,0,0,B, ) AR EHTI AR E -
32. TRFHEsNeRMAREM

B 32 # R, <1, RG(LTELWTH A E, 22 HEnifaen.

WERA: & R

®(x)=x-1-Inx.
HHBFO(X)20% T x20, O(x)=0HHMNYEx=1
& X Lyapunov R

L= S+ S, V+ bSop of 2|
S, r+pB, c(r+pBy) \B,

WE R R NNEIN 2 R HON:
-g1=@—§gﬂy—a8+k8@—ss ﬂ+ﬂ(&—n|—CQ%p5 (B-8,)

dt S o (r+pB,) B
_ (3-8 (u ks )y bSps (B-By)’
s s, s, AR c(r+pB,) B
<0
B, dsti =024 FL{L4 R T T A o 25 25 B 3.1, T 6 1 J5 SRS 7 Joo 4 A LA
2 Ry e e v [8]

33. BREFHLNEHREN

>0, Ry >11, RGEGCTHT 5 B BAT R fase k.

8 33 i—'.a_k+;‘5

UEWT: AR B R G AE R G  sUAL 1 Jacobi B IR AEME A B SR AR, X R AR AR ALE 7] B
[, Wy, w, W ] 32 (E*) NTEIR YL P47 ;T AL Jacobi A FF . AR

J(E*)[WS,W“WV,WB]T = A[wg, w,,w,,wg ],

— -b,S —bS 0
" S 2 " Wy W
Al « . Wil W
- b,S" — S 0 =1
S S -F o h W, W,
0 m —-r—pB" -V ||w, Wy
0 0 cB” eV -6

JEIT15 21

kS” . .
(—éi—s JWS -b,S w, —,S w, =Awg,

max

I x .
ﬁs_*WS +(b28 —ﬂ)WI +b18 \NV :ﬂ«w“
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HEN %

mw, —(r+pB")w, — oV W, = Aw,,

CB'W, +(cV" — 5 )Wy = Aw.

A 3
[ s bS'm | bV +bl’
g (BrneD)] ., 2 o
Smax
Hrp
pcBV”

G(A)= B +A+— 2" _ |G(1)> B".
(A)=r+pB"+ Y G(A)|zr+p

Xof 75 2 (3) W 321 [ B S, 453

Reli | DS, bSm _Re| _BVIbIT )
B+A (B+2)G(A) L &S

o o] bs bS'm |bs bsm |
el =1 R{mf(,&m)e(z)}l ,B+/1+(,B+/1)G(/l)|
b,S" bS'm blS*m+bZS*(r+pB*)
>1- + >1- — =0
B+ B+ (2)] B(r+pB)

R 2ks”
L (V" +b,1 ){k—a— —Re(/l)}
s bV~ +b,l _ Sinax
fiill=TRe ‘ 2kS” B 2kS* 2 2
—a-g 4 {k—a— —Re(l)} +[Im(4)]

max

max

*

(blv*+bzl*){k—a—g:ax

{k . 2Sks* _Re(ﬂ)}z +[Im(2)]

max

—Re(ﬂ)}

<0.

<

XEPAET TG, RSBGPS AR Jacobi 45 BRI IEAE A4 B S35 8 7%, I & BT .
3.4. BRETEESNEREEREY

R 3.4: %R0>1Ea—k+gs > OB, ST AU AR ML RS E 1

max

WER
5E X Lyapunov &%

. -
L, =S*c1>(i*j+ |*®(L*j+b13\{ cDEV*jJr—blB SV pd)(i*j.
S | mi \ cml B

HAgE o e T e 3.2,
NEIR RG4S 80N
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d, [ ST)dS () F\di bV VYV BSVp(, B)dB
dt dt | )dt ml V ) dt cml B ) dt

BT E R RGN, A

u=bSV +b,S’I"+aS” —ks*[l— SS j

max

ﬂ:@_kbzs*, r= $I

Kk, F
%:{ _%j[bls’\/ 1,81 +aS" —ks’ (1—85 J—aS+kS[l—SS j—QSV—bZSIJ

dt max max

o bIS’\/I bSV ([, V' _mI'B B
{1 ][blSV+bSI +bSIJ — (1 V](ml o rBY vaj
+bls—w[l—B—*J(n+cBV—n? j

B B

cml”
*\2 *
:—@{a—m@]ms’v*wsﬁ* ~b,SV —b,SI -

bSA" b,S?I
S s

max

+b,SV +b,SI - blsl +b,S" blslv' b SV bST"

*

LA (ml —V\TJ +pB’\/—pBV—pB’\/*+va*—m\'/V +m|*J

mi
+bls—\/:p(1—8—*j{q[1—3*)+c8v —CBV*}
cml B B
(s-s°) k(s+57) . .
__{a_k+_]_bzs*.*(i+i_2J_M(B_B*y
S S, ST s cmBB’I
ST VoISV
~hSV [?+V|*+|5’\/* 3]
*\2
S-S - * - 2
s—( ) [a—k+ kS ]—bzs*l*[i*+s——2j—M(B—B*)
S S ST s cmBB’I
ST VI ITsV
~hSV [?+V|*+|s’\/* J
<0.
Ak, =0 Y B RGEA T IERG- T kb . S56€3 3.3, HEMm Ul 5 RGAE B ge-1- i mAb B
ﬁéﬁ'ﬁﬁl&%g P£[8].
4. YEER

NBAIERTR I 7 BT 0 IR, AT XA (L) AT BB, HRHSE R S HORA T BURE . BT
55T MATLAB (R2023a fiR) V-6 - BRI SIS X FEHEAR S U T8 ] 3 K3 225 SCER[9] [10],
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HEN %

FEWEE 1,

Table 1. Model parameters, descriptions, units, and values

F 1 ERESY. X BUSHE

Ny

3

-

X
Oy I L A
S AN Y Logistic HK R2%
Oy AL e KB N
T T A L5 U P B A R e
T IR 0 5 52 TR G o R G F e
R Ge NAR A FE T %
T 1 1 L A
e B BRI A TR
G BT B B R
R Iga e S
S A 52905 25 0 B o £ L A5
T E T %

B

Day?

Day?!

Day?

Day?

Day?

Day!

Day?

Day?

Day?!

e ¥ el
0.1~10
0.01~1
1000~3000
0.001~1
0.0001~0.01
0.1~15
0.1~10
1~5
0.01~0.1
0.1~1
0.001~0.1

0.1~1

Datal

0.01

1000

0.001

0.0001

1.02

0.5

0.01

0.1

0.001

0.1

Data2

0.01

1000

0.001

0.0001

0.1

0.5

0.01

0.1

0.001

0.1

41 R FEENEEN

NYEE R 3.2, UL 1 IS4 Datal. ZiHET, oM P AU E,(316.2248,0,0,1) , JEAFAE
R, =0.1845<1. WIEHIRHT, SLI E, N4 RHTERaE . BATEHVUAA FKYIa 1WA 2)it

AT

Table 2. Initial conditions for the stability simulation of the disease-free equilibrium E;

2. RRETER E, REMEMNGFET

A EYIME 41 42
S(0) 50 500
1(0) 0 10
V(0) 0.02 5
B(0) 0.9 5

H3
150
3
15
15

Ha
10
0.1
0.01
0.1

K1 RIR T2 Ry <L DUHATIR AT T RGN R PP 31 .

2 JE7R T (S, 1, V) =4EAHZS (Rl H (1 028 (B(0) = 10).

B SRR, REVIMHFL 2T RE, FraPuls s Jom i sl E,(316.2248,0,0,1) . HF

lim S (t) = 316.2248,,

t—>+0

Wi, TERUE FRE T R <L, TR A E, £ A REERA .

lim1(t)=0, limV(t)=0, lim B(t)=1, &5 HETHEHOTLR T 0 08 e
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Figure 1. Time series plots of the system with four different sets of initial condi-
tions for R, <1
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Figure 2. 3D phase portrait of the disease-free equilibrium E; and its projections on the S-I, S-V,

and I-V planes
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4.2. BEFEHRPRENY

NEGEEEE 3.4, EAUE 1 P S Data2. £IHE, AR, =1.8817>1, HiE e 3.4
5o BEE, RGAEAEME— AU 8 E(168.1042,7.1741,3.5502,1.0368) . FLitr [, %P4 5 /E 4
JEV ARG E (] FRATVRIRE LI IY ZHAS R )46 2% A (L4 3)EAT L.

Table 3. Initial conditions for the stability simulation of the endemic equilibrium E”

3. BRAFEL E REMEMRAGE R

A EAE 71 42 413 4 4
5(0) 50 300 150 10
1(0) 0 10 3 0
V(0) 0.002 50 15 0.001
B(0) 0.9 50 15 0.1

B 3 R 124 Ry > LI DU BIIRAEAF T RS R 51 18] o

— WMEH 1 ——HMEA 2 WA 3 HIEA 4
100 BB S B AL 1o TSRS 1 B T3
1 1
£ 200 & 0
2 =2
= = 20
# 100 K
oR % 10
0 0
0 500 1000 1500 2000 0 500 1000 1500 2000
18] 8]
oo JNEE V BER MR oo BEE B BERT I HIAE A
1
1 40 =/ 40
o =
i F
& 20 20
®
0 0 k‘
0 500 1000 1500 2000 0 500 1000 1500 2000
I 18] I 18]
Figure 3. Time series plots of the system with four different sets of initial conditions for
R, >1

B 3. R, >1HUBEHIEFE T RGHIETEFTIE

Kl 4 R T (S, 1, V) =4EAH 73 8] #3125 (B(0) = 10).
BAAS RN, 2Ry >1I, TCWRHIEEIREWFT, RERAEIISARIRG- TR E . B
lim S(t)=168.1042, Jim 1 (t)=7.1741, limv (t)=3.5502, Jim B(t)=1.0368 . (I 4)th B A HL &

E R —MaE . WE R SRR MG i a BdE v &, EEUE IR 7 ERE 3.4 IS5 IE.
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Figure 4. 3D phase portrait of the endemic equilibrium E* and its projections on the S-1, S-V, and I-V planes
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4.3. SRR

DRV SR EE B LR B SR I S, A TN BEAS P AR R AT T A R BB b FRATTR
FHRLT AL T7 il (LHS) 5 i Bk AH 5% 22 B (PRCC) I 71

SR, BT 122 MRS 4, a,K, S 01,0, Bomut, pyn, & VLKL AR TERIBI LA 1 Data2 124
L ABUE T B e . LHS %0 TR N =1000 B34,  JFiH S AR PRCC 14

Kl 5 A S RIEMTHL R B, 15 32 5 IR AN B N TE B J1 5 R E R, MO 3. 5 I i i
SRIET % o (PRCC =—0.85)R M Jy s i () Al S 4L, i Logistic 3K 5%k (PRCC =0.78) N Ay f 5
M IEAE R S H . X — R IAR7R T 15 A0 BB 0 b 78 5 1RE ST 2 e o 0 25 BB 75 0 g S R e 1 1 2 2 Ao
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