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A mathematical model of Plasmodium falciparum transmission incorporating drug resistance:

Simulations of the Solomon Islands situation
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The Solomon Islands are known as a high endemic region of malaria. The resistance of Plasmodium
Jalciparum to chloroquine has been confirmed since 1980 in the Solomon Islands, and the spread of
chloroquine resistance is a big hurdle to malaria control. We have constructured the model for P,
falciparum making allowance of chloroquine resistance. We distinguish the infection of resistance
strains from that of sensitive strains in both the human and the vector populations. Since the overall
parasite rate and the parasite rate of gametocytes for P. falciparum are strongly dependent on age, the
human population is divided into 7 age groups in the model. The epidemiological parameters are
determined by malariological survey in northeastern Guadalcanal (Ishii et a/.) and the sporozoite rate
in vector population is assumed as 0.1% based on the entomological study (Harada et al.) Our study
aims at estimating the effect of mass drug administration under the presence of drug-resistance and
also analyzing the escalation of drug-resistance through the transmission model for P. falciparum

which can deal with chloroquine resistance.
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1974 ., Y 028 T DDT REEENERE &

NRERRREBTI-N, 1978 FNLITHR- 7
U 73tk 2 (2N LD T, 1980 FIZIIBMARE &
D VR R & 72 o 7= (Mead et al., 2004)(Fig.1), 20
it 42 IZ R BH X 7= Chloroquine (CQ)IXlFE 3% < |
IR RN TE R, CQMt#kiL Irian Jaya 2> 5
Papua New Guinea (ZHEY ., ZDH., Y E#E
@A L7 e R bih % (National malaria control
programme annual report, 1995), 19804 X ¥, CQ
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Fig. 1 Annual incidence rate in Solomon Islands (Mead

et al., 2004)

FEHIIBWIKRAEBESINT, TO-FUTE
R O~ Z ) THIEIC K E EE L7
S TWB,

AR T, Y oEUEBICBIT S CQ ERImE
BEEOBRER~ T Y TREHETT AERET
WA E VA F VB E R L LT CQ FRAIME
BEBALLABER~T Y THRITHRICRTRE
BT A IaL—Ya BT, £72. B
ONANEAE~Z V7 OBEEZHENTND L
DB SIS LROKEET V& O CEFImE R
BT U THRATHERICR-T&EZ, VT2 —
varitk D TFRLE,

BT YT EXNRE LTHRE S L7 DMT
=45+ 5 )V (Dietz et al., 19742 FES %, CQ FEAIMmt
k2 S OBHE~ T U TEEBEEET T LV EHEK
Lo REFATIIFRA MVER ERT ¥~ %
NENIZEN T, EHRITHERR & B2 R G 2 X
L, Fie 7V TEEEZCQEEREL, HA b
£ CQ I6¥%. gametocyte (T 16~24 H DRFIZ
Kb T DL L= (Smalley, 1977), EFRIZR
/85 A—% F-JFEM%(Harada et al.,2000)DHEI
87 (Anopheles. farauti) FEIZESE, ARV A
MEEEL 0.1%. FRELERE 15%EHELT,
yaEy, HELVHFLVBILERMTHRHEIZLY
EEh-~7 )V TREERICINWE, =5 U7

YR & gametocyte DIRE FIT, EHE T LiITK
ERENRONT, BAZZOWERRELIRT
579, FAMEMEEOOERBICES L TH
o I Y

ERORECESE, EHEREIE Mass Drug
Administration (MDAWZ X 5+ U 7 OFAITHB O
CQ EAIMMAR ARTE OXFELIZ OV T, BARNTE
T sensitive, & A% resistant % % &5 2 EI& 13 24%
LTy Iab—ar®wiTol, MDAIZEITS
coverage 2MEIT T, BAIMMERRARIZIZ OV T
MDA EEBEREEOEIHE Y Ronh o7,
£, EAMERIERKORAE I 2 b—va v
L7z, ZHUT ZAUE, resistant BRDS 1%BA LT &
LT, 0%, E—FOCQHE%L 15 EMIT- =
& % coverage 30% DA 1T 15 4R, resistant
BROEDDEEIETH 5%ITEBE R 7223,
coverage 50% DA I 15 F£RB%. resistant ¥k
DEHDEGIT 1% UL L 2D Z &R ahTz,

2. MBLFk
2.1. Y v B OREFImE

<7 U THATHTIE, Ax MR OEYZ2 L%
AWTHERIZY > TV, 17 AR kD O 8%
EX=—XP R b, LEBEOEREDOERK L 22
STV, B2 ICF = —RMHER B ILS - 72 (8
# 1, 2002),

20 HARIALZER ENT-HiwT U TE CQ MR
a7z, CQITMEIALE . £D®ASERsL
T&l, BEY T BT~ ) 7 RAIRMME
BIBEICE il LTV 5, 1997~2001 FEiZfThiviz v/
OECEBIIBITAZESOBEICBIT S CQ MittE
BROBEISITEY 27.8% & 72 - T 5 (Country
Profile of Solomon Islands, 2005), Y 2 & HEED
Betikama & Ruavatu HUs 1 #4212 81T 5 1995 0
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Table 1 The drug resistant tests in Betikama and

Ruavatu secondary schools, Guadalcanal, in 1995

Number (%)

Betikama Sec. Sch.

Ruavatu Sec. Sch.

No. of Pfpositive cases 129 168
100/ ué)
Sensitive 103 (79.8) 126 (75.0)
Resistant 26(20.2) 42(25.0)

HAETIE. 7 Y TREEF CQEMEREERESDL
DDEED 20%~25% & #E 41TV 5 (Progress
report, April 1995 — April 1996)(Table 1),

2.2. E#R @RI parasite rate & gametocyte
RER

1995 £, BIRER KT - EBRETFKE - AHF
XY o rEBOH AT LVELRRD 3 4
(Talaura, Mbambalo, Kolona)iZ 33\ T, £ B % x5
LLETUTHREIZOVWTEELTEY ., AB
eIt = O R % A\ 7= (Minato e al., 1998)(Fig. 2).
Fig. 2 IZ&NniE, 0 &—5 i E TOFEERB T,
parasite rate & gametocyte DIRERAKLHEHL, 0
B —15 R TOEMBIT. 30 Ul LOFERBIZI
RTEEOBBRENDER>TWVWE, ZOTF—FIZ
BES&, AR TIIHR A MEROEREE 7 DI
KL THRI Z &I LT, Fig. 2 IZES%, 0%—5
BMOFEMBLYREEL L-EFHE L 0MN
parasite rate Jx QNI E H D gametocyte REE%
Table 2ICF L=, NHIZESE, AHEILE
5=V TEEETATHAVWSERBR S T L
O 8 #t parasite rate K OBEREFICHE D B
gametocyte {R A L % E H 7= (Table 2), 21 BLAE D%
EHE O Field data (IEEF R L TVWDA, ET NV
FaRSCHI I LiIT L, £, BBREFD
gametocyte DIRF EL 0/ —5 5%, 6 105K, 11
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Fig. 2 The drug resistant tests in Betikama and Ruavatu
secondary schools, Guadalcanal, in 1995. The bar
shows the overall parasite rate. The line shows the

parasite rate of gametocyte.

Table 2 Age-specific relative parasite rate

&%

%

%

0%

Parasite rate of gametocytes (%)

21

Age Relative Pf Pf gametocyte/Pf
class Field Model Field Model
0-5 1.00 1.00 0.17 0.15
6-10 0.97 1.00 0.11 0.15
11-15 0.76 0.75 0.12 0.15
16-20 0.49 0.50 0.10 0.10
21-30 0.33 0.30 0.06 0.05
31-40 0.12 0.30 0.00 0.00
41-50 0.00 0.30 0.00 0.00
51-60 0.29 0.30 | 0.00 0.00

61- 0.32 0.30 0.00 0.00

15 BROERB ILthOERE S 0 EE A=Y
HERLTEY, EF AV EEIREUEICHE— LT,

2.3. AOERSHET IV

v 7 )T EEEREET VEFEBRBICKSE LT
oz licLd, ADFEHEICETIANE
BT/ E#EKL7-(Fig 3), ADEBSMET L
HEME I LIZEDONDETENLRDOND
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Fig. 3 The relative distribution of population for
age-classes. The solid line shows the distribution of
population in Solomon Islands, in 1999. The broken

line shows the distribution of population in the model.

ZERBOAND L 1999 £V 0 x  FEEDORER
B Ans34i (Demographic Yearbook, 2000) % Lt
BL., ZORNEELZRD, BEEOKRLAEWVD
DEEMA L,

24. v F U TEHEETN

2V THEBETNMIBWTHRRA MEMZE-
® 7 T A2 K4y L (Negative, Incubation, Infectious
Positive, Positive) . ~~7 # —&EMiZ=>D 7 F Rz
X4y L 7= (Negative, Incubation, Infectious), 5 (Z/R%x
2 5 Z(Incubation, Infectious Positive, Positive) TI.
ZNZ sensitive & resistant % X4y L7=, KET /L
T, AR MER, ~7F—EAELLE I TAD
EFHRIEHPOLRTERS, ATT LD
epidemiological classes (% Table 3 {ZF L7, CQ
Mt % 3 2 R R Y U7 Anopheles 7 Negative
DR A b ERAHEROE I ES Z L2 D

(h,). FIERIC CQ XML ET HRBICERE L
Anopheles ' Negative DR A b % CQ B MERR D
QuizEL D kithesd (h),

h=ax,p ws

h, = axlﬂ'wr
AR UL ZERICRY LR X M3, %
NEH Negative D Anopheles % &% X ¥ 5 (b, ,b, ),

b, =aufy,
b, =aupy,

AR~ 7 ) T IRBEOBRYIME 7-27 B (KK,
1996) . # O FEJHAIZ 10 H (Molineaux and Gramiccia,
1980) Le>TW5, BHA<T ) THRADNY
F—DENICEIT 2 BREMILBEIKELTY
%, RIBOHFEA 265-27CTHNIT, BER~F Y

TR OBERBBIZH 12 B & 725 T3 (Bavid,
1993), AR FOERPM ML 15 B, ~7¥—n
EBRYM (D1 10 BTH 2 LT 3% (Dietz et al,
1974), BRF TH D — B OFEHAETERIT 80% (Lee
etal., 2001) BELDT, WOBAEFER(WIT 08 &
T2, <7 VT OHRE. BRENRFEHRELRET
ZOIRETCHD, ZOMEIZ. B FOMmMFIC
gametocyte BIFEELO-SIT A8 E LTEBE SN,
T OEEYEIIBHR~ T VTR 95 » ALINE#
& &R T 5 (Molineaux and Gramiccia, 1980) , /&4y
NEk>5EE(a)iX 1/9 » A=1/180 B LFHEL,
ZDfE @=0.005 & L7, EHEI, @%. HDBFE
OMmEEF A6 parasite DIHBET D & & LTERE
b, w7V TRENDORIEEET, =T
Iy IR TIINE L LI LR TS, EIEE
{3 1/360 B (Dietz ef al., 1974) LFE L, ZOE%
©=0.003 & L7z, RIKEK (a) 1T a=HBI/G & Y K%
7-. HBLIZ#{ Dt MEGFHE, G i gonotrophic cycle
T D, An farauti \ZOWTIX, HBI=0.72, G=
25 (2.1 & 3.0 o fEL LT 2.5 &L
7-) (Charlood et al., 1986), ZHOHEHAWVT, a=
0.288 & Lz, AR MEMIZEDD age 7 7 A0 H
WS, HAEE §=0.000112 D & & AOTREE
TNTRDLINSMA 1999 £V 0 HBD
FHEMBONOLH L DRER—FB/NS VL%
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Fig. 4 The scheme of mathematical model. The rectangle shows epidemiological classes of the human population

and the ellipse shows that of the vector population. The upper and the lower berths mean sensitive and resistant

processes.

Table 3 Epidemiological classes of the human and
vector population in the model

(a) Human population

Epidemiological classes Symbols
Negative X,
Sensitive, Incubation X,
Resistant, Incubation X
Sensitive, Infectious Positive Y1
Sensitive, Positive Y,
Resistant, Infectious Positive Vs
Resistant, Positive Vs

BRALE, BN F~ORERDIREB), b
RO LM BUTBRPRIIE () OREZ, TF L
B EICEE 34D MDA =2 > b —/LBRRERTO
K HE 24%(Fig. 2)%, ET NV EOFHEEL LT
EETHLOUTOL I ICLTRD, i3

(b) Vector population
Epidemiological classes Symbols
Negative u
Sensitive, Incubation vs
Sensitive, Infectious ws
Resistant, Incubation vr
Resistant, Infectious wr

0.3-0.5 DFFEAT, 001 LKL, pEBICE
DR % B =03, 0.4, 05D L X, BOFH
%#1.2-1.4, 0.9-1.1, 08-:09D X > IZBEL. g%
INOOFEHMTO0.01 ZEICRS L TR, Zh
LD AT A—F B BOBEAIEE LTS =0.48,
p=081 2%, =5 U7arbu—AL LTk
CQEEZME L, £72.CQ ¥ 5.1 gametocyte
i3 16 AT TRb TV b o & Lz (Smalley,
1977),
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Fig. 5 The effect of MDA in the cases of pre - drug
resistance and post - drug resistance invasion. The
gray line shows the situation of coverage 50%. The
black line shows the situation of coverage 90%. The
solid line shows the parasite rate of post drug
resistance invasion. The broken line shows the

parasite rate of pre - drug resistance invasion.

3. VIal—va R

3.1. MDA IZ L AT OH#H#B

CQ RKAMMERREAIZ L 5 MDA OFRICET S
Ylalb—va rEEMRLUT, resistant HF ARNE
27T sensitive BRE L, VI 2 L— a3 VERAEHED
parasite rate |3 26% & L 7=, sensitive, resistant £k{Z
AJ% D sensitive Bk & resistant BROE| 513 76:24 & L
T, 3OV IaLb—T a3 &2 To1-, 77,
MDA @ coverage {22\ T 90%, 50% D 2D
BAIZHOWTHH~T (Fig. 5), coverage 90% D&
X3 FHRBABRORERITBAR L 0 BRI 2%
&< o7, —F. coverage S0%DHAIIE ARIHE
TIRBEROEN VIR T,

30% ¢ - R 8%

6%
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Fig. 6 The effect of TT for young people of 6-15 or
11-15 years old. The black line shows 6-15 years old.
The gray line shows TT for 11-15 years old. The
solid line shows the overall parasite rate in all
individuals. The broken line shows the parasite rate

in target age classes.

HEWE % xR & L 7= Target Treatment (TT) =
YRR OWT, HREMBENE - TEH
HEWE 6-15 i, PTHHEFHE 11115 & L
HDITONT, EDOREZF~7- (Fig. 6), resistant
BOEDZEIGIT 24%DRMO T T, 3 EROY
Talb—varEEELE, 6E~15RFERHEE

20%
15%
10%

5%

Rate of drug resistance

0%
01234567 8910112131415

Year
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Fig. 7 The spread of drug-resistance invasion. The white

3.2 EEREa bu— it X 35T0
H%

bar shows the situation of coverage 30%. The black bar

shows that of coverage 50%.
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HELLi-arybo—LieFBRBoREEL K
D IEZA 11 R~15 REMEE IR E L
feay b — V3 RERREORRERICH L TE
BHEYRonehol,

3.3 FEAIMERDORA L LK

BED CQ BEHIZ &L 2 EAMIMERDILR~DE
BUIBETAVIaL—Va v 15EMETSR, 4
. EHIRHERD 1%RALZE LT, £1HCQ
EHRBREEZIToEEEG R/, 1=,
coverage (¥ 30% X3 50% & L 7= (Fig. 7). coverage
50%DGEIT 16 FEREEHE, resistant BrD 5D 5 E|
AT 15%LL L &2~ 72, —F . coverage 30%DIHE
i3 15 FERiET% | resistant kD 5 5 EIE 13K 5%
WE o7,

AZE

YREVERBOZYTIIEET T, BKE
FEHISOFRTIIRE BB L IBEREEBD VD, i
<7 U TR AT 2 EFMmEOBBII R, %
Bl ME~ & AT LR R E R D 55 (AH
B, 1995), ABEITREDON ABRERmE~ T Y
TOEEEENTND & OBLLD L IRAIMHER %
BUBER~T U TRERET TV EERL, E
AlHEREDS < T U TRATIERICR =3 &F 2 2
alb—ya k) TFRLE,

20 e LA RBEEET AW TSI U T
RT3 BB Thiz, EFETIE, KA
FMERAZRLE LEFENEZL, T AHHRR b
HEROLERIHBE LI-bDREH - 7= (Dietz et al.,
1974; Ishikawa et al, 1996 ), Koella and Antia
(2003) & D HFFEIL A A 72 Macdonald-Ross model
(Ross, 1911) ZERBICL T, N7 ¥ —H£HLHA
RAAELDOTHD, AFRGHEICEELDH S =

., AR MEA LRI ¥ —EMEETVICHEAR
AAT,

AR, B~ T Y TG % sensitive BR.
resistant BRIKZLD 2 K43 L7223, CQ-resistance |3,
ZOREIZL Y early - resistant I, delay - resistant
I,resistant I & L THE I N TV S, 7~ resistant
BB O sensitive MR ELIDERIE LI IRAER L H 5,
AENTET N OB E T D728, resistant DF2
BT OIS RCRAREIRDRNI L EL
7=, resistant LA KM A7, EFIATIE
resistant BREER I 535 CQAEMMER 40% & LT
EL, YIalb—rar&{To/,

BHEBR~ T VT ORITH TIE, BPEER,
gametocyte D{RE RVPEMKE T LITKEL Bz -
TW5, BRERMR, BEMETETT5Z L.
REIDEZRFEOT YV TRECZLD, 5
TRADZRIIAT 5 0EEENEEL T D
DEEZEZHNTWS, —F . gametocyte R IZ
OWTERHZEARE N, Z0=H, FX MMEM

EEBRBXS L TR ZLPEUTHD EHBTL,

human population % Fig. 2 {Z2-3% | 7 D class IT[X
5 LT, TR KD | FEEE D FEXT parasite rate,
R R D gametocyte DIRFENKII L, LY
ERICRHMORREET VIR EEDZ LN T
&7,

C QEAMMEKREAIZL D MDA OBREF~
5728, resistant BRIZART L BAZDOHE L I 2 L
—3 a3 U &{To77, coverage 90% D & & resistant
HKEAMEBAZOFERERIIUTOL dick-
7o —EHTIE16.7% & 17.6%. —FH T3 12.3%
& 13.9%. ZHFHTIE 10.1% & 12.5% L HB L.
FOEIIN 2% Lo, I ab—arhbid
MDA 254 % resistant SRR AIZ L 2 Z KRR
Ronknoi-,

~ 7 VT ORREIHEFHELPLTHD L
nh, 9% - WEBETERE 6-155%. PEHEEF
BRg 11-16RICKHTHTT 2y br— L ORRE K

25
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L, 3 ERDOYI 2L —Va v EToiR,
6-15 BEMBEXNRL Lizay bo—i2FEk
@ ORGELE 24%0 D 12% F TITRAD T 7158,
11-15 RFMBL IR L Licay bu— A Tids
FEORBPEL 24% 00 20% ETLIBL &
Eohighot, v 7V THRICHNIERITE
KeBET, 2F6E 4 x4 & L7 Universal
Treatment (UT)IZ 72 ) ORFEB L 25, PEH
BEME~DO TT 12 ER~DO=F7 U THEL LT
DRARIZZ L % - PEEEFRE~D TT i,
HHBREOHRPBH LN, UT RUTT DOFR
HEAMDIROE»OHEBICRFNTILENRH D,
EANTERDOBA LI KOBFRERRL-D, Y
FIO KRNI G E PIERED 1% & LT, F—
B CQ#&E5T 5 ELEDREDT T, coverage 5 30%
& 50% D ODBFHITONT 15 EflOV Ia L
—varEEmRL, KYO 3 FMIT coverage I
BfR7e < resistant BRD 5 5FIGI3H F 0 MY
T, 4 8EH X Y coverage 50%DIFEITHR A ITHM L
D, LIEEL L HITHEMENRKELSRY, 15 F
HIZiX, resistant ¥k & O DENIEGD 17%ICE LT,
coverage 30%DHE 1, 15 1% resistant RO 5 5
EIG I 5%ICBE R o7, 1983 F L 0| CQ it
HEETIBEHBT Y THRAR Y 0T HBIC
BOWTHBEINTLOR, <« 5V 7 EAHEKH L
KLTEY, 1995 £V aE  #ED Betikama &
Ruavatu HUIK P ERICBITHFETIE. =T VTR
BEIZ CQ MHERREZFES>LODEIEGH 20%~
25% & 4 & TV B (Progress report, April 1995 —
April 1996), > I =L —T a3 VOFERIT, BED
CQ e EAZ X B resistant BRI K DB L H O 20T L
72 Y2 lb—a yOBRER, BLLOTH
1=, 20%Lh E~DIER E IR B2 72D,
IIEY T EBICEIT D resistant BRIZK DOFRE
ERTZENTE,

HEE
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TRy et #EOT Y THREERHORE 2
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iz, ENRREREFRFLBY - KAl k&
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