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Bsgs s /Yy

OEIIBRIMERFAT T A JVAEE 3 8B

/e

Z 5
BTHHH,

BB, BB, Av 7 AR, BROERERTRENRY 25 FHTHE
SHRATAEA L7k 31Tid

IZLMIEEEEIC 2B Vb LTWS, K

TRRE, BB, &Y 7T 2AORESHEOIIRITOWTHH L 72,

BAGEDOBIER, OFERIC X RS, @
WAZ W, @BIUEDIRATIRG, BEE L oM
RS X 2 EFBUNIC 0 EINEDS, LV IE
TR B WD 2 & O RE N 2 i) e
L. MEZMIREBEDCOD D, HoH»
BZOEETFERLTA2EENFNZH L, KK
WAEY DRI X BT FERORIESUCE AT S
MEFMZEICG» N5, k> SEE, MEY
zoBE, BT 2MEMFSINL, SN TER
EEBEEOBVBENEZELS, #AEY, FyAin
A DITHERE RN, T, R, BREEs D
BThY, BEHTERW., Tz, SEHEEZFDD
DVRTFELTANVASDHEILNE, TXTDH
WA TERT A LITTEL W, PCREFIZL
LBEFBREEDERLOOH 5, REIRD
ENTVRWEEDE L, RHMRERESE CEY
ELTHIRTEBREHEIELNTWE, —F,
MEFWBREE, SHEHOBELEO oM it
Kz EIA N9 % IgM B &, &%
B & EER O R T ME D 1eG RO E 5 5
BEDOFELRAD IgG A MBERH L. —
BRICREEOREZHICAVOLRTWSE DI
016 @656 —— Fapk & 4 Vol39 Nos 201211

IgM Ptk iECTH 5. IgM PRI EREED A
N 2~3 W ATHET L2200, 20
FHRIEEORELZRL, $72, 1 HOHFIMTH
BrSTRECTH B, 1gG PURMAIZ M, HER
DB L 2 HOMMPLELRZE, 2, B
ﬁﬁ%%%%néifmﬁﬁﬁ##é’kﬁaﬁ
EBWHIEE L TV B2, ﬁfﬁ%f@ A
Tm&Thsb, MEFNZ i,@%Li%mf
ORI & ) EASNEEEZMET S L
W) N 2 REMAYOREHETHHZ L h
5, BEOBEORBIECHN, RESICLY,
ZOREYE, BREFSLTLI—ZBIXRbhnI L
WIEHETLLEND 5.

BB, BYE, AV TRET 7T UTFBRER
THY, 77F YEEROMEICL Y FTD/$S
— VBB ALNE. Tz, BEBEHOLZEL
R, BREOTEAELHEM SN TV, FRRYH
WCRABEIRRZ O &) IR R E R ST,
IRENZIEZ WA EE 25655 v,

BB, BB, LY TAOKREZWER, Rl
7ok 9%, TTICHE STV B — R e BAr vk
PHOuLNATWS (R1). —F, BEILL-T
WL o 7RO B, KEDOEHEEOEE %
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X1 RE, BB, LV TR VAREBIIEORY

B R SR etk Jiik
ISR s SR s A (o5, )
IeM L REMRERBIASKIS - e ,
prasaqr Pt ik EIA
il e Y 2 LEH D 5
% o R
@ RS 215"
DO e e BRI S (BN, ) ORI
O . BUT E TIBER DB - EIA #, HI,
p i A < A N B 5
AR R DR AR * =
B BRE (HF LS RS0 RIS A 72\ Y
BET EETREATTEPCRE) 2> 5 I omEk H&C‘ real-time PCR
Wb 725 kOB 7 AOBRECHRIETE RIS Y ¥, LAMP #
2 (PCR #) %0 R0 EAE ‘ &
@ BRI A7
& FHAYEME
# R FE O RS o I
. A BWiO gold standard ggfgg;ﬁi Eﬁ%vm eEE N
AGH TOBRITHREMN L 7 e s v, ke
e FERI 230 % R
BB B

YA VAR K o TIZREE
F& 1 o> B 12 13 A3 38

# 1 IgM A& D 1gG MED VT RApISEIL

EIA ¥ | enzyme immunoassay (BZERIEMEH:), HI# | hemagglutination inhibition test (HRIMEKERERLILTE),
PA # ! particle agglutination test (€5 F Y FEER), LA & latex agglutination test (57 v 7 AERMERE)

RS PR FER (positive predictive value : PPV)
BT OF R (MRESSOFERE) I2Lo TR
HAHZERHOLN TS, JREITAT LEFREDL
B WIRHZM A O PPV & < BRI v s,
WA FEAT AN U722 B 11 PPV 28K 72 0 55
HEIEMTHEZ20NTNE (F2).
PRRIEE S b, TREZBWMOBEEL?L b
W, BB, LY T AOBMIRERE 2 Tzl
B TR G oTETWAI LML, 20
LTWL BENH L. T/, HE, BB,
WHO 2332k EA ¥R 2 HIEL TV A RETH
D, B BRISHID -4 T 2E L
CTIREREBROERBIRKDOONTE Y, WED
W oM RSEEICHET 5 L8N D 5.

AW TIERE, B, oY TAOREZHOB
REFREORBEL B E 2 Cih<2.

Btz Bz o3Ik & RS

BB LB E DRSS, BREEI ANV
WORETH L. HRHRBEERIRL, 975>
BREOADM—, RN ETHETDHS. KB
t b OBEFHEDTTH I D BV IRG) & b D
FED—DTHY, BEELE., BFATLELE
TR S EDRTHELZRTILEIBL TR
W 72, BRI T RO L BRYEE DS,
TR O LD RS T 5 & R EIS I e
(congenital rubella syndrome : CRS) & FFiZih
BEREOGEE, HIE ANESOREZ Lo
PR METLMREENH S, & HICERMR
f gk T IR AYE D 5 T B LR
Thb. WE, BBIRADHEAE, BREHOR
&, HE~ORBEORE S5 EHERBESLE
BTRERBELEZOND (F3).
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K2 BEZW OB PERL FHREOMMG

B HIFZE 10% HIRE 1%
SHEREE 10,000 A 10,000 A
MAEOBKE 99% 99%
WAEEOERE 99% 99%
WA 10,000 % 0.1=1,000 A 10,000% 0.01=100 A
FAAD D LA (RE 9% X 1) 1,000 X 0.99 =990 A 100 0.99=99 A
B A% 10,000% (1-0.1) =9,000 A 10000% (1-0.01) =9,900 A

BEAD D HREGER (BHEZK (FBEE 9% L))
Bk HEe (PPV)

9,000 A x (1-0.99) =90 A
990/ (90+990) =91.7%

9,900 % (1-0.99) =99 A
99/(99+99) =50%

FEBE 99%, FFRE 9% OWMERZIREL, A 10000 AZ3RE LERE 10% L 1%OFATOEOHRED PPV Z HLET 5.
RPN E L b EBIMITBT S PPV AR L (91.7%—50%), HEERI NS 5

B HARERCBCTEROBAPBEE H 584
BRE  DIREEIBVTEROBEAPBRIE L B o8&

VR E L A CBMEIC R o ERD D B, ABIHEAI o EROEE

®3 BE, B, AV TAOREY

iR JiE AN
SER FE, BB, Ay VER, a7 &, BB, U UNE RBH, BETRIER, ¥UE, W
Yy 78 DIERR
B REAMRG:  EEAERL ~50% ~20%
;}E fegr il 10~12 H 12~23 H(F¥H 14 H) 14~25H
w OAE Mige, WEZE, Bk, BEAWEE M/MURDESRRR,  EREREL, M, Sk, JIEE,
=TS SR, BEIR 1373
RIE~OEE RE, RESHH CRS L
. BRI A VA BRETA VA BB A VA LT AL VA
J/ﬁ et EEURG, TR, HAMURG:  RURBEE, HUSg Rk S, Bk
e BYED JEF AR AP FRAREE
—% RRYEHA FEERBMEH 7T HE SEMBEHRG T HE  FTREROH3 BHM25 4 HEE T
iR gt B Hi— H—
77 BERR EhieHtE EhIepeE RS
F BREEK 2 [ 2 [al 1
. , HETH, TR, ILRETEROER
FERREREED . ’ ’
44 1 »\z.? SR 3 ShL > 15 %35 DA
1 L R 3 HI BB ET S FE T PERFE -7 BS HERBL, »oag

KEFRGFERBET

WHO T, B8, BBIEERLY 75 UH
HBHIEENS, WEPSKE, BBOPER, B
Mz HIEL WD, HEADPHET 2 WHO FiK
IS (WPR) Tld 2012 4F £ CTlXRRB O HER
%, F2015FF TICERORBEORERE A
100 5 A% 720 10 AR, CRS D&%
100 5 HUAEFS 720 106Kk E T4 L2 HEE
ELTWE, MEBPHERENTRELE [Eom
018 ©658 — sk £ M4 Vol39 Nob 201211

WH—RA G AEEIOT T, BET LB A
WAL X B 12 7 UL WIRE] 20w,
BOBY—NA 52 ADBEMD 1 DIZIERBE
WD 80% L b A BB AR ERILE L, R
BICHA L RERR TRESHI SN D Z & 9%k
HHENTWA?,

PARI, HAETRT 7 F VEBIREEE 727
O, MREPLIFLIZRT L2, 2001 F£12E34 30
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() 0O Mz Bz (N OkE BB

40,000 20,000

35,000 E RIS }—‘ 17,500 SRS
30,000 15,000

25,000 12500

20,000 10,000 H |

15,000 7500 4

10,000 - 5,000 1 |

5,000 17 2500 H

0 0+l [

1999 2000 2001 2002 2003 2004 2005 2006

31

2007 (4%)

2008 2009 2010 2011 2012 (%)
(31:8)

W, BB BREREHOHER (1999~2012 4 31 38)

2007 ELAETI/NER E SIRER, 2008 EA 5 REEMERETRT. EAREROBLZ W0 EOBEF VA LEEEN TV S,
(RAEF LB AIRR L 0 7ER)

TADPRELLHEESINIEZMEORITHEX,
1998~2001 4E121d A7 { & b 19 B DOIEHFERL
ENTwA (B1). 2006 FE L XFRERBIRS Y
7Fv MRUZF V) ©2OEMENEASH
7ot (LHA; 1mklg, 285 INFRAZERD, 2o
D 2008 FEITHTTH, &, REEEZPLE
L2 ANRBIRIT L, ARNORERHEN~D
PR CEBMICO L o7z, EANH
i3 2007 SERIC (RS ICBE T 2 4% 8 BAUE T By
et 2ERL, 72 F 002 AEEONSED S
Ens o fEm bz, P 1EEE
B 3 EAMYERE~NDOEM MR 72 F » #
MAEA LS (3, 48, 2008~2012 47D 5 4F
MR, —J, ARERERUEEERZ > 725k
%, BSEERERERRIIED, T—RI5 VR
FHlo@ALEZR Y, WPR © BIgTREIER~k
READEI. 2008~2010 EIC 1, 2w~
FUBEMEEIL 0% ML, ToEASNLS, 4
MY %M BOERETH-722 b DH Y,
2008 4F1213 11,015 FHRe S N7ZRRE OB T,
2009 4 741 14, 2010 4 457 4, 2011 4F 434 A\IZ

FTTHALTWS (A1),

W5, BB EEMERBR L %o 72 2008 1
B ORESHIZB XL Z 40%THY, TOK
WP REBRERE CEBINL [gM BETH
ol Z0, B OWEGERE ORI
EERHOBHPSLETH L L0, EIEGE
WFemr & #o 7 G AT gepr sl & %2 o C, RT-
PCREIWC L AMBZW 2 EIETE 256 2% 2
T&7:. RT-PCREZERL MBI, FBER
HORHBEILERLTWAERLTH LY. Biko
WY AT AN, REEARA &  REMRAR
B & 2 IgM MRS, 7% AT
MLZhold, BETERESHHOB L Z
1/3 SHFE AR O PCRIEIC L - THH S
nTwna,

ERRE R & AR B O RS

B L7z &9 I UKEE, BREZ b ORED
WrizzHwTd, HRETL2EMIZBVWTHRITY
BT B EMEBWIC L B PPV B L, BB
B (BEICL > THHEE SNBERBER) A
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(n=384)  (n=201) (n=8)

2 BARTHENZRE Y 4 VA DBRRFIEOWER
(PRI EHR & D 7R

(n=27) (n=125)

2012 (4E)
(34:8)
(n=68)

W 5. B, 5 IgM PURBES oIk
B EbN D, EFWY ¥ 7 DR IEEE
SOWMEFAWEML T 5. BHEEOERKED 12
i, MEZED IgM EIA 2%, FZIZEBOFE,

BB RGYE T B IRPMEALBE OSVRY A VA B
19), ZHEWFEE (HHVS, 7), Ty 78 (Fv
T4 IVR) HOBREMEEKE 1gM JUREE
CHETAEMIDH LI ETHL, $/2, U
7 F TR, 5~14 HEIZ 20~30%DEE&TY
7F VORISR E LTBWIER, BEIMRIL
EWHBH. INST L F VERE R RE LRSHR
HELZWHER L LT aREED 5. T Tk
BHERR AR U722k E CDC 1, FRSHEREIICS
FABBEERICTIDICEIIRE LD
LEEOHIERETHRELLELTWSY, —7%,
AT OBIEEOBEIIE PCR OBEICBW
TbHVESL. PCREZERELRD, 77 F
CEEBOREDNOT 7T R BT S W REN
R, MEEEPIGEEZOBERESCHEE Y b
— VORI L BBEE S BEILTE .

PCRETHH ENDZRIZE T 7 F U P2 RTE
020 @660 — BarR L #4EW  Vol39 Nob 201211

BTFEADTANVAY, DLABEETHEELTY
5 (RB2), 775 r#kPBEEay be—-LVoR
ADB A FIRERTIOWEIT L) HEBR T & 525,
BEOWNG Z B ERT LI EHLETH L.
PCR EIZ X 2 2 WA B L 7= /5 2%, AT
LTWBRRE T AV ADOHROMET VTR -
TETWA. 2006~2008 4 D FEATHE D F /RS
o 728 R T D5 BRAT 2010 4 6 A DL S h
THELY, BEREE7 V7, I—uvsy, |
LN DOMAMREEZ 5N A D4, DS, D9, HI
ERRHENRTVwE (R2). EETHERTH
NTWLDOIIREBM SNTMBMEROB L %
1/3 7253, DRioE M D5 BIO(RIBIIRERE S R
THESHT, MEHRRBIOEWZ EFHINS.
Stk Bl EAAEK (12 4 A B ERT 2586
THH) OHBENH L0 FEEICEEL T
DLERD Y, BHOBNUIMIORRET A VAD
HRZMaT 520120 PCREIZL BT A VA
70 LOH, BIPEEICE-TL A, F,
WHREZ OIE, L VEEMLE YA VADBIT DD
TANVAGHENREENT S,
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Bz o2

BB DERIRIERIERRE, Ay TRAFEE-&D
9, BRMICEZHPEELRBRPETH 5.
2011 4E2» & AB OFATAHE &, 2012 4F (32 :H¥
1E) 121, 2008 fFICAB B BME LB I ko
T LD TEM 1,000 FlaitB 2 5 WEREL %o
TWwa, LaL, 2004 FELLETORAT & LT 2
&, FRPLVAEERTTHS (H1). BE
B 70% % B2, % IZRE IgM Pkl
Thb., HRTEEZHEE Lo T0RwDs, A
B OHFRDEA TV BT AV B KEETIdRE
FAL, IgM PRI X 2 BB B HE S h
Tw3Y, —F, BRBEENOFRERERT I EH5,
R EEVIER & LT, MRS 5 A e i~ &
I, BB PCRBUZ 722 hs, BB 4
WV ABMB O PCR A&EZT, 7/ 2 BliL
TWABHELIEMLTVAY, B, RS bE
B A IVADERETIG 2B, 1E, 1 TH 5. A
BEIRBEWEENE , BRENR) v o285
OV TH LAY, BEICHARTHRIES RS/
LRI ML, £ XN 5 DA
RS TWwAY,

72, BBERRITT B &R~ O BRYED e
N5, JEEMEREKRTIAE T A VA mHT
BT ETIERADY A VARELHERT L LT
TEBD, 728 2ZBRAOREDD - THIBED
CRSIZE L PIFHBTTE WY, EXRREDY
A7 BEDTHELRHEARO N5,

Birr7A

LAVTA (RITHETRE &, A 7TAvA
WAL B2 ORYET, MR GFICETHR)
DIERZ FIEIRE T 5. —F, EEERIERZ kb
FTIFRZEIRDAZ BT 5 BB DK 40~50%
DEETHET A. £ 20,000 F1IC 1 FIFEE (8
Erksgivbhn, BEHDEOBEIRIEL
T E IR 20~ 300 IS B AL ALNDL., &
PHEE L CIREREMREREI RS V. AV TR

TFVIEEREETHY, BLE 30~40%D
BHEELHENSNA TS, BIETH 4~54ETE
WIRITOE =2, BEET~HHAL LD
BEEFVBLEEINT VS, LAY TALEK
PR EETHEEILASRD 5T B EYET
Hb (F3).

LY T AOHESWIE EIABICL 8L 7
AT A NVA IgM BLRDOBB TiThbhTwnb I &
BE, HEROF v b T, BEAOH 4% TH
LY TAIgM PRSI RBENE ZEHHY, £
72, AYTAICRRE, HEE, PEU AL
EroD IgM IV I N5 2 EOMERDH
D, BRRBISG D O WEARD LTz, T,
EELHE VEEOTIFERBHEL S T HET
EIA ¥ v bOEEMTbN, L) EREBICF
BLRVRESENMEONEF Y MIHESNT
l/\ZgB).

F72, BLZ2000~3000 A2 1 ADEET
77 F MBI AR RIE T A 2 LA
BB, WELLDPCRIETYANVAY ) Lk
22 L CERNEMREDRRE Y 4 VA LR
THILDHEETHS.

MEBEBVEIEEZ/RL, EBILCRS DFLE
WHERT A, 72, AV 7 RAITERERIBE R
BOFERE%2B%E, BIETHERLZEPETDH
5. T D DOEIEDWAT AR L T RIS
&, BEOWRATIRGG, BEOREEE, WKIERSE
WEDSOTEW L T wdmES e £ L %<
THIELVEBHFIREE s 72nd LAk, 5
Wi, HELPRETHIREETH Y, BHIZTD
PAMCHFRI R LD v T, LFLBELY
BHPLETR P bELZONS. B,
FCRE, BB Ty s F v EESRSmEL, K
fTORRESR, REIIHTAIHENERTAKE LS
ZILLTETWA, F/2, WHO ¥R Hig L
TWELBRIETH L. €9 Vo lZREDOHT, K
BEWOBENEE L ITRERBREORADAZT
&7z, SRR, BRI, LEZDL
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Japanese encephalitis vaccine
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HARR, DUF, HREE SRS

o BARROES

AANEIZ 7S94 LA BT 2 BAKEA
T AINWAD T E EIREY)) 7 £ DIRNCHETEL
AFITHAA IO Lo TENEINSE, b~k
RS2, 6~16 H ORI & TMAOE
MR 2 FRIE T 205, DEMEREDS {, MRFIE
BEFEIE 100~1,000 AT T AL ENTW1 3
HDIETIE 1960 FEARF CEMET A0 HAR
REEDFE L Torz038, 1954 512w 2 sk
HARR 7 7 F 0555 S, BSEREmE, Rl
R, HREFEEREZL EMETE N, TS OEOF
Pl & RAEREOZIC X 2 BpES oRAIC
v, BEBUTER L 72 (T4 F X1, 21).
1989 4EIC 7 7 F ¥ 7 A NV R X M D dhrilikkd &
THRICIE S RIS T & 2Rk ETE s Nz,
1994 FE D FBFEEEIELIEIC X b 1995 £ 6 EH
BREIEE L CBbICEIBEETERINS L9
b, HARRREEIE 1990 FERLIE, ER 10
AW (P 6 N)THEB L Tw3Y, HAEREY
ANADWIREYITH B 75 D HRME B L

Hia A H AR A B s BUSHBI L, BB DA,

&AM, RE - TUER T FD I 8~10 Hiz o
JTEREORED S, TANATEALE LT
FELTEY, HAMEOBEIMEEL T3
("4 FXE2, W), BHATOERERE7TY 7 2Hh
DICEBENLEFL T 32,

W DOF U ORBEEE LEZ &

R E AR TTMRE IR
2005 4 5 iz, BARMAEY 7 F > D% 3 WEE

% O BIE 7 AVEBE B B4 (acute dissemi-

nated encephalomyelitis : ADEM) OAEH D3 i
WETEEZ, 7 AMEREARKEY 75
(LI, =2 2xdky 74 ») o BENEISE )22
MELEZ o, ZOE, 0% %L T\
B1EMEOY 7 F v EEEIH 5% F TET L
7o, MR T L9, 2011 EEOFE/ FEREE
Bl AARBRTURRE R T D Z2 DFEED,

EHBEEE RO ROTMRE R ZEE L
TwuiW) . ZOkGrE»T, 7 FVERD
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SREERE -8~ 12006 et 2007 ~@ 1 2008 —6— 1 2009 b= 1 2010 ~ty= 1 2011
(HREH (n=1,197) (n=3,448) (n=3,216) (n=2,919) (n=2,870) (n=2,364)

1 Eﬁ“/ﬁﬁﬁlGJEEL:E‘&QLH%&%&}R@EFLEE@ (2006~20114E*)

2011 SRR 2012 4

A EIE 2 25 L2 TV 72 2005~2011 FE > 748
MNCBEAR, B4, o, v, W e fl (1~
10 %) D/ O B AR & S S i,

—75, WELETHIERD S FUEREROET A

AoILBAY, 208 3ENI/NREDT 7 I %

'Emm%%%ﬁﬁmmﬁﬂ

BHARICBVTEERD R UCEBRICDOVTHRSED
BD. DDTNEDEETH oIcAEMNTEH DN,
DO F VDIREFEEICKID/NERD SEENRS U
TWE, BIEFDIF EESISE URZ RIT/NER
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Live vaccination against polio has effectively prevented outbreaks in most developed coun-
tries for more than 40 years, and there remain only a few countries where outbreaks of
poliomyelitis by the wild strain still threaten the community. It is expected that worldwide
eradication will be eventually achieved through careful surveillance and a well-managed
immunization program.The present paper argues, however, that based on a simple stochas-
tic model the risk of outbreak by a vaccine-derived strain after the cessation of vaccination
is quite high, even if many years have passed since the last confirmed case. As vaccinated
hosts are natural reservoirs for virulent poliovirus, the source of the risk is the vaccination
itself, employed to prevent the outbreaks. The crisis after stopping vaccination will emerge
when the following two conditions are met: the susceptible host density exceeds the
threshold for epidemics and the vaccinated host density remains large enough to ensure
the occurrence of virulent mutants in the population. Our estimates for transmission, recov-
ery, and mutation rates, show that the probability of an outbreak of vaccine-derived virulent
viruses easily exceeds 90%. Moreover, if a small fraction of hosts have a longer infectious
period, as observed in individuals with innate immunodeficiency, the risk of an outbreak
rises significantly. Under such conditions, successful global eradication of polio is restricted
to a certain range of parameters even if inactivated polio vaccine (IPV) is extensively used
after the termination of live vaccination.

Keywords: vaccine-derived strain, live vaccination, risk of re-emergence, silent circulation, poliovirus, branching

process, demographic stochasticity, epidemiological dynamics

INTRODUCTION

The World Health Organization (WHO) has a target to inter-
rupt wild poliovirus transmission throughout the world by 2013
(World Health Organization, 2010). The number of patients with
poliomyelitis by wild-type poliovirus infection has decreased dras-
tically due to a program using live oral polio vaccine (OPV).
Immunity by OPV is defensible against excreted viruses because
the major antigenic sites on the viral genome are relatively con-
served between serotypes during replication (Minor, 1992). How-
ever, nucleotide substitutions responsible for increased neuroviru-
lence frequently occur during replication in the human gut (Poyyy
et al,, 1988; Dunn et al, 1990; Abraham et 2l 1993; Kew et al,,
1998; Matsuura et al, 2000; Shulman et al, 2000). It has been
reported since the 1960s that the vaccine-derived strain excreted
from humans can exhibit pathogenicity (Benvesh-Melnick et
1967; Marker Test Subcommitiee. The fapan Live Poliovaccine
Research Commission, 1967). This suggests the possibility that
vaccine-derived viruses could cause a poliomyelitis outbreak in
a susceptible population after the cessation of an OPV program
(Wood et al, 2000). The objective of this study was to estimate
the risk of outbreak of vaccine-derived strains after stopping OPV.
While the number of attenuated virus carriers, the source of neu-
rovirulent viruses, would decline after the discontinuation of OPV,

al,

the number of susceptible hosts would increase and may finally
exceed the threshold for an outbreak. Therefore, successful eradi-
cation depends on which of these processes is faster. We calculated
the probability of successful global eradication, that is, the proba-
bility that the last carrier will be recovered before the population
could experience an outbreak.

It will be shown below that the mean excretion period from
an infected individual is one of the key factors that determine
whether or not eradication fails. Except for immunodeficient indi-
viduals, virus is excreted from humans for ~1-3 months after
OPV administration to a susceptible host (Alexander et al., 1997).
Excreted viruses are often virulent. For example,
{2000 showed that type 3 vaccine-derived polioviruses isolated
from an environment in Japan had high neurovirulence. These
strains were isolated from river or sewage waters ~3 months
after routine OPV administration, showing that vaccine-derived
strains could circulate in the human community. Other studies
showed silent circulation of vaccine-derived strains occurred in
the human community (Zdrazilek et al., 1982; Mivamura et al,
1992).

To avoid risks such as contact infection or vaccine-associated
paralysis (VAP), inactivated polio vaccine (IPV) has been used
in several countries (Murdin et al., 1996). The USA switched its

Yoshida et al

www.frontiersin.org

May 2012 | Volume 3 | Article 178 | 1

—457 -



Sasaki et al.

Risk of polio re-emergence

immunization strategy from OPV to IPV in 2000 (American Acad-
emy of Pediatrics Commitiee on Infectious [Diseases, 1999). As
IPV-immunized hosts can be infected by polioviruses and excrete
infectious virus, IPV is less effective than OPV in preventing infec-
tion, though numbers of excreted viruses are greatly reduced
(Fine and Carneire, 1999). Our study also investigated whether
switching to IPV after the cessation of OPV effectively reduced
outbreak risk.

The Pan American Health Organization (PAHO) reported a
poliomyelitis outbreak by a type 1 vaccine-derived strain in Haiti
and the Dominican Republic in July 2000 (Centers for Disease
Control and Prevention, 2000). In the Latin American region,
poliomyelitis caused by a wild strain was last reported in Peru
in 1991, and eradication of poliomyelitis was declared in 1994.
The recent outbreak in Haiti and the Dominican Republic could
be ascribed to the decreased rate of OPV coverage and the spread
of a neurovirulent vaccine-derived strain.

The polio eradication program plans to stop administering
OPV after disappearance of the wild strain. If vaccine-derived
strains remain when herd immunity falls below the epidemic
threshold, outbreak by these strains could occur. In this paper,
we study the probability of disease re-emergence caused by a
vaccine-derived strain using a simple mathematical model. Epi-
demiological and genetic parameters, such as transmission rate,
mean excretion period, mutation rate from attenuated to neurovir-
ulent strains, are varied around estimated values (Gelfand et al.,
1959; Benvesh-Melnick et al,, 1967; Dunn et al, 1999; Fine and
Carneiro, 1999), and dependence on the probability of eradication
detailed. In assessing the risk we assumed the following:

1. That the excretion period of vaccine-derived neurovirulent
viruses can be longer than that of the attenuated viruses used in
live immunization. Likewise, the transmission rates of vaccine-
derived strain can be greater than that of the attenuated strain.
When hosts recover from infection by either viral strain, the
degree of immunity is as effective as that raised by OPV
immunization.

2. That infection by either the vaccine-derived or attenuated
poliovirus can occur in IPV-immunized hosts. However, the
number of secondary transmissions from a previously IPV-
immunized host is smaller than that from a susceptible host,
and the mean excretion period is shorter in an IPV-immunized
host than in a susceptible host.

3. That when re-infection occurs in an individual immunized by
OPV, excretion from the re-infection is ignored because the
amount of virus excretion is negligibly small (Abrahans et al.,
1993).

4. That antigenic drift does not occur. The focus of the study is on
the risk of outbreak by a neurovirulent vaccine-derived strain
with unchanged antigenic properties.

5. That a constant fraction (e.g., 70%) of hosts is efficiently
immunized (seroconverted) before OPV is stopped, and that
the population at that time is in endemic equilibrium under
constant OPV coverage.

We first examine the risk of outbreak after OPV cessation (in
the absence of an alternate program); second, we evaluate the effect

of host heterogeneity on excretion duration; and third, we exam-
ine outbreak risk where extensive IPV immunization follows OPV
cessation.

Mathematical modeling is a powerful tool in the understanding
of epidemiological dynamics (Anderson and May, 1991). Pre-
vious models of polio eradication have considered neither the
re-infection by vaccine-derived strains of IPV-immunized hosts
nor mutation giving rise to neurovirulent strains (Eichner anc
Hadeler, 1995; Hichner and Dietz, 1996). Our model allows for the
mutation of attenuated strains to virulent strains while replicating
in the human gut (Poyry et al, 1988; Dunn et al, 1990; Abra-
ham et al, 1993; Kew ¢t al., 1998; Matsuura et al,, 2000; Shulman
et al., 2000), and also allows both strains to infect IPV-immunized
hosts. The probability for the success of global eradication is
then calculated based on the stochastic model of epidemiological
dynamics.

MATERIAL AND METHODS

We attempted to determine the risk of virulent poliovirus out-
breaks after stopping live vaccination. Time ¢ =0 represents the
point at which immunization by live-poliovirus vaccine (OPV) is
stopped. With a sufficiently high rate of immunization, the great
majority of the population at time would be OPV-immunized
hosts, which neither the attenuated (Sabin) nor virulent strain
could infect. We first examined the risk where no alternative pro-
gram followed OPV cessation. The effect of extensive administra-
tion of inactivated vaccine (IPV) following OPV discontinuation
will be discussed later.

DETERMINISTIC EPIDEMIOLOGICAL DYNAMICS

The number of carriers of attenuated virus would decline after
the end of a live vaccination program. Poliovirus is considered to
have been eradicated when the last carrier had recovered. How-
ever, while the number of carriers declines, the number of hosts
immunized by the live vaccine declines also. When the number of
susceptible hosts exceeds a certain threshold, the way is opened
for the spread of a virulent poliovirus. Thus, the risk of outbreak
critically depends on the speed at which carrier numbers, as the
source of virulent mutant virus, decrease, and the speed at which
susceptible hosts increase. Therefore, we need to keep track of
the changes over time of the following demographic variables:
the fraction of susceptible hosts (x), hosts infected with or car-
rying attenuated virus (y), virulent virus infected hosts (v), and
recovered and immune hosts (z), with x + y -+ v + z = 1. The pop-
ulation size K is kept constant over time. A virulent virus strain can
emerge through mutation in attenuated virus carriers. The proba-
bility of successful eradication, or conversely, the probability of an
outbreak by a virulent virus, can be evaluated by constructing a sto-
chastic process for the change in the number of infected hosts. To
construct the stochastic process, we first derive the corresponding
deterministic dynamics.

Deterministic dynamics before the cessation of OPV
Under the immunization of OPV to newborns the dynamics for x,
¥ v,and z are

O (Bay+ By — wx+ (L — p), (1a)

dr
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d
d—f = Baxy — (u+Ya)y — Wy + up, (1b)
d
d—: = Boxv — (u+yo)v + 1y (1c)
d
i = Yay + VvV — uz, (1d)

dr

where t denotes the time variable in units of weeks, p is the immu-
nization fraction to newborns (the fraction to be immunized times
the seroconversion rate), u denotes both the natural mortality
and the birth rate of the host where we assume that host pop-
ulation is at demographic equilibrium so that the numbers of
births and deaths are balanced, B, and f, are the transmission
rates of attenuated and virulent virus, respectively, 1/y, and 1/yy
are the mean durations of attenuated and virulent virus infection,
respectively, and p is the mutation rate from attenuated to vir-
ulent virus (Figure 1). As the numbers of births and deaths are
balanced [d(x + y 4+ v + z)/dt = 0 follows from Eq. (1)], the total
population is kept constant (K), and we can focus on the changes
in the fraction of each class. As z(t) =1 — x(#) — y(t) — v(t), we
omit Eq. 1d from the analysis. If . =0, the condition for virulent
or wild polio virus being wiped out from the population is that
the immunization fraction p is smaller than the threshold p,:

R,
p>p5=<1—ﬁl—>(l—R—>, (2)

where Ry = By/(u+vy) and R, = Ba/(1+ va) are the basic repro-
ductive ratios of virulent and attenuated viruses (see, for example,
Nowak and May, 2000). The threshold immunization fraction p,
necessary for the eradication of virulent viruses is lower than that
without circulation of attenuated viruses (p, = 1 — 1/R,). Thus
silent circulation of attenuated virus can significantly increase the
efficiency of vaccination. With non-zero mutation rate . > 0, both
the attenuated and the virulent virus can be maintained in the
population. The fractions of susceptible host X, attenuated virus
infected hosts ¥, virulent virus infected hosts ¥ (and recovered and
immune hosts Z = 1 — X — y — ) at endemic equilibrium of

u(l - p) up
susceptible attenuated-virus infected recovered and immune
Baxy Yay
X Y z
Hy
Byxv YoV
v

virulent-virus infected

FIGURE 1 | The schematic diagram of the epidemiological dynamics. 8,
and B,: the transmission rate of attenuated and virulent virus, y, and y,: the
recovery rate of attenuated and virulent virus, i: the mutation rate from
attenuated to virulent virus, u: the host birth rate (=death rate), p: the
fraction of newborns immunized by OPV. The flows by natural host mortality
are omitted.

dynamics (1) are defined as

~ u p

= N 3
= v [0 - R ) G
5 “ P d (3b)

Tty {0 RBD R} - R
where L = /(u + v,) and % being defined as a positive root of

RaR\h;63 - (Ra + Rv -+ RaRv + !J«Rv);cz

A+ + R+ A =p+DRJE -1 = p)A+ ) =0.
(3¢)

Figure 2 shows how the equilibrium numbers defined above
depend on the immunization fraction p and the mutation rate .,
together with the mean number of virulent virus infections per
week, B, X7, under immunization.

As we will see later, the success or failure of global eradica-
tion after the cessation of OPV critically depends on the equi-
librium densities of susceptible, attenuated virus infected, and
virulent virus infected hosts at the time of stopping OPV illus-
trated above. Their parameter dependences are best described if
there was no significant difference in transmission rates and recov-
ery rates between attenuated and virulent polio strains, such that
we can assume B =B, =By, and Yy =7y, =yy. This is an impor-
tant special case that is also partly supported from the data (see
later). Substituting B8, =py=p and y, =y, =y into Eqs 3a-3c
then yields the equilibrium factions under OPV immunization in
symmetric case:

&::{Ro+~1—»J(R0—vDz~%4pRo]/2Rm (4)

and

. u p

T [0- R i)

p= 2 P e (5)

- (u+v) {1 —R%) + 11} (1 — Ro%)’

where Rg=p/(u+7y) is the basic reproductive ratio of both
strains. If Ry is sufficiently large (Rg >> 1), the equilibrium
fractions are approximated as
l—p
Ro

u

“_p—...) (6)

u+yp+u

u
utyp+i’

=
&

>

=
%

<>
&

which describe well how the equilibrium densities change with the
immunization fraction p and mutation rate . = (¢ + y){i in the
right panels of Figure 2 (for B, = Bv).

Deterministic dynamics after the cessation of OPY
The epidemiological dynamics for x, y and v after stopping
OPV are

dx/dt = —Bay +Byv)x — ux + u,
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FIGURE 2 | The densities in endemic equilibrium under the
immunization fraction p. The number, KB, XV of hosts newly infected by
virulent virus in a week {top row), the equilibrium number Kx of susceptible
hosts (second row), that Ky of attenuated virus infected hosts (third row),
and that KV of virulent virus infected hosts {bottom row) are plotted as a
function of immunization fraction p for varying mutation rates . for the
emergence of virulent virus from an attenuated virus (sold: p = 0.1, dashed:
1L =0.01, dot dashed: n = 0.001). The population size K is 100 million,

B8, = 2.5 is the transmission rate of virulent virus. {A,C,E,G) The transmission
rate of attenuated virus is half of that of virulent virus: g, = 1.25. (B,D,EH) §,
is the same as B,. Other parameters are y, =y, =0.25, u=0.00025.

dy/dt = Baxy — (u+va)y — 1Ly, (7)
dv/dt = Byxv — (u+y,)v + 1y,

where ¢ is now the number of weeks after OPV is stopped
(Figure 3). We assume that the population was in endemic

0.086

0.04

0.02

(VI IR

L

200 30
Is Ic le

200 ¢

B w(f)

100 200 30 400 !
Is e te

time after stopping OPV (weeks)

FIGURE 3 | Deterministic trajectory after stopping OPV. Deterministic
trajectory of epidemiological dynamics (8) in the text. The fraction x(t) of
susceptibles (A) and the fraction w(t) of infecteds (B) are plotted as
functions of the time t = 0 since the cessation of OPV. The dotted line
indicates the threshold host density for outbreak: x, = (u -+ y)/B. The initial
fractions x, and w, at time t =0 are assumed to be in endemic equilibrium
under OPV immunization to a constant fraction, p, of newborns. The time
t = t, at which the fraction of infecteds is minimized in deterministic
trajectory is indicated, together with time t = t, and t = t, defined for the
calculation of the global eradication probability (Eq. 11). Parameters are:
p=0.7p=3.7 y=0.18, u=0.00025.

equilibrium at time ¢t =0 under a constant fraction p of new-
borns immunized by OPV. As before, if we can assume that the
transmission rates and recovery rates of attenuated and virulent
polio strains are the same: p = 8, = By and y = y, = Vv, the dynam-
ics can be described by only two variables: x (the fraction of
susceptible hosts) and w=y + v (the fraction of hosts infected
by either attenuated or virulent virus),

dx/dt = —Bxw — ux + u,
dw/dt = Bxw — (u+ y)w.

The susceptible density increases with time, while the densi-
ties of attenuated or virulent virus infected hosts decrease with
time as long as t > t,, where f, is the time at which the suscep-
tible density hits the epidemiological threshold: x(#.) = (u+v)/B
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(see Figure 3). The poliovirus infected density then starts increas-
ing again. The question we ask in the following is whether the
poliovirus goes to extinction around the time ¢ = . where its den-
sity approaches the minimum. In the following we derive the global
eradication probability of poliovirus by analyzing the stochastic
analog of dynamics (7) for B, <Py Or Ya > vy, and that of the
dynamics (8) for the special case of B, = By and v, = vyy.

PROBABILITY OF SUCCESSFUL ERADICATION

We then examine the probability of poliovirus eventually being
Jost from a population without causing an outbreak. To calcu-
late extinction probabilities, we consider discrete time dynamics
corresponding to (8) with weeks as time units. We assume that
the number of secondary infections from a virulent virus infected
host per week follows the Poisson distribution with mean pKx(t),
where K is the total population size and x() is the fraction of sus-
ceptible hosts defined as the solution to (8). The probability that
the progeny of a virulent virus strain found in an infected host at
time t eventually goes to extinction by chance before causing an
outbreak is defined as q(t). We also define 1 — g(t) as the mar-
ginal risk of outbreak at time ¢, which is the probability that an
infected host present at time ¢ harbors the viruses whose progeny
will cause outbreaks in the future. If B, = By =B and y, = vy v, the
extinction probability g(#) then satisfies the recursive equation

q(t) = [(1 = 8)q(t + 1) + 8] exp [-BKx(t)(1 — q(t +1))], (9)

where 8 = u+ vy (see Appendix for the derivation). The extinction
probability g(¢) for arbitrary time t can be determined by solving
(9), with x(¢) obtained from (5) and (8). The boundary condition
for the recursion (9) is chosen at the time at which the fraction
x of susceptibles first approaches a local maximum x, at t =t
(such x, and #, exist because susceptible hosts as unvaccinated
newborns should first be boosted after stopping live vaccination
until x exceeds the epidemic threshold x. — see Figure 3):
ge = [(1 — 9)ge + 8] exp [-BKxe(1 — qo)] (10)
where g = q(t,) is the extinction probability at ¢ = t,. In deriving
(10), we used the approximation () g(t.+ 1), as the change
in x(t) is negligibly small around its maximum x,.

The probability of eventual eradication can then be calculated
as follows. We choose a reference time point ¢ = f; before the deter-
ministic trajectory for w reaches its minimum (see Figure 3), at
which the number of infected hosts Kw; = Kw(#;) was large enough
so that eradication before that time point could be ignored, but
small enough so that competition between different viral lines
could be ignored. According to extensive Monte Carlo simulations
we found that the stochastic loss of the infecteds may occur only
after their expected number falls below 100 or less. Noting this and
the fact that the competition between viral strains can be ignored
when Kw,/K < <1, we chose Kw; = 100. The probability of eventual
extinction is then

Kwg
>

Pexe = q(%5) (11)

ie., poliovirus eventually goes to extinction without causing out-
breaks if and only if all progenies of the viruses present at t =t;

go to extinction. Note that if the total population is subdivided
into mutually isolated communities (e.g., 100 cities each with
one million population), then the probability that none of the
cities experiences the outbreak is given by (11) with K =100x
one million.

We conducted extensive Monte Carlo simulations of the fully
stochastic process to check the accuracy of formula (11). For the
Monte Carlo simulations, week by week changes in numbers of
susceptibles, attenuated virus infecteds, and virulent virus infect-
eds in population of size K were followed. The changes between
weeks caused by infection, recovery, mutation, and host mortal-
ity were generated by binomial pseudo-random numbers with
the rates given by the dynamics (7). As shown below, the for-
mula (11) for the probability of eventual eradication agreed quite
well with that observed in the Monte Carlo simulations for 1000
independent runs.

EPIDEMIOLOGICAL PARAMETERS

The probability of global eradication depends on epidemiological,
host demographic, and genetic parameters. Thus, estimates of the
recovery rate vy, the transmission rate f§, and the mutation rate
are critical. All parameters used in the model were scaled in units
of weeks.

Recovery rate y, or the reciprocal of the mean excretion period.
The mean excretion duration after challenge with 6 logs of Sabin
type 1 virus has been estimated to be 20.4 days for hosts not
previously immunized, 12.3 days for previously IPV-immunized
hosts, and 4.6 days for previously OPV-immunized hosts (Fine
and Carneiro, 1999). Thus, the mean infectious period of a type
1 primary infection is about 3 weeks. While type 2 poliovirus
showed a similar excretion period to type 1, type 3 has a sig-
nificantly longer excretion period (Vaccine Administration Sub-
committee. The Japan Live Poliovaccine Research Commission,
1966). Mean excretion periods are estimated as 20.5, 20.6, and
38.6 days for types 1, 2, and 3, respectively, for TOPV (trivalent
oral polio vaccination; Gelfand et al., 1959). Regarding the risk of
re-emergence, type 3 poliovirus would be the most likely agent to
persist and circulate longest after stopping OPV, and hence cause
outbreaks. Therefore we adopted the excretion period for type
3 in assessing outbreak risk. Thus, we varied the recovery rate
around y, = 0.18/week, corresponding to 5.5 weeks as the mean
excretion period. We assume that the recovery rates are similar
between attenuated (y,) and virulent (yy) polio infections, and
set as yy = 0.18. Indeed, durations of excretion of attenuated type
1 polioviruses showed no significant difference from that of wild
polioviruses (compare Figures 2 and 3 of Alexander et al., 1997).
A constant recovery rate assumed here implies that the infectious
period has the long tail in an exponential distribution. The effect
of tail in the infectious period will be examined later.

Transmission rate 8, or the mean number of secondary infections.

While the probability of within-family infection was estimated to
be 0.5 per case (Benyesh-Melnick et al.. 1967), we also needed
to evaluate the mean transmission rate to other members of the
community. The mean transmission rate was estimated from the
basic reproductive rate: Rg =p/{u+vy)~p/y. The basic repro-
ductive ratio of wild polioviruses in England and Wales during
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