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ABSTRACT 

, 
'A computer model 

the measles elimina tion program in the Uni ted Sta,tes on the 

number of su..sceptibles in the population.' The simulation~ ;­

revealed tha·t in the prevaccine era approximately 10.6% of U 
the population was susceptibl~iI\ to mea'sles,. most of whom were, 

- 1 
children less than ten years 9f age. ,With the institution 

, of measles immuni za tion, the ~r,.,.opo-r t ion of su!:?cept ibles; in 

the popul-ation fell to 3.1% in 1978 through 1981, but then 

~e9an to rise by approximately 0.1% per year to reach about 
o 1 

10.9% in the year ,050. The susceptibles at othis time were 
!., 

dis'~.r;ibuted, evenly throughout ail ~age~ groups. Despite short 
~ 

. term success in el imina t ing measles . in the United States, 
J • 

" 

long range projectons demonstrate" that the proportion of 

sl1.Sceptibles in fhe year .2050 may. be gre·ater than in the 

prevaccine era. Vaècine~technology and pUblic health policy 

must be altered to deal wi th this eventuali ty. \ 

." 

future, measles, immunizatïon, co~puter model. 
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Au moyen d'un modèle de simulation,. cette étude 

examine les effe~s du programme d'éradica~ion de l~ rougeole 
. . 

aux Etats-Unis en considérant dans la population générale le 

nomb~ de personnes susceptibles de la contacter • 
• 

, \ 
Ce mode1e 

révèle qu'environ 10.6% ,de la population était susceptfble 

de développer la rougeole avant l'introduction de la . 
vaccination contr~ la rougéole. Cette proportion est tombé'e 

à 3.1% 1978 et est demeurée stable 
, 

nive~u jusqu'en en a ce 

1981, date depuis laquelle un accroissement ànnuel· de 0.1% 

est prédit. Cet accroissement laisse entrevoir une 

'proportion d'environ 10.9% de personnes suscepéibles à la 

rougeole d'ici l'an 2050. 

Le modèle utilisé suggèrè que les candidats potential 
.. 

à la rougeole à cette date seront distribués à travers tous 

les groupes d'âge. 

En dépit d'un succès apparent à court terme dans 

l'éradication de la rlugeole, la proportion Ae ~personnes 
~I 

,vulnérables en l'an 2050 pourrait être su~érieure . à cei1e 
~ 

exrs~ant avant l'introduction du vaccin contr~ la rougeole. 
';:J 

Les politi~ues de santé publique ainsi que la technologie de 

vacci'nation dev:r:aient être modifiées afin de tenir compte de 

cette possibilité. 
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ÎNTRODUCTION 

1 ,-
v, 

'Measles (rlktSeola) has been close to the centre of the 

public health stage in the western world for the pas,t twenty , . 
years. What was previously an ubiquitous childhood qisease 

with significant mortality and morbidity is currently facing 

elimination in some countr ies, most notably the United 

States of Amer ica. The development of a safe and 

1 

! 
1. 
1 

\ 
l 

\ 
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j 
, 

1 
an.d J death.. i 
~"'~/--~----- -,--

efficacious vaccine has. prevented much disease 
. , 

-~!l'be World Health Organization to global : 

va.ccination of children against measles (1), and the United 

States government has set October lst 1982 as its target 

date for the e1i'mination 'Of indigenous measles (2). 

Li tt,le is known about the effect of an in tensivef' 
, 

. measles elimination program on the overall immune status of 

the population. The introduction of artificial inununity uo 

measles by vaccine may alter the na tural equilibr ium between 

those 'susceptible and those immune (3,4). The purpose' of 

this project is. to define the relative proportion of' the 

United States population that was immune and susceptible to 

tneasles in the prevaccine era and to descr ibe the effects of 

an intensive vaccination program on this. balance. This Ls 

accompl ished by a computer model us ing modelling theory and 
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Uni.ted States ,demographic data. 
'- ' 

Beth the measles and 

measles modelling literature is reviewed. Finally, b~sed on 

the findings, 

. -made. 
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CBAPTER ONE 

MEASLES IN THE PREVACCINE ERA 

1.1 - CLINICAL DESCRIPTION (5) 

Measles is a highly contagious childhood illness tHat 
, ' 

ia worldwide in distribution. Its cause is a stable RNA 

virus from the paramyxovirus group.' The manifestations of 

the disease are charaeteristic. With the primary viremia 

shortly after exposure, a short and mild illness May oceur 

with a faint rash. Ten to" twelve days after initial 

exposure the classieal prodromal symptoms appear - fever, 

cough, cory'za, keratoconjunctivitis, and occasional 

widespread lymphadenopathy and splenomegaly. lAt this time, 

KOplik's spots, the enanthema of measles, 

buccal mucosa. After three to ~ive days 

appear pn .the 

of prodromal 

, 

symptoms, approximately fou'r teen days after ini t ial, 

exposure, the macul~papular rash of ~easles appears around 

the hairlinê. Over the subsequent three days it spreads ta ~ 

involve the_face, neck, 

-------
trunk and extremities. Thereafter,· 

the rash begins to fade and the fever fallsi Most c~ildren 

recover complete.ly. 
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The majority of side effects of typical measles 
., 

involve the" respiratory and/or central nervous systems. 

Tracheobronchitis and laryngitis commonly accompany the 

disease, as does a usually asymptomatic radiographic--

evidence ~f viral pneumonia in 20-60% of aIl cases • 
. 

Secondary bacterial pneumonia, perhaps partially due 'to 

suppressive effects df viral infection on pulmonary 

antibacterial activity, is the leading cause of death. As 

well, giant cell pneumonia (Hecht's'pneumonia) may be seen 

in immunocompromised hosts and is invar iably f&,tal. 

Bacterial otitis media oceurs in ten percent of children 

with typicat me~sles. • , 
The effects on the central nervous system are pe-rhaps 

the most dramatie and feared. Acutt! symptoma t ic 

ene~phalitis oécurs in 0.1% to 0.2% of cases. Fifty percent 

of the patients fu11y recover, 30-50% are'left with mild to' 

severe neurologie seque1ae, ~nd 5-10% of affected patients 

die. There 

~neephalitis 

which occurs 

infection. 

also exists a very rare, 1ate onset fatal 

- subaeute sclerosing panencephalitis _i~SPE) 

four to seventeen years after initial 

Keratitis and conjunctivitis are classic features of 

the prodromal and early rash phase of the disease. Other 

less common outcomes are transient'platelet count ~epression 

, 1 
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}>I 

that can infrequently evolve to thrombocytopenic purpura and 

a myocarditis and/or pericarditis that rarely induces' 

clinical symptoms. 

The sever i ty of the disease depe~ds upon t:he 

underlying health of the hosto .In ~eveloped .cou~tries the 

mortality rate is generally .01% to .02%. However, in the . 
third world measles has always been and continues ~to be an . 
important cause of childhood mortality. 'Mortality rates of 

10% - 15% are commoni in Zambia measles is the cause of 18% 

of aJ.l mor tali ty under the age" of fi ve, and in the Cameroon i 

measJ.es accounted for 25% of aIl child hospitalizations and 

onè-half of aIl hospitalized infant deaths in 1975 (6). 

. . . 
. 

Man and monkey are the only natu!al hosts of measles, 
, 

but humans ar'e the only natural reservoir. for the virus (7). 

~The dis~ase is spread to susceptibli individuals through 

direct· contact with infected droplets or contaminated 

f9mites. The upper respiratory tract and conjunctiva are 
,) 

probably the most important e~try sites, and the period df 

communicability begins during the prodromal phase and lasts' 

until four or five days after onset of the rash. Measles is 

extremely contagious and has an attack rate .greater.than 90% 
"-

in . susceptible hosts. Recovery confers s~lid, lifelong 
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\ 

immunity reinfections are' almost r unknown. A long term 

infectious carrier state does not existe 

1.2 - PREVACCINE ~PIDEMIOLOGY 

Persan 

In the prevaccine era in the United States MOst 

chi1dren were infected with measles by the age of ten. 

Between 1960 and 1964 in four reporting areas of the United 

States, 90% of measles cases occured in chi14ren less than , 

ten years old, and only 3.4% in persons 15 years of age and . 
over (Table \ 1.1) (8)11. Sorne studies indicate that 95% of 

Americans were infected by age fifteen (9), and 99% 'of , . .. 
military recruits were shawn to be immune by serologie 

survey (10). Infants less than six mOQths of 0 age are 

protected from disease because of passive transfer of, 

maternaI antibodies. 

Between 1950 and 1959 an average of over 500,000 cases 

and almost 500 deaths 9ue ta measles were reported annually. 

Measles reporting in ~he prevaccine era, however, probably 

accounted for only about 10% of the cases. ) Sueh 

unoerreporting is supported for two reasons. 
" 

First, sinee 

" 
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yir,tually all ch ildren were infected, the real inF idence 

rate should have been a crude reflection of the birth rate. 

Second, since deaths due to rneasles tended to be rep~rted, a 

~nown case fatality~ratio of 1 per thousand with five 

hundred annual deaths shou~d Mean the occurrence of about 

five ~illion cases of rneasles per year (11). 

From the years 1960-63, the case fatality rate for 

'measles was between 0.85 and 1.02 per th ou sand reported 

cases, representing 1.93 to 2.37 deaths per mi.l"lion 

population (8). In 1963, of 364 deaths due to measles, 30 

were attributed to measles encephalitis. Overall in that 

year there were 239 reported cases of measles encephalitis 

resulting in a death-to-case ratio for encephalitis o~ 

12.6% •. 

The exact age-specifie incidence of measles is 

difficult to determ~ne. As seen in Table - 1.1, in four 

reporting areas from 1960-64 Most cases were in the 5-9 year 

age group. However, measles i5 traditionally reported by 

five-year age group.ings and this te'nd~ to obscu~e the attack 

rate for A given one-year age group. Based on evidenèe from 

a househo~d survey in Atlanta in\ 1961 conducted by 'the , 
Epidemie Intelligence Service that reported measles cases by 

e~act age, it appears ~hat_the peak of age of incidence of 
\, 
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measles in the prevaccin~ era was about three to four 

(Figure 1.1) (12,13,+4).' ,These.data are in agreement with 
-

other American surveys (13). 

In the prevacc~ne era the increasing population, 
, 

birthrate, and urbanization seerned to affect the age 

distribution of "meas1es infection (15). This'phenornenon is 

demo~strated by the ldrastic reduction in incidence of 

meas1es in UnLted States mi1itary recruits from Wor1d War 1 

to Wor1d War II to the 1950' s .(16), and by the decreasing 
, 

mean age of attack in Great Britain between 1956 and 

1969 (15). 
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TABLE 1.1 

DISTRIBUTION AND MEAN ANNUAL INCIDENCE OF MEASLES 
CASES BY AGE GROUP, 4 REPORTING AREAS*, 1960-1964 (8) 

. AGE GROUP 
YEARS 

< 5 . 

5 - 9 

10 - 14 

15 + -

% TOTAL CASES 

d 37.2 

52.8 

6.5 

3.4 

CASES/100,OQO 

766.0 

1,236.9 

169:1 

10.1 

* New York City, District of Co1umbi~, Illinois, and Massachusetts 

\ 

From: Centers for Disease Control. 'Measles Surveillance' 
Report No. Il, 1977-1981. 
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FIGURE 1.1 

AGE,SPEClFIC MEASLES 'INCIDENCE EPIDEMIC 
INTELLIGENCE SERVICES SURVEY. ATLANTA, 1961 (13) 

" 

Cases, 

2 4 6 8 10 12 14 
Age, Years 

go 1 

./ 

Adapted· from: Paula CL, Bean JA, Burmeister LF, 
Isacson P. postvaccine era meas1es ep~derniology. 
JAMA 1979;241:1474-1476. 
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Place 

Measles is a truly univers~l disea~e, being endemic on 

aIl continents (17). Local incidence- is determined by birth 

rate, degree of urb~nization, the number of susceptibles in 

~he population, endemicity, and probability of introduction 

from other areas. It is likely that other less weIl defined 
1 

factors are also important. 

Badeout, the absenèe of cases for a period of time 
o 

longer than the generation time of the disease is a-good 

indication of the endemici ty of m,~asJ.es. Four weeks is ~ 

usually used as the fadeout time for measles. If no 'cases 

have been reported in a given area in four weeks, the chain 

of transmission is presumed brdken. Further cases imply 

introduction of the virus ta that geographic area. 

In the prevaccine period of 1956-1958, ef 51 reporting 

areas is the United States, a maxirnùm of six areas had a 

fadeout in any year, and 21-23 areas reported measles every 

week in each of the three years (11) • Thus', prior to the 

r' 
measles endemic throughout most of the vaCCIne era, ,was 

Unit~d States. 

o • , 

i ' 
i 
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, Time 
o 

l' 
The incidence of meas1es varies in two distinct 

cycles; inter-anhual and intra-annual (seasona1). 

The first type of periodicity is on an inter-annual 
~ 

basis. . In large cities in the prevaccine era it was ~ 

common observation othat meas1es epidemics occurred every two 
o 

years. As the community size decreased the inter-epidemic 

period 1engthened. This was due to the decreased time a 

1arger city needed to bui1d up enough susceptibles in the 

population to exceed the thresho1d to trigger an epidemic. 
'f'l 

~tiese observations were the basis for the de~e1opment of 

mathem~tieal rndde1s 

populations and will 

describing meas1es behaviou7 
be discussed in greater det~i1 

" 

in 

in 

Chapter 'l'hree. 

, The other periodic aspects of meas1es is seasona1ity. 

The ~eak incidenc'e was between March and May with the lowest 

incigence fro~ August to December (Figure 1.2). Data fl:om 

Baltimore in 1928-1961 (18) show that on~y l% of annua1 
, 

cases occurred in the months of low incidence, and this was 

unchanged in epidemic and non-epidemic years. The reasons 

for seasona1ity have never been c1ear, but Finè and C1arkson 

recent1y presented data whiéh suggest that the beginning and 

epding of school terms were the most important factors (19). 

/ 
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The seasonal variation ~ay also have had important 
o 

effects on'inter-anrtual epidemic intervals by indep~ndently 

crea~ing conditions that could incite ah epidemic in peak 

incidence months that might not have otherwise occurred, and 

by postponing an epidemic in low incidence months that' could 

have occurred given a large enough number of susceptibles in 

~~h~ PoPu17tion. Thus, seasonality is what Yorke et al call 
-\1-)0 ".., 

.Il ~~-/ -_ /' 

thë'-' nèéessary "shove" to keep. the epidemic pendulum 

-swinging (18). 
\ 
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FIGURE 1.2 
, --. "-

SCHEMATIC DIAGRAM OF THE SEASONALITY 
OF MEASLES IN AN URBAN CENTER (lB) \ 

c • 

epidanic year 

Cases 

NO J FM A lA J JAS 0 ND J FM AM J J A 

Adapted from: Yorke JA, Nathanson !1, Pianigiani G, 

Nartin J. Seasonali ty and the requirements for per­

petuation and eradication of viruses in populations. 

Am J Epidemio1 1979;109:103-123. 
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In summary, measles has a narrow clinical spectrum, is 

limited to humans with no known carrier "state or third party 

transmission, induces lifetime immunity and has a stable 
" antigenic structure. In the prevaccine era it caused much 

~ 

morq,J-dity and mortality "i~ the United States. The disease 

infected almost everyone in childhood and left virtually ail 

adults immune for life. 

The next chapter will descr ibe 

epidemiology of measles in ~ge vaccine era. 
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CHAPTER 2 
, 4 

(il> • 

, " MEASLES IN THE, VACCIN~ ERA " 
/ 

. ' 

2.1 THE VACCINE 

.In 1963 two meas1es vaccines were licensed in th~ 
; 

United States - ,-
a live vi.rus .yaccin~ , the Edmonston B 

> 

strain, , and a killed ( forma1il'l 
, 

inactivated) vaccine. In . 
~ 

. 1965 a further '\cattenuated vaccine (Sc~war.z strain) was 

li.censed and in 1968 the Enders l 'li~e yit:u~ (Moraten), an 

~ven. more attenuated strain was marketed. This i5 the 

vacci'ne that is éurr.entlyO used alone, or in combinàtion wi th 
, ' 

the mumps and rubella vaccines.' 
d, 

At the tim~ of ~he initial licensure it became evident 

that the febrile repctions caused by the ,live Edmonston B . , 

type" virus were,too frequent and sevére, and conseq~ent1y 

niany physicians administered the vaccine with a simu1taneous 

inJection of ~amma globu1in(20). Others used ki11ed 'vaccine 
, , 

or a ki1led-live'virus cOmbinatiQn. By 1967 it was apparent 
~ 

, , 

that the ümmunogenicity~of the inactivated virus was less 

A~~we11, atypica1 measles, most often ,a 
'Il • 
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c 

the*killed vacci~e (but 
CI 

oCèasi~~ally the live vaccine. (21» became recognized as a 
~ '(' , 

clinical ent i ty. • vaccine' ~ was subsequen tly, 
.' 

The okirled 
, _ 0 

'removed from >sale, after about 1.8 m~ll~on doses had been . 

distributeL(4) • 
, . 

, Despite further attenuated vaccines, phy~iclans still-

sporadica11y gave, immune 91obu~in with the vacciner ·perhaps· 
-

resultin9 in less protect ion {22}. Furthermore,o i t wa's only 

after a' few years that tJ::te practice of routinely vacc inating. 

'ch ildren as young as six or nine months was termimlted 
1 

because of h igh vacc ine' f~i~ure ra tes, préS!umably due to·· 

pe.rsisting, passive ~ ~ern~l immuni ty. 

Because df the problem of passiye ~atèrnal immunity '. 
, 

pxeventing s"éroconvers ion, the American ,Academy 

Pediat-r ics in 1976 changed its policy fram:a twe~ve mon th to 
• 

a fifteen month vaccinat:ion age~ It also stipulated that 

a~l children having . receivea vaccine at less- than one year 
t , -

of ag.e be r~vaccinated. , Th'ere i8 " still r controversy 

regarding possible - vaccine failu;r:e in the age group 12-15 
4 • 

months (2J-38)., A recent rev iew recommends "the f ifteen 

mon th vaccination age wi tho.ut routinely recalling those 
1. 

immunized ' between twe~ve and . fifteen months 

revaccination (8) • 

{ 

,J 

1· 

l 

.... 



.. 

., 

Page, 19 

D 
On the whol~, measles vaccine is extremely safe. The 

-most common reaction, a febrile v iral-like illness one we.ek 

"after . vaccination" is typically , mild and without 
;<> c\ 

'8 consequence. 'l'he only serious side effect, post vaccine 

" 

ô 

enc,ephali tis, occurs at a ratè of one case per million doses 
1 

. of vaccine (39). There is also a very small risk of 
# 

subacute scler~sing pa~encephali-tls following the measles 

vacG~ne (0~5-l.1 cases~illion doses of vaccine), but 

this is less than the 5 ta 10 ca'ses per million resulting 
u 

fronj infecti'on wi th natura,l measles (40,41). 

, .-
00+;'- -

How good i5 the'protection of the 

thase peçple vàccinated? va~'c~i~e f\ilure 
--' 

measles vacc ine to 

can come abou t in 

t~o. w~ys. Primaiy failure .. describes ,the lack of initial 

seroconvérsiq"n , of 
g • , 

, . 
the subject' after . yaccination, while 

secondary failure is the lost immuni.ty' ïn those subjects 'who 
. . 

"had ,previaus1y serdconverted (8). 

Seroconvèrsion,· most commbnly 'measured by . the 

hema~~lut i~at1an-i,nh\b'Î tion (HI), antibody, technique, occurs 

in ~ 95% ta 97% of.' vacc~ee5 aver twelve months of age 
" 

(42,43) .", This s~oconversion rate .is typical of field trial 

conditions; in clioical p'ractice it has be~n sho\4n ta be 

sl.ightly less than 95% (32). Poss ible reasons for th-is 

. ., 
" . " 

,< • 

. ' 

" 

1
"-,-

" . 
" 

'1 , 
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lover value include immunization of children less than one 

! 

year of age, ~mproper vaccination tec!'lniqu~, poor "accine '! 
/ 

storage, and/or varying quality of'vaccine (44). -,Prim~ry 

v,accine fàilure is estimated to occur in 3% to 8% of 

vaccinees (45) ~ 

Sec0!:ldary vaccine failure, , or waning immuni ty, 

occurred most commonly as a complication of 'the ~illed 

measles vaccine.' Because of the limi ted number of doses 

distributed before removal from ,the market the killed 

vaccine 'will not be discussed fur;her •. Little data is 

available to describe waning immunity after seroconversio~ 
. . 

wi th the currently used live virus. This will be discussed ' 
.. 

later in this chapter. 

Vaccine efficacy, a measure of the protection afforded 
\~-

by the vaccine is defined by the percent rèduction i~ attack 

ratè of the' vaccinated subjects versus unvaccina ted 

subjects: 

Vaccine Eff icacy (VE) =. 

\ttack Rate, ~in Unvaccinated Attack Rate in Vaçcinated 
, Attàck Rate in Unvaccinated 

\ 

, . 

\ , 

. , 
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Vaccine efficacy is difficult ta quantify. As seen from tbe 

equation the underlying,vaccination level of the population 

mus·t be known, a-nd the vacc inated and unvaccina ted groups , ' 

must have ~ e equal exposure to disease (44,46-48). 

Nevertheless, studies of two outbreaks (33,49) suggest tha-t 
" 

in community settings vaccine efficacy is at least 90% and 

perhaps aa high .~~ 97%. 
\ 

This latter figure was derived by 
\ 

determining the vaccine efficacy from secondary attack ,rates 

in households. 

2.2 - TH~ VACCINE- ERA EPIDEMIOLOGY OF MEASL~S 

. AltHough 6:f=>pro,ximatèly 13 million doses of measles 
" 
vaccine were . ~iitribut~d between 1963 and 1965, irregular 

... . 
vaccination practices made the impact difficu1t t'o measure. 

A systematic measles vaccination program began in the United 

States ïn 1966 with the passage of the Vaccine Assistance 

·Act that permitted federal assistance to state prograrns for 

purchase of vaccine, and with the Centers for Disease 
~ 

Control ~ational9 campaign to elirninate measles. This 

campaign e)D~hasi~ed cornrnunity ~mrnunization programs, and 

included iÂtensified surveillance of the disease, control of 
~ 

1t 
outbreaks, and the establishment of continuing immunization 

. / 

< i 
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programs for those children who were either one year of age 

or entering school. Fu~thermore, the Childhood Immunization 
€l 

Ini.tiative was begun in 1977 by the Centers for Disease 

Control. One of its goals was to ensure that at least 90% 

~f United States children received the necessary c~ildhood 

, vaccines. 

In 1978, the Secretary of the Department of Health, 

,Education, and Welfare, Joseph A. Califano Jr., encouraged 

by measles elimination progress announced that the United 

States was seeking to eliminate indigenous measles by 

October l, 1982. This goal was to be achieved by a four 

point strategie program (9):~ 

1) Achieve and maintain high levels of immunity - the aim 

was 'to ha~e 90% of the nation'~ school children 

immunized by 1979; 
, 

2) Know where the' susceptibles are - this included a one 

time assessment of s~sceptibility through'the sch00l 

ye~rs and the immunization of susceptibles1 
" ,.,j' 

~now where disease is - surveillanëe methods were 

improved, and 

4) Prompt response to the occurrence of disease - the 

,clinical criteria of fever of 38.3°C or greater, a rash 

of three or more days duration, and a cough, coryza or 

.. 

1 

, 
i 
~ 
1 
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,conjunctivitis were used, which were .-'l9-ter ta. be 

confirmed by 1aboratory data. Control measures 

inc1uded school exclusion, search for susceptibles, and 

immediate vaccination. 

! 
This program was complimented b'y the enforcement of 

existing and the creation of new state legis1ation in all 

( fifty states and the Distr ict of Columbia. Such legislation 

required children to furnish evidence of vaccination. before 
f 

entry to the school system. A 1978 review of immunization 

records of three million children revealed that 93% had been 

immunized against measles (11). 

The effects of the immunization program have been 

dramatic, and are now described. 

Person. 

From the over 500,000' repdrted a,nnual .average of cases 

in the' Uni ted States between 1950 and 1959 (315.2 

cas~s/100, 000), the case number has been reduced to on1y 895 

cases (0.4 cases/100,OOO) in the first -twenty-six weeks of 

1982 (50). Mortali ty from measles has - dropped from 2.2 per 

million in 1962 ta' on1y 2 deaths in the entire country in 

19.81 (8). 
1 
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There has also been a decline in the· measle.s ,.., 
death-to-case ratio,. In the period 1960-1972 the rnean 

death-to-case ratio was 1.13 deaths per thousand cases and 

dec1ined to 0.30 in 1976-1978 (8). The rneasles 

encephaIitis-to-measles case ratio was 0.62 per thousand in 

1963" and declined by 1979 to 0.22 per thousa'nd (8). The 

---most probable rea-son for these changes was the increased 

reporting of meas1es cases relative to the r,reporting of 
, . 

rneasles encepha1itis and measles deaths (8). 

Pneumonia and eneephalitis s~ill. account for rnost of 

the meas1es deaths, wi th undeF1ying chroni"c disease an 

important associated factor (51-53). 

Wi th the progression of the irnrnuniza tion 'program the 

age -specifie incidence of .disease has changed 'markedly. 

Whereas in the pr'evaccine era greater than 50_J __ ~f cases, were 

in chi1dren aged 5-9 ,( see Chapter Two), in 1980, the 

greatest caseload was in the 10-14 year old age group 

accOl:mting for 28.4% of the cases (54). As can be se en from 

Table 2.l (8) and Figure 2.1 (55), the age distribution has 

shifted to aIder age groups, although all age - specifie 

incidences have fa1len substantial1y. 

The anly deviation from this chang ing _ case 

distribution is the evo1ution of a peak of casés at less' 

"" than fifteen months of age. For the year 1979, in 14 
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project areas which reported by individual age groups, only 

three cases were in chilùren less ,tha,n six months of ag:e, 
(. 

and the number of cases increased wi th _ each month of age to 
, 

peak at tweive months. Only at fifteen, months of age did 

the cases begin to decrease substantially (Figure 2.2) (55). 
• 1 1 

This observation c?1n be related to the attenuation of 

maternaI immu'nity beginning at six months of age and a 

vaccination policy which recommends vaoc-ination at 15 . ' 

months, Ieaving children susceptibl~ between the se ages. It 

can aiso ~xplain the small rise in the relqtive percent ,ot' 

cases in the less .than five year age group from 14.1% in 

~ ..... 1977 to 20.5% in 1980 '(54) • 
) 
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TABLE 2.1 

DISTRIBUTION AND MEAN ANNt:JAL INCIDENCE OF MEASLES CASES 
BY AGE GROUP, 4 REPORTING ARBAS·, 1960-1980 (8) 

. 
1960-1964 1976-1980 

Percent 
AGE GR:lJP % of total Cases/ % of total cases/ dec1ine in 

YEARS cases 10O,OOOt cases 100,000 Incidence 

< 5 37.2 766.0 25.0 40.7 94.7 

5 - 9' 52.8 1,236.9 -29.0' 44.5 96.4 

10 - 14 6.5 169.1 23.8 .t--- 33.6 80.1 

ls+ 3.4 10.0 22.2 3.2 ,68,.0 

* New York City, Pi~trid: of Co1\.1ri:)ia, Illinois, and Massachusetts 

, -t-Yea1;'1yaverage for each- interval 

... 
.Aëlapted fran: canters for Disease Control. Meas1es Sutvelllance 
Rep:Jrt No. 11, 1977-1981. ' 
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FIGURE 2.1. " 

MEASLES CASES IN 14 PROJECT AREAS,' BY AGE (YEARS'); 
JANUARY THROUGH OCTOBER 1979 (55) ,'. 

" 
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From! Centers for Disease Control. Age 'Characteristics 
·of Measles Cases - United States. Morbid Mortal Wee~~y 
Rep 1980;29:526-528. 
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FIGyRE 2.2 '. 

MEASLES CASES IN 14 PROJECT AREAS IN 
CHILDREN ONDER 2 YEARS OLO, BY AGE, (.MONTHS) , 
. oJANUARY THROUGH OCTOBER 1979 (55) 
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From: Centers for Disease Control. 
of Meas1es Cases - United States,. 
~ep 1980;29:526-528: 

Age CharacteristiC'S 
Morbid Morta1 Week1y 
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Place 

Fadeout was present in 44 out of 51 reporting areas in 

1981, as compared to a maximum of six out of 51 reporting' 

areas in 1956-1958. In the first 26 weeks of 1982 a total 

of 47 areas had reported fadeout (11,50). Highest measles 

incidence in 1981 occurred in California (2.27/100,000), 

gansas (1.51/100,000), Ndw York (0.78/100,000), Washington 

(0.59/100,000) and Michigan (0.4~/100,00G). 

states reported no measles cases at al1 (50). 

Time -.---

In 1981, 23 

The two year epidemic cycle of meas1es was eliminated , 
wi thin' just a few years after 1i,.censure of the measles 

vaccine. This effect was directly attributaèle to the larg~ 

reduction of new su/scep~ibles enter ing the population pool. 
l 'ô 

/ ' 
The seasona1ity of meas1es has persisted but on1y in a 

very residua1 forme In the spring of 1982 the peak was 

almost non-discernib1e. 
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The benefits to society r of the immunization program 

have greatly outweighed i ts cost. In 1975 Witte and 
1 • 

Axnick (56) summarized the hea1th ,benefits and resource 

savings due to measles immunizations in the United States 
'\ 

fur the years 1963-1972. This was updat·ed by the Centers 

for Disease Control in 1982 as fo11ows (8): 

, 

Cases aver ted 
Lives saved 

• Cases of retarda tion averted 
Addî tional years of normal and 
productive life by preventing 
prema ture death and retardation 
School days saved 
Physician visits saved 

• Hospi ta1 days saved 
• Net benef i ts ach ieved 

48,420,000 
4,840 

16,100 

1,439,000' 
159,309,000 

24,880,000 
2,762,000 

4,448,000,000 

The achievements of the vaccine program have been 

immense, and for aIl inten ts and pu'rposes, a t th i s '#fr i t ing, 

endemic rneasles has aIl but disappeared from Amer ican 

society. One must now turn to the future an{d potentia'l 

problems that May be generated as a consequ7E.ce of the 

vaccine era. 

" , 
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2.3 - PROaLEMS IN THE VACCINE ERA 

l, 

'. 

,Although t,'he gains from . the l?re'sent measles program 

have been remarkable, 

potential problems that 

. areas are considered 

it ia impOrtant l ' to consider the' 

the p:r!a-$'may generate. Two major" 

t~O ,creatio~ of new susc~ptible 
. population subg'r oups, .. and the 

1 

prob1em df waning immuni ty •. 
1 

"1 

1 
'1-,1 

_1 

New Susce]2t iblè PO]2ulation SubgtaUEs '. 

-, " , 

-This problem arises from the fact that a vaccine 
. 

efficacy of 
. . 

a vaccine rate of 95% abbut 95% combined with 
, " 

leaves an effective v~ccine coverage of children entering 
1 

school of about 90% (.9~ x .95). Prior to the vaccine era, ... 
1 

. -J, 
vi-rtua·lly aIl people s~sceptible lo ·measles were bet~een the 

\~ges of six montbs'and fiftee~ years" with only 1% or less 
, L . 
remaining susceptible at the age of· twenty .. Wj.th artificial .. 
immuni'ty given to 90% of ehese susceptible children, the 

" . 
number of people -in the population susceptible to'meas1es 

should~fall and fadeout sbould result. After the occurrence 

of fadeout, those remaining susceptibl~ to mea~les would". 

remain disease fre~ 

reintroduced in~o the 

. ; 

as long as 
...." 

populat'ion. 

the virus was not 

They would thus be 

• 

d 
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protected by the overall high level of. immuni.ty in the 

. population - herd immunity. However, the persistence Qf 
1 

fadeout due, to th~ herd immunity effect of v~ccination could 

theoretically lead to a situation where susceptibility to 

measles migHt persl:st _or be created in. previously uns~n age , 

groups. ~hese new.population subgroups wpuld be i) adult . , ' 

men and' women, tén ~rcent of whom May be left suscept'i.ble 
• 

in the long run because bf the e,ffective-vaccine coverage of 
, 

only 90'~ ii) childrèn ~etween the ~qes of 'six,to' fifteen 

months, al~ çf whom wquld become sU$ceptibl~ to measles 

~ior to immunization at f~fteen months o~ age: iii) aIl 
, . 

~nfants born to the ten' percent of, adult susceptible women 

who in., the prevaccine era would have otherwise' passively 

transfer.red immuni ty to their offspr ing. These' three group~ 

will be discussed sep,ara ~ely. / 

i} Adult .- men and women - The pr~:>longation· of 
~ 

susceptibility _ br the herd i~unity effect' has been 
1 

discu~sed by ,Cherry (4) • Th~t thls theoretical 
~ 

possibility has been, proven true is shown by the . 
. ' 

~hanging age distribution of measles described earlier • 
• 

Since the o~set of measles vaccination, epidemics have 
, d 

occurred in older age groups a~d unusual settings suc~ , . 
as high 'sc~ools, colleges, and military-

bases (48,57-65). 
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ii) -Çhildren between six and fifteen months of age - This' 

subgr9uP has' also prove~ to be, at r isk. The p~ak ot 

cases in children less than fifteen months of age i~ 
1 

197~ in 14 project areas (55) , has . been .dèscribed 

earlier in this chapter. 
~ 

iii) Infants not passively immunized by th~ir mothers - In 

" -
• 1 

, . \ 

the future this subgroup may represent up toi io, of all., Il 

" 

.. , 
, ' 

The longstanding, observation 
.J 

of very few newborns. 
" 

cases' Iess than six moittns .of age has; .led to the 

suggestion' , of" autarcesis ' a~ainst, ,measle's in e~r,~y", 

infamcy' (66) . Cases 'less than six' months' o'f , age,' . 

powever, are occasiona11y recorded' t67\..~9) even~"though' 
. 

the distribution in 14 project. areas surveyed by the, 
, , 

Center for' Disease ,:ontrol. spowed only' three ca-ses les's 

than six months of age. Antieody and celi mediated 
- 'I 

immuni tr s tud ies do not clar'i fy the tole of ma ternal 

immuni ty ver,sus autarcesis as a cause for _ the fewer 

than e~p'~cted cases of measles in infant~s~.==~T~h~u~s~t~h~e~====~ 

risk çf these babies 10n w1th measles is 
; 

st~l~ theoretica1 and unproven. 

The impact of a different age 'distribution ,of people 

s~sG-eptib1e to measle$ is on1y as import~nt as the potent;:ial- u 

'change innIftor'tality and morbidity in t,nh~~~L.e.l!i.......J.~~~~~.------t­

In 1963, Miller (67) studied the frequency of compl~cations 
" -

\. 
,. , 

, 1 

} 
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and hospitalizations of over 53,000 cases 'of meas'les in 

England and Wales. , As can be seen from Tables 2.2 and 2.3, 
; 

the complication and hospitalization rates were much higher 

in the less than one year and greater than, twenty year age 

groups. 

Another way of ~ssessing the impact of measles on 

unusual age groups is to examine epidemics in "virgin"' 

populations, ie. those that have not had previous ,cont~ct 

with the disease and where presumably everyone would 

s.usceptible. The classie example is tha t of, Panum, 

,reported on the. 1846 ,epidemic on the Faroe· Islands (70). 

be 

who 

He 
~ 

clearly. showed an excess mortality in the epide~ic ~ear of . , 

people less than one yea~ of ag~ . and gr.eater . than t~enty 

year,s of age. This rose ,to an excess' mortali~y of' 500% in 
,fi 

the 50-60 yea~ olda. The subsequent decline in mortality'in' 

people greater;than 60 years old was attributed to residual 
. 

'immuni ty from the last epidemic •. Of note was the zero 

excess mortality during the epidemic in' the one to twenty 

year old age groups. A 1952 measles epidemic was doc~mented 

in the Canadian Arct"le in the Inui t'who had 'no prJor 
1 

experience with measles (68). Again, despite use of 

antibiotics the case fatality was very high in adults and 

children less than the age of one (Table 2.4). 
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TABLE 2.2 

FREQUENCY OF ALL COMPLICATIONS OF MEASLES BY AGE lt67) 

~ , 

Age 

o- S months 

6-12 months 

1 year ') 

2 years 
il 

"3- 4 years 

~- 9 years 

10-14 years 

'15-19'years 

20 + 
, 

Not stated 

TOTAL 

, . 
From: Miller DL'. 
1963. Report on a 
Laboratory' Service 
Med.ical Offices of 

. \ 

..... 
t • 

Complications 
No. with rate per 

No. Cases complications 1,,000 cases , . 
232 20 86.2 

1,804 15~ 83.7 

6,052 435 • 71.9 

7,559 509 67.3 

14,915 895 60.0 

20,911 1,436 68.7 
795" ' '34 42.8 

189 13 68.8 

210 17 81. 0 . , . 
325 1. 22 67.7 

. ~ 
" 52,992 1: 5'32 66.7 , ,. , .. '0 

Frequency of complication of measles, 
National Inquiry by the Public Hea1th 
in collaboratibn with the Society of 
Hea1th~ Br Med J 1964~2:75~78. 
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TABLE 2.3 

AGE DISTRIBUTION OF MEASLES CASES ADMITTED TO HOSPITAL (67) 

AGE 

0- 5 months 

6-11 months 

1 year 

2 years 

3- 4 years 

, 5- 9 years 
.\ 

10-14 years 

15-19 years 

20 + ).. 

REASON 

COMPLI-
CATIONS' 

14 • 

51 

92 

84 

101 

136 

.5 

0 

7 

FOR ADMISSION 

SOCI~ UNKNOWN 

4 0 

5 5 

19 ,7, 

12 5 

19 9, 

12 9 

0 0 

1 0 

6 1 

RATE PER 
TO'+AL 1,000 CASÉS 

18 7'8 

61 34 

118 1'9 

101 13 

129 9 

157 8 

5 6 

1 5 

14 -67 

Not stated 6. 0 0 6 18 . 

TOTAL 

From: "Miller DL. 
.., 1-963. Report on a 
Laboratory Service 
Medical Offices of 

-
496 7·g 36 610 12 

h-' 

Frequency of complication of measles, 
National Inquiry by the Public Health 
in collaboration with the ~ociety of 
Hea1th. Br Mea J 196472:75-78. 
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TABLE 2.4 

~SLES MORTALITY BY AGE; 
INDIANS AND INUIT, UNGAVA BAY 1952 (68) 

" 

AGE % MORTALITY 
" . 

Under l 13.4 

1 9 6,0 

.10 19 9.0 

20 - 29 Il. 9 

30 39 13.4' 

40 49- = 16".4' 

50 - 59 9 .. 0 

60 + 19.6 

Not known 7.5 

Adapted f~om: Peart~, Nag1er FP. Meas1es 
ii the Canadian Arctic, 1952. Can J Public, 
Hea1th 1954;44:146-156. / 
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Examination of meas1es morta1ity in the vaccine era in 

the United States supports the contention that measles 

morta1ity ~ay be greater in certain age groups (51,52). As· 

'can be'· seen from Table 2 .. 5 (8) the highest 'mortality appears 

to be in infants less than one year of age (0.72 deaths per 

1,000 cases of measles) and in ad'ults over twenty years Qf' 

age (2.37 deaths per 1,000 cases of measles). ,Of note is 

the lowest death-to-case 'ratio (0.09 deaths per 1,000 cases) 

in the 5 to 9 age group - preeisely that age group that had 

the highest incidence of measles in the prevaccine era. The 

measles encephalitis-to-measles case ratio al~o appears to 

increase, with increasing age (8,71). Respiratory 
'. -----~. 

complications seem to be responsible for the 'deaths._ i~n-tnê 

younger ages as ~pposed to neurologie complications in'the 

older ages (52,53,71). 

. . 

... " . . , " . 

,-

1., 

, , 

1 • 

, .' 

," 

~ 
J , 1 , , 
i 

l ' 
1 

, r 

f 
1 

\ 
i 

1 
\ 

. ' , 



, \ 

< , . 

~ 

. - ç---- -~~. -- .-

" 1 , - ~ ~.,....~~ .................. ~~,......_~ .. ~fl!~~" ....... t._~ ..... ,"<!" ... < 1 

Page 39 

,'fABLE 2.~ 

AGE DISTRIBUTION OF MEASLES CASES, DEATHS,' AND 
DEATH-TO-CASE RATIOS*, UNITED STAtES, 19~6-l97~ (8) 

/. 
AGE GROU~ 

YEARS 

< 1 

l~,- 4 

5'- 9 

10 - 14 

15 - 19 

20 + 

TOTAL 

* 'Deaths' per 

ESTIMATED 
CASES 

4,170 

14,425 

33,267 

43,785 

?5,474 

4,222 

125,343 

l, Oj)~eaSles 

DEATHS ' 

3 

6 

3 

.13 
3 

10 

38 

cases • 

. ' ~-

. Adlt..ed~ from:.' Centers 'for Disease Control". 
Surveillance Report No. Il, 1977-1981 • 

• 

] 

" 
, , 

\ t. ~ _ . 

\DEATH -TO-CASE 
RATIO ' 

0.72' 

0.42 

0.09 

0.3'0 

0.12 

2.37-

0.30 / 

ME!asles , 

4-

,. 
" 

1 -

, . 

1/ 
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Waning Immunity 

Waning immunity subsequent to live virus vaccine was 

considered when vaccine failures oQGurred in measles 

epidemics in highly immunized populations. It later became 

apparent that these vaccine failures were mainly p~imary 

vaccine failures in appropriately vaccinated children° and 

children immunized before twelve months of age, (23-34, 37) • 

Thu~ 'waning immunity could not be ïnvoked as a cause for 

Most of the measles cases in immunized hosts. A clinical 
, . 

case of measles in a previously seroconverted individual is , , 

necessary to demonstrate 
~ -has not-been shown. 

waning immunity, and to 
" 

date this -

Indirect evidence for the existence of w~ning immunity, 

has starfed to appear. Some of the initial serological 

studies on the duration of protectio~ of the vaccine were 

done by Krugman in 1965 and 1971 (20,72). By measuring 

~ hemagglutination inhibition (HI) titers up to eight years 

after vaccination he found that institutionalized children 

had Iower measies vaccine titers than non-institutionalized 

children. Krugman s~gested that this was due to a booster 

effect of natural measles occurring ip the community, as 

-opposed . to ,i ts lack ""in the instti tution. He added, that 

\ \ 
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\ 

natura1 measles, as demonstrated by Panum, gave 1ifelong 

immunity, and denied ever seeing a case of -meas1es in 

somegne who had seroconverted initially. He thus concluded 

that the measles vaccines (live) shou1d endow 1ifelong 
. . 

immunity_ In 1973 Linnemann reviewed the issues of immunity, 

reinfection and revaccination (47) _ Children with a history 
,\ 

of measles vaccine and low HI titers developed a secondary 

IgG antibody response with revaccination as opposed to the 

IqM response in those not having had contact with disease pr 

vaccine • This data ~uggested that despite low vaccine 
• 

titers in immunized children, the response to the vaccine 

and disease was anamnestic, and hence protective. 

•• ~l 
In 1973 Linnemann presented evidenoe that cLinical 

measles could occur despite a pure tgG response (73) and 

this was subsequently confirme) by Cherry (26); It was also 

noted by Cherry that 20% of unvaccinated children wi th 

,m~asles did not devel~p primary IgM responses. Bence there 
- " 

is suggestive indirect evidence that vaccine failure could 

not only be accounted for by lack' of seroconversion, but 

also by waning immunity. 

Recently, Gallagher et al (74) studied ce II mediated 

immunity to measles and found that 100% of. patients with 
'-.... .--" 

naturally occurring measles and only 62% of vaccinees had 

--
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evidence of cell mediated immunity. Also, only 40% of 

umbilical cord specimen showed'~vidence of cell' mediated 

immunity to meas·les. Knowing that" èhildren with 

agammaglobulinemla recover normally from measles and are 

protected subsequeqtly without . evidence of any measles 
~', . 

antibody (75) demonstrates the i~portance of cell mediated 
4! 

immunity in this disease, and the complexi ties of the 

incompletely understood immune system. 

In conclusion, the importa~ce of waning immunity i5 

unknown at this time. However, because of sorne indirect 

evidence for its existence and the relatively short (18 

'years) experience with the attenuated measles vaccine, 

waning immunity May pose a particular public health problem 

in the future. 

~he· next chapter reviews 

models in the 
l 

populations. 

descr iption 

' • .!' 

o 
thé role of mathematÏ'cal 

of measles behavior in 
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CHAPTER THREE 

(... 

MATHEMATICAL MODELS AND MEASLES 

v . '\ 

3.1 - MODELLING AND MEASLES EPIDEMICS 

-, 

Mathematical m~dels have been used since the early 

part of this century ~o describe the mechanics)of epidemics. 

Many of these attempts focussed on measles epidemics and' 
\ 

endemicity because. of the easily defined parameters of 

measles infection. As discussed in Chapter One, the disease 

is universal with a weIl defined clinical symptomatology, a 

known incubation period, and a\stable antigènic character. 
\,( 

As weIl, i t is an infect ion restr icted to humans wi~ou~ a 

carrier stat~ or t~ird party transmission, and confers solid 

lifelong immunity subséquent to infection. 

The basic theory considers aIl types of disease 

transitions within a population at any given time. Fo~ 
1 

example, one could envision in a communi ty Qf (n) 

individuals three possipilities - a group of susceptibles 

(S), a group of infect ives (I), and a group who are immune 

(Z). ,Model theory descr ibes the k inds of transi tions tha t 

'take place within each grou~ in a given time (t). 
. " 

~ .' 
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initially proposed by 

Hamer (76) and 
/~ 

further developed by Soper (77) described a 
, 

/ 

fixed equilibrium of susceptibles and infect ives 
o 

given the 
" 

birth rate, infection rate and recovery rate. In this mode1 

infection occurred as a result of adequate contact between 

an infective and susceptibl~. The on1y way to enter the 

\ "susceptibte" population was through birth and becoming six 

months of age when materna~~ inununity' wore off; the only way 
1 

to 1eave the "infective" population was ta recover or die. 

The reason why this model initia11y became attractive was 

that it predicted a cyc1ici ty 
. ". close to the observed 

!! 

periodicity of measles epidemics. IF -the prevaccine era 
\ 

this periodicity was approximately two years for aIl large _ . ../ 

cities; the model described a periodicity of about 

seventy-four weeks. 

Thel difficulty with this model was that i t did not 

describe and predict the continuing and perpetuaI epidemic 

cycles that were ~onsistent with reality. It only ~scribed 

epidemic waves from assumptions not involving 

fluctuations and predicted a progressive damping effect of 

thft cycles leading ta a stable~endemic situation (78). In 

other words, the deterministic mode1 could only deal with a 

disruption of the equilibrium without considering how it 

came about and always returned ta the stable endemic state 

p 
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~ 

of the initial equilibrium; even if factors such as seasonal 
~ 

variation in infection rate, incubation perioo, and spatial 

parameters were taken into account. 
, , 

The stochastic' mode1. for recurrent epidemics il:litially 

put forward Dy Bartlett (79) was' a reformation of the , 

deterministic 'model 'and descr!bed the types of transi tion .. 
-

discerned pteviously, but in terms of probabilitie~. In 

addition, Bartlett added the important parameter of 
" 

introductlon of disease from out~de the population in the 
, 

. -éVent of fadeout of infection in a communi ty li This was a lfrt .. 
• fUCh more realistic proposition sinc~ communities are 

f • -
generally not totally isolated. This model. ,.accounted for 

p~operties that éorresponded well to actual observation. In , 

the absence of '. fadeout . of: infecti9n the fluctuations 

ma.intained themselves indefini tely and reprodu:ceq _ the 
~\ ! 

cyclicity seen nor'mally. It also alloweQ ,for the observed , ... 
'-, î" 

phenomenon of fadeout of infection and the ' possibility of 

Iein,troduction' of epidemic cycles from the exter ior. 

However, sorne disagree 
(~ 

p 

stochastic effects in 

wi th toe p['i~a~ry importance of the 
....... , 

l 
this(",'model and feÊü' 'that the 

-. 
stochastic influence is only s;c::ondary to the p~ imary . r'ol,.e, 

- "'-...... 
of seasonal variation of the tdtnsmis~iQili ty of the 'virus 

'J 

',(18) • • 

,. 

4 

.. 
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. . 
Fadeout is def ined as the ab,sence of cases of measles 

for a period longer than the generation time of the disease. 
J 

When this happens in" any given area it st.i:'ongly .su9gests. 

. that the transmi~sion has ceased. Various authors have ,used 

three weeks or four weeks as thE! generat'Ïon time .. The four 

week period is used by Ihe Centers for Disease Cdntro1. 
1. 

Mathematical theory aside, it has been observed for a long 

time that the frequency o~ fadeout is inverseiy proportional 

to community, size. 

predict,' depending on 

Wi th the _stochastic model one can 

communi ty 's'ize, .\ the pr~babili ty . <:>f 

fadeout. This' leads to a description of the frequency oF 

oscil.lations of epidemics based on fadeout and infers that a 

critical community size would be necessary for fadeout to 

accur. 

In 1957, Bartlett presented ... data' (801 comparing 
, o ' 

observed data of . " 
measl.es frequency in var ious towns and 

cities in England and Wales to computer created'epidemics 

based on his model •. He defined the critical community size 

as one for which the chance of D fadeout after a major 
. , 
epidemic was fifty percent,' a~d predicted that size to be 

about 200,-000. The observed size was - between 250,000 to 

300,oao for "towns and ci ties in England.. The theory and the. 

°numbers were supported again ,by Bartlett in 1960 (81) by 

applying North Amerlcari data and findlng broad agreement 
~ 

,J 
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/' 

with the Er;lglish -data and his Modele Later, Black (82) in 

studies of island commun! ties showed thàt freqll:ency of 

fadeout was also. inversely correlated with population, 
/ 

density. Thus, the important contribution of the stochastic 

model was tpe obser'vation that the frequency of epidemics 
-

and probabil~ty of subsequent fadeout was dependent on 

community size and,dens~ty. 

" 
With the introduction of measles virus vaccine a new 

dimension has been added to measles epioemiology. Now, the 

transition from susceptible (S) to immune (Z) nee.d not pass~_ 

through infective (1), and ëan be . bypassed by virtue of the 

vaccine.. Ah important question, then, is what vaccination 

level in a community is needed to protect the' whole 

community, break the cyclicity of ~pidemics, and then 

possibly eliminate the disease antirely 

vaccination-can induce herd immunity? 
') 

i'.e. how much 

In 1971 Sutherland rand Fayers. in a descriptive 

study (83) reported that they could account for th~ 

postponemen t of the expected 1968-69 meas1es epidemic 'in 

England and - Wales by the 10% level of- vaccination in the 

population. They also postulated that a 40-50% vaccination 

rate wou1d be needed to reduce the excess susceptibles by 

immunization to stay below the cL"itical susceptible mass 

1 1 
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needed to incite an epidemic. They ~mphasized that the 

effect of vaccination was to prevent the development of 
, 

natural measles in susceptible unvaccinated children as weIl 

as in the vaccinated subject, Thus, an increased number are 

protected by vaccin~ directly and indirectly, but this 

necessarily results in a reduction in the number who attain 

immuni ty from na~ural disease., 
, 

In 1973 GriffH:hs (84), using mathematical model 

theory demonstrated the consequences of vacc ination in 

communities. ,He showed that the critical cornmunity size for 

fadeout of 2~0 1 000 would grow by a factor of 1/X2 where X • 
-

equals thé proportion of unvacc ina ted susceptioles. For an 

immuniza tion program cov"E!ring fifty percent of the 

population the critical communi ty size increases four times 

to approximately 'one million, and. for niIlety percent, 

immunization it increases one hundred fold to twenty five 

million. ,Thus fadeout be~omes a mor e frequent occur rence 

after a vaccination program, and its duration depends on .. 
vaccination levels. 

, , 

Griffiths then made a computer simulation of epidemics 

in two communities - one of 450,000 population, the other of 

60,000 population in a prevaccine and post-vaccine state. 

For the larger to~n, prior to vaccination there was no 
J. 

fad'eout, and' the epide~ic interval was 90 weeks. Alter 

• 
l , •• 
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\ ., 
~ , 

vaccination of fifty percent of the popu~atidn, fadeout was 
l 

induced after th~rty, percent of ~he epidemics, and the 

epidemic i~terval was lengthened to 147 weeks. With the 

smaller population, w~ereas fade~ut, was present after eighty 

percent' of the' epidemics pri~r to vaccination with an 

epidemic interval of about 150 weeks, after vaccination of 

fifty percent of the popu~ation fadeout occurred after every 

epidemic with the epidemic . .interval lengt-h increased to 280' 

weeks. 

It still isn~t certain ~hat level of vacdination is 

necessary to' achieve elimina,tion' in a given population, but 

it is"clear tha~ if eradication was achieved locally and "not 

globàlly,'reintroduction could lead to sporadic disease if· 

the nümb~r of susceptibles àccumulated during the fadeout 

period were few, br to endemicity if enough susceptibles had . -
accumulated to permit the .perpetuati6n of the virus. The 

number of people susceptible to measles needed to sustain 
{' 

b endemicity, given favorable se~sonality has been estimated 

.,t~ be about six percent of the populati,on (18,85,86). 

", 

3.2 - MODELLING AND THE AGE D1FTRIBUTION OF MEASLES 
INFECTION' 

Modelling can also be used to describe the changing 

" 

" " 
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age-specifie _ attack rates of the virus in- a population. 
~ 

Measles, ~as aIl infectious diseases, is reported i~ a 

cross-seçtional way as cases per age group at a given point 

in time. With measles, cases are grouped into five year age 

groupings." Thus, the diseas~ experience of a given co~ort 

. longitudinally from birth to adulthood is difficult· to 

~n(1"9.74 Griffith~, uSing modelling theory, def'iried a 

functien describing the behaviour of wild measles in 

populations (15). He showed that the propor tien of 

susceptibles" that develop measles in a year can be 

represented by a linear equation for the first ten yea~s'of 

life: 

, 

~(t) = a(t+c), + > T , 

where '!I i5 . the. attack rate on susceptibles, a is a 

constant, ! is age, 'and ~ is an age conversion factor~ also 

constant. T represents the period when people become 

susceptible; six months of age, 'or . T =O.~. The 

functien ~ , or "fiorce of infection" as named by Anderson 

and May (85), is a modified faIm pf the attack rate, where 
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'.the denominator represents susceptibles rather th an the 

entire population. 

Griffiths compared his function to two data sets, one 

from a practicing physician who reported aIl meas1es between 

1947-1959 seen in h is praetice, and the other from the 

Registrar Genera1's returns for England and Wales from 

1956-1969, and found. that it compared favorably to the 

existing data. Sorne interesting points abgut the comparison 
) 

were that the values- of T and ~. remained constant, but that 

of A increased with the degr~e of urbanization. 
-

Thus, in 
y 

large de,nse1y populated communi ties, the' value of ! 
1 

increased, and in sma11 rural ones a decreased. There was 

also a s~ular trend where Ê increased over time. He found 

that' in the .periop"·"~ 1956-.1,961'! = 0.0412, 

period 1962-1969! = 0.0543. This increase was ref1ected 

in the -decreased mean age of attack prior to the vaccination 

era. He performéd a regression analy~is of this function 

and found a linear decrease of meanl age of attack of 0.12 

per yeari the mean age. of attack was six years old in 1956 

and droppE!d to 4-S, in 1968. Griffiths postu1ated that in 

the vaccine era the value of a should start to increase, but 

was uncertain by how much. 

-;-------' -
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This 'function can be validated by comparing it with' 

other d,ata besides those used by the author. . Tak ing th.e 

-average! = 0.048 over the ,'entire period 1956-1969 with.E :II 

0.75, one can simu1ate the behavior of 100 newborn infants' 

by a cohor,t ana1ys is descr ibed in Table 3.1. Because '1' is 

a continuous function, its point value for any interva1 was 

taken as the average of ·i ts point function at the beg inning 

and at the end of the interval. Based on~Table '3.1 one 

would then expect a peak incidence of measles' in the fourth 

year of life, and< by completion of the tenth year of lif-e 

for the cohort to be 96.6' immune. 

9, 
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TABLE 3.1 ~ 

1 _ 

Simlilated ~aSle6 Behavior I~ 
A -Collort(Of 100 Infants' 

, 

Age . 1/1 
---

1 
0-.49 1 0 
.5-.99 .072 
1-1.99 .108 
2-2.99 1 .156 1 

3-3.99 
1 

.204 
4-4.99 1 .252 
5-5.99 .300 -
6-6.99 > .348 

• 
. 7·7.99 .396 

8·8.99 .444 . 
9-9.99 .492 

... --_.~ 

,p(t)= a(t+c), t >1" 
a= 0.048 
t=age in Y@s 

. c=O.75 
r=0.5 

-

Number 
Susceptible At r;.Iumber Diseased 

The End- Of '~-~\During Interval 
The Interval 0 

0 0 
96.4 - 3.6 
86.0 /- 10.4 

~ 72.6 13.4 - . 
. 57.~ 1,4.8 

43.2 14.6 
30.2 13.0 , . 
19.7 10.5 
11.9 - 7.8 
6.6 5.3 -

- . 
'.3.4 , 3.2 , 

. 
---------

... 

-~ 

. r-,. 
. .. ,. 

. 
Total Number . 

Immune At The 
End Of The 

Interval 

.50.0 
# 

.3.6 
14.0 
27.4 . 
42.2 
56.8 , 

.69.8 
80.3 
88.1 
93.4 
96.6 
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If this data is compared td the resu1ts of the 'survey 
.f i 

conducted by the E~idemic \Inte11igé~Ce S~rvice in Atlanta in 

1961 and other American,sUfveys~ sorne close similarities are • 
. 
evident (12,13,1'4). :The agè's of peak incidence 'in the 

prevacc irie era" was about 3 to 4, wi th at 1east 90% having 

had the diseasè ~y age, ten. 

Griffiths' catalytic function of meas1es infection ls 

th~n taken to ~ a reasona~le 

behavior in preva~cin~ cohorts, 

estimate of true measlé's 

independent of reporting. 

In thé next cha·pter this relationship will ,be used with 

Uni ted ~tates demographic data to deterrnine th-e immuni ty and '" 

~usceptibility of the United States population to measles in 
, 

the prevaccine 'and ~accihe eras. 
.. 
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CHAPTER FOUR 

THE FUTURE OF MEASLES IN HIGHLY 
IMMUNIZED POPULATIONS - A MqOELLING APPROACH' 

,4.1 - INTRODUCTION 

Indig,nous measl~s is currently 

from American society. This has- been 

efficacious vaccine as weIl as a 

facing elimination 
~' 

due to a 'safe and 

. 1 
hlghly effective 

elimination program. However, little is known about how the) 

measles vaccine initiative in the United States has altered 

the natural equilibr ium of those suscep.tible and ,those 

i~ne to the ~isease. 
reduction in the number 

What has been observed is a large , 

of cases accompanied by 7hanging 
o 

age-specifie attack rates. Sorne authors have warned that 

despite "short term success with measles elimination" the 
, 

passage ,of time will once again s&e the accumulation of 

susceptibles and the potential for renewed disease (4,87). 

The objective of this chapter is to examine how a 

highly effective vaccination program modifies the balance 

between the number of people susceptible and the number of 

peoplè immune to measles. This is done by quantifying the 
\ ' 

; . proportion' susceptible to measles in the prevaccine era, 

during the measles elimination program, and after total 

measles fadeout. A computer model is' described and performs 

the necessary tasks. 
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4 • 2 - MÉTHODS 

'" ~ 
4.2.1 - Theoretica1 Basis for the Computer Model 

Meas1es reporting provides a cros~sectiona1 picture 

of disease at a given point in time, and represents a 

combinati6n of the lon9itudina1 experience of a number of 

cohorts. This can be represented by a cohort map as seen in 

. Figure<14.1a. Here, each diagonal 1ine represents a 

different cohort, and the cross-sectional exp'rience of 

d'isease for aIl chi1dren from hirth to age 3, 365 days wou1d 

be the, resu1t of the experience of the 1950, 1951, 1952 and 

1953 cohorts from 1950 unti1 th'e end of .1953. 

.- ' Measles inununity and susceptibility in a given person -
represent two sides of the same coin. An individual is 

ei ther süscep,t'ible or immune at any moment in his life wi th 

ëhe transition or dis~ase phase representing a re1atively 

sma11 period of time. If the rate of transition from 
, ... 
susceptibility to immunity can be established then this 

change can be quantified. For example, one can use four 
.. -; 

identical cohorts of 100 infants as described in Table 3.1 

(Chapter 3) based on Griffiths' linear infection function • 
. 

Figure 4.1b shows the immunity or disease experience, Figure \ 
.-' 

4.1c the susceptibility experience. Of a population of four 

hundred infants at ëhe end of 1953, 87.2 are immune (sum of 
~ ~ 

\ . 
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", 

4.1b) and ~12.8 are susceptible 

[' (sum of the boxes at 1954 in Figure 4.lc) • 
1 

In other words 

,l22% (87.2/400) of the population is immune to measles, and 

78% (312;8/400) susceptible. The total nufltber of 
p • 

cases l.n 

1953 represents the sum of .the - ~ransi tions from 

. susceptibili ty to immunity by way of disease, or 

dl+q.2+d3+d4, for a total of 42 case s dur ing 1953. In 

summary, at the end of 1953-, out of. a> 'population of 400 

childreri ages 0-3, 78% are still be suscepf,ible to measles, 

22% are immune, and the number of measles cases in 1953 ié 
:0 

42 • ., 
. 

The rea1 lif~ situation is more complicated. Each 

cohort 'Starts out with a dffferent numb~r of infants because 

'of changing bkth rates. In addition, within a given year 
'1 \ 

.,_ 1 

the cohort can g~bw from imm.igration °or shr ink from death or 

emigration. These issues • can be dealt with if onè ignores 
" .' . 

deaths due to' measles in a given cohort because of its 

rarity/ (.01% mortalit~), assumes that people immune and 
1 

susceptibl~ to measles have similar dea th ra tes, and tha t 

•. immigrants have the same disease exp~rience as natives given 

the g:t,obal endemicity of measles. For example, if a"cohort 

gro~s in size by .05% by- immigration, the immunes ànd 

susceptibles r ... can be corrected proportionately for the 

# increase. Likewise, as the 

decreases wi th age, the 

popura tion in 

deaths can 

a given cohort 

be distributed " 

propor tiona tely to those immune and thOS( st ill susceptible. 
" 

Th~se principles and assurnptions form the theoretical basis 

for the. computer modela 
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Cohort Map 
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Figure 4.la) Cohort map. - Meas1es reporting at the 
end of 1953 (vertical arrow) 1s a cross-sectiona1 view 

, of the 1950, ,1951, 1952, and 1953 birth cohorts. 
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,Cohort Map of Disease (Immune) ExperienGe 
ot Four Sim!Jlated COhorts, Ea~h Containing 100 Infants' 

• ,5. 
~mmune= 87.2/400=220/0 
Cases Durlng 1953=d1 +d2+ d3+d4=42 

, , 

4 

( 

, 
2' ;., 

.. 

j • 

1952 1953 . 1954 1955 
Year t~ 

""-
Figure 4.1b) Cohort map of disease (immune) experience of 
'four simulated birth cohorts, each conta18Lng 100 infants. 
The values in' the boxe,s along each cohort line represent 
cumu1a~ed disease within the cohort. M:asles cases occur in 
the interva1s between boxes on each cohort line. At the end 
of 1953' (vertical arrow), the SUIn of the boxes represents 
the total irnmunity of the four eohorts: 42.2 + 27.4 + 14.0 
+ 3.~= 87.2/400 = 22%. The number of cases in 1953 is the 
sum of the transitions in the four cohorts in that year: 
dl + dï + d 3 + d 4 = ,42. 
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. 
Cohort Map ,of SusceptibilitY'Experience 

of Four Simulated Cohorts, Each Containing 100 Infants 

( 
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Susceptible= 312.8/400= 78% 

\" 

1955 

Y.ear t 
Figure-4.lc)_ Cohort map of susceptibility experience of 
four simulated cohorts, each containing 100 infants. As 
above, the values in the boxes along each cohort line re­
p~sent cumulated susceptibility ~thin th~cohort. The 
total population susceptibility at the end~f 1953 is 
96.4 + 86.0 + 72.6 + 57.8 = ~l~.8/400 = 78%. 
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~;r 

4.2.2 -'Construction tif, the Computer Model 

The aim of the model is to establish the percentage of 
, . 

the United State~' population susceptible to me~sles in the 

prevaccine era and to follow this through Many years after , 

total fadeout. 

Altho~gh measles occurs in cycles 10ca11y, in a 

macro-epidemiQlogic . .' settlng lt is 'a constant phenomenon. 
" 

Given the-endemicity of the disease, the total percentage of -

the population,. susceptible orr immune wàs 
1 

ap~roximately the 

.~' same .from year to year in the prevaccine era. Açcordingly, 

the calculation of the perc~ntage of the population 

susceptible in the last· pr~vaccine year is taken to be 

representative of the level of susceptibili ty in the ye,ars 
o 

preceedin9 the vaccinati~n program~ 

The year 1963"" was chosen as the f irst year of ,the., 

vaccination program and consequently 1964 is the prevaccine 
r 

rear. Knd~~ng that aIl adults over the age of 20 were 99% 
l '". • 

immune by disease (10), in the pre."accine era (1964), it 

remains on~y to fi~l in the disease experience of the 19 

youngest-birth cohorts to get a full cross-sectional picture 

of the population at the end of 1964. This lS shown by the 

cohort mqp of Fi,g~re 4.2a. 
o ' 

-> 

" .. 
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, -

"2030 
Year 

Figure 4.2a) .Cohort map~ The cross-sectional measles 
experience at the end of 1964 (vertical arrow) is derived 
from the collective experience of those aged 0-19, calcu­
lated by ~(t) = a(t+c), and of those 20 and over, 99% of 
whom a~~ immune. 
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Figure 4. 2b) Cohort map of carputer noéle1. '!he 1946-1963 cohOrts are exposed to disease, ca1culat:e:1 by 
If (t) to the age of ten, and 1inear1y decr~:t:ed thereafter. Ieginning in. 1965, the 1964 cooort (ilmllnizeà 

"d 
Ill· 
~ '. 
·RI 

at age one in 1965) te 1982- cohorts are exposed te natural rreasles 'i' (t) 
All. subsequents cooorts receive vaccination on1y. 

and vaccination of aIl one 
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, , 

Birth cohorts beginning in 1~46 are exposed to three 

possible types of measles immunity - di_~ease, a combination 

of disease and v~ccination, and 
. . 

vaccination only. In the 

'1946-1963 birth cohorts, Gr iffi ths' ~inear, infection 

function is used, .up to and including the age of nine. For 

the 1946 cohort~ . the percentage of the population 

susceptible at the age of ten'is then 1inearly decremented 
f 

to reach 1% by the age of tw~_nty. In the remaining cohorts . 

90% of this dec1ine in susceptibles older than 10 years is 

set to occur by 20 years of age, with the last 10% 

distri~uted 'evenly until fadeout • 
... 

The 1964 cohort is the first to be immunized at the 

'start of the program in 1965. Th,u~, the 1964 to 1982 

cohorts are exposed to natural measles and vaccination •. 
• il' ' 

Their disease induced immunity is calculated by the linear . 
measles function from birth to the end of age nine, at which 

point 0/ retains the va1ue~of '(9) for ages ten and over. 
-, 

The value of/the constant a is 0.041 from 1946 to the end of 

1961 as desribed by Grifflths, and adjusted to account for 

the changing age distribution of measles in the vaccine era 
. ' 

as fo11ows: 1962-J964, ~ ; 0,050; 1965-1969, ~ = 0.045; 

1970-1974,2.= 0.035; 1975-1976,2. = 0.030; 1977-.1:979,"~ = 

O.O~O; 1980, a = 0 .. 912; 1981, a = 0.010. A'ge in ,years is 

represented by h and c equa1s 0.75. Immunity by 
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vaccination begins in 1965 for \ the 1964-born one year old 

children, and aIl subsequent cohorts . are immunized at the 

age of twelve months. -The~b. inununi ty o~ thes-e eeho-rts 

is the sum of' the immunity induced by vaccine and the 

immunity induced by natural disease. 

Total measles fadeout was dec1ared Jan. l, 1983. The 

1983 cohort and osubsequent cohorts are exposed on1y to 

measles vaccination at age one year, and derive the~r 

immunity from that source only. , 

In summary, the 1946~1963 cohorts expetience disease 

induced immunity, the 1964-1982 cohorts become immune by 

both ,disease and vaccination, and aIl subsequent cohorts are 

immunized artificially by vaccination. The model May be 

su~a~i~ed by the cohort map in Figu~~ 4.2b. 

4.,'2.3 - Uti1ization of the Computer Madel , 1 

~ population matrix was constructed using United 
, 

~tates population 
, , 

data from' 1946 t'o 1981 (88-90). These 

data included aIl 50 states as well"as the population of the· 

armed forces overseas,. The populations of Hawaii and Alaska" 

were excluded from 1946-1949. This population matrix was 

then extehded to the' year 2,050 USint~ latest lite tab~e 
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data, tha~ of the year 1978 (91) with the 1978 birth rate of 

15.8 per tho\lsand (92). 'The matrix was truncated sa that 

age 85 ,was~~tlte---enttpoint, as aIl ages greater than ès are 

reported in one category making a probability functioh of 

>'life in that age-group impossible. The first age group ~as " 

splït in two so that the first age in'terval was 0-5.,99 

mO,nths, the second, 6-11.99 months, the th ird ' 1-1.99 years, 

thf,! fourth 2-2.99 years~ and so on until the eighty-sixtb ., 

in'terval wh ich represented the age 84-84.99 years. 

AlI b ir'th cphorts beg inning in 1946 were then moved 

through time calculatfng their year to year measles '"-

experience based on' the computer model described above. By 

the end of , the " year 1964 a cross-sect ional' measles 

exper ience for aIl persons less thal'l age 85 became 
. 

Thl~ continutng experlence available. was then advanced to 

, the year 2050, when the 1966 birth cohort turns 85 years 

old. In the cohort lanalysis matrices that represented 

dise'ase, vaccination, total immuni ty, corrected immuni ty, 

a~d susceptibility were progressively, filled with numb~rs 

derived from the calculations of every year's e~perience in 

every cohor t. The end results Were cohort maps representing\ . ' , 

105 cohorts over a total of 105 years. The following 

assumptions were made in the analysis: 
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program begins in 1965 with a ' 50% 

of one year olds that augments 10% 

per year for four years until 1969 when the vacdine 

coverage is ;90%. This is based on a vaccine efficacy 

of 95% and a vaccination rate of 95% (.95 x .95 = 
.90) ; 

ii.> aIl children receive vaccJ.ne at the age of twelve 

months. -, This age was chosen "for three reasons - most , 
of the immunization prograrn in the United States was 

conducted with this age recommendation, this is the 

continuing age recommendation for Most of the rest of . 

't~e. world, and simplicitY1 

iii) January l, 1983 is the fadeout time for 

measles in the United States; 

1 
J 
J 
! 

indige11:0us 

~iv) 20 years after fadeout, ie, in the year 20q3, because 

10% of childbearing women would be susceptible, ta 

disease, 10% of newborns have no benefit of maternaI 

immunity and are susceptible for the first six months 

'of li fe 1 

v) 'waning immuni ty (secondary vaccine 

immunized individuals'does not occur. 

failure) in 

The computer program was wri tte-n in Fortran IV ,and 1 

processed via an Amd~hl V7A central proc~ssing unit. The, 
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graphs were drawn with the aid of a 'Statistical Analysis 

lnstitute graph package, (SAS lnstit~te lnc."Cary, North 

earolina) ,. It is }?r,eaented in its entirety in the Appendix. 

" 
-4.3 - RE~ULTS 

Inc idence of Disease (Figure 4.3 and Table 4.1). 
----~~--------------

The number of cases of me'asles in the prevaccine yeai:: of .. 
1964 is estimated to be '4',371,824. This declines 94.4% 'te 

" 
243,813 cases prior to'total fadequt. Since the rèported 

cases in the prevaccine era accounted for about 10% of aIl 

cases (LI), and in 1964 458,083" cases were actually 

rêported, the model appears ta be realistic. 

4.3.2 Age Distribution. In 1964 (Figure 4.4) the model 

predicts 40.6% of the cases ta occur at less than five years 

pf.age, 52.4% between the "ages of 5 and 9, 3.8% between the 

age of ,10 and 14, and 3.2% at greater than 15 years of age. 

This ,is campared to the 1960-1964 (11) reported data of, 

37.2%, 52.8%, 6.5% " and 3.4% \. 1 respectIve y. Alsa compared 
:""'-

are the years 1973, 1975, and 1980 (93 ',94) • For ~hè years 

1964 and 1975 the age distribution of disease is given for 

thè first twenty years af life (Figure 4.5) as described by 

the model. \ 
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The average age of infection ls. also calculated. 

Figure' 4.6 is a regression line of age versus year based on 

the model. As can be see~ it rises from 5.6 

the prevaccine year of 1964 to the year ,prior 

1982. 

) 

to 13.7 from----

to fadeout, 

4.3.3 - Susceptibility •. The cro$s-sectional susceptibility 

to measles measured as a percentage of the population in , . 

each age group is shown in Figure 4~7. The effect of the 

immunization program is to distribute the susceptibles 
, 

through the age groups with time. Table 4.2 and Figure 4.8 

show the change, in percentage of the population susceptible 

to measles from the prevaccine era to the year 2050. As cao 

be seen, 10.6% of the population is susceptible ta meas1es 

in 1964, and these susceptibles consist mainly of children 

under t~ age of ten. With the onset of the immunization 

program the percentage of the population susceptible fa11s 

quickly ta 'bottom out' in the years 1979 ta. 1981 at 3.1%. 

Despite absence of disease, the proportion of the population 

susceptible ta measles starts torise in 1982 by about 0.1% 

per year qr by between 220,000 and 300,000 new susceptible 

persans each year to reach the prevaccine level af'10.6% ~n 

the year 2045, and 10.9% by the year 2050. 
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MEASLES CASES- Model 
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Year 
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.' 

Figure 4.3 Meas1es cases as pred~.cted by' the computer 
model. The prevaccine'year of 1964 has 4,371',824 mea~les 
cases. The mQde1 de scribes a 94.4% reduction of cases 
to 243,913 cases in 1982. 
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, ~ TABLE 4.1 

. C . ANNUALMEASLES CASES 
,n • v PREDICTED· BV ·MODEl. .~ 

.; 

, , 

.. , 

, . 

. 
" , 

" , 

1964 
1965 
1966 ' 
1967 
1968 
1969 
1970 
~1971 

1972 
',1973" . \) 
1974 " 
1975 0 

1976 ' ;!" . 

',19,77 
1978' ' 

, '4,371 ,82~ 
3,650,779 
3,357,756 
2,987,819 'q , 

, 2,556,242 
2,094,565 
1,353,438 

~ 

1,131,730 
915,719 

· 842,154 
. . 766,905 

'648,782 r 

594,322 
. ,455,65·5 

, 

.' . 421,970, 

0\ 

, . 
• j 1979- 394,495 

287,458 
250,374 . 

1 

C? 

.1980 
1981 
1982 .. 

( . ....... . " , 
_. ------1-

}' , 

',. 
~ .. . ' o ! 

. Il , \ . ,." \ , 

. \ ' 

24~3,913 

l 

. , 

l' 
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" 

20+ 

Figure 4.4 Age distribution of rœasles - cx:xrp.1ter nodel canpared to reported data. 458,083 cases ~ 
in 1964, with the age distriliutian representing tha.t of the years 1960-19'64 è (10). 'rt1e node1 
approxi:mately ten timas the ,reported nurnber' of cases, realistically accounting- for underreporting (10)_. 
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-Figure 4.5 Age distribution of measles in the first 20 years 
of life'- computer model. From 1964 to 1975 the vaccination 
pro gram reduces the incidence of measles and di-stributes the 
remaining cases to older age-groups. 
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AVÉRAGE AGE OF INFECTION 
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<Figure 4.6 Average a.ge of infection of meas1es. In the 
vaccine era the ~verage age of infection rises to over 
twelve in 1980. 
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Cross Sectional Measl~s 'Susceptibillty 
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'Figure 4. 7 Cross-sectional measles susceptibility. The model 
demonstrates that in the prevaccine year of 1964 most suscep­
tibles were chi1dren younger than ten years of age. The total 
population susceptibility, or the are a under each curve, 
decreases in 1975 and 1983, but increases in the years 2000 
and 2050, with susceptibi1ity re-distributed to alliage groups. 
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4.2 - f 

TOTAL POPULATION SUSCÊPTIBllITY TO MEASLES 

percent percent 
:tu! ~~ Ytir Suscep.tlble 

19604 10.6 1:: 
~ 15.5 

1965 9.5 6.6 
1966 8.3 

,). 
2010 6.7 

1967 7.3 201\ 6.9 
1968 15.3 2012 7.0 
1969 5.4 2013 7.1 
1970 4.9 2014 7.2 
1971 4.6 2015 7.3 
1972 4.1 2018 7.4 
1973 3.8' ') 2017 7.5 
1974 3.5 2018 ,7.7 
1975 3.2 2019 7.8 
1978 3.2 2020 7.9 

.. 19n 3.2 2021 8.0 
1978 3.1 2022 8.1 
1979 3.1 2023 8.2 
1980 3.1 2024 8.3 
198L 3.1 2025 8.4 
1982 3.2 2026 8.5 
1983 3.3 2027 87 
1984 3.4 2028 8.8 
1985 3.5 2029 8.9 
1986 3.7 2030 9.0 
1987 3.8 2031 9.1 
1988 3.9 2032 9.2 
1989 4.1 2033 9.3 
1990 4.2 2034 9.4 
1991 4.3 2035 95 
1992 4.5 2036 9.7 
1993 , 4.6 2037 9.8 
1994 4.7 2038 9.9 
1995 4.9 2039 10.0 

1996 5.0 2040 10.1 

1997 5.1 2041 102 

1998 5.2 ~2 10.3 

1999 5.3 .2043 10.4 

2000 5.5 204.04 10.5 

2001 56 2045 10.5 

2002 5.7 2046 10.6 

2003 5.9 2047 107 
2004 '-6.0 2048 10.8 

2005 6.2 2049 10.9 

2006 6.3 ~ 109 

2007 8 .• 
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Figure 4.8 Total population susceptibility to m~asles by 
year. Each of the points of this curve represents the area 
under cross-sectional curves sirnilar to those 'in Figure 4.7. 
In the prevaccine year of 1964, 10.6% of th~ population is 
susceptible to rneasles; this fal1s ta 3.1% in 1978-1981, but 
rises thereafter to eventua11y reach p:uevaccine" i~Nels. 
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4 • 4 - VALIOITY 

I~ "assessing the validity of the results two issue~ 

must' be considered th~ application and subsequent 

adjustment of Griffiths' linear infecti~n function, and the 

utilizatipn of the computer model. 
~ 

Griffiths' linear function for Ç measles infection 

descr~bes the natural longitudinal measles experience of 

cohorts in the prevaccine 'era. As reviewed in Chapter 

'»hree, it does seem to represent measles behaviour in 
t ~. ~ 

D Eng~and and the United States (12,14). Using the exact 

values of aIl the constants described by Griffiths except 

,- for a in 1962, 1963 and 1964, the computer model accounts 

'D 

, 
for both .the theoretical' number of cases expected in 1964 

(prevacc ine year) as we-l.!. as' the' age distr'ibution of the 

cases (11), . The precise values, of .2..t. the only adjusted 

constant, were . der ived by matching the changing age 

dl.str ibu t ion 

era. rf the 

'the number 

have been 

in the model to reported data in the vaccine 

value of a had been 

of cases predicted 

closer to rea1ity 

left to its original value, 

br the computer mode1 would 

~ut at the expense 'of an 

inappropriately young age distribution. ~ther than 0.54 

from 1962-1969 as described by Griffiths,! was given a 

value of 0.050 from the period 1962-1964. From .1964 

" 
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onwards, ~ was decreased to account for immunization. This 

effect was foreseen by Gr iffiths, and reflects the overall ... 

, 

reduced density of susceptibles the added 

artificial'immunity 

because/of 

in the population. 

The computer model developed in this project uses a 

large, population matrix based on actual demographic data 

from 1946 to 1981 which was projected to the year 2050 using 

1918 life table values. The population grid after 1981 is 

not intended to be a population forecast. Susceptibility 

figures are calculated as proportions of the population 

value i~ each cell of the gr id, so that projected 

propo~tions susceptible to measles are independent of the 

actual numbers used. 

The assumi;>'tions made on the measles elimination 

program appear ~o be reasonable. Because of variable 

vaccination practices in 1963 and 1964, 1965 was the first 

full year under the vaccinat ion program. The initial vacc ine 

coverage of .50% that augmenl:s 10% per year to 90% /" in 1969 
, r' 

• represents a vaccine efficacy of 95% and a vaccinJ~ion /èate 
'-~4~r;~ 

of 53% , 63% , 14%, 84%, and 95% of the population.! If 
" " 

anything, this overestimates the vaccine cove:çage of \ the 

population. After fadeout in the United States the 

percentage of the population susceptible to measles as 

predicted by the model should be adjust~ to 0 account for the 
1 

'. 

""'" 
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difference in the small number between .twelve 

and ~ifteen months who in reality are immunized at fifteen 

months of age. The, January l~t, 1983 fadeout for indigenous 

measles in the United States ia for practical purpQses a 

reflection of the situation at this writing. Although 10% 

of the newborns after 2003 Wére assigned as suscepti~~e 

though only theoretically at risk, the group i tself 

represents a very small percentage (about 0.15%) of the 

United States population. Finally, waning immunity althoqgh 

possibly important, was not considered because of the 
r 

present lack of knowledge with respect to its magnitude and 

epidemiologic i~ortance. 

The computer model describes the number of cases and 

J their age distribution in the prevaccine era very weIl. 

--

, ( 

However, it does not in itself' predict the fadeout of 

measles. In fact, just before fadeout in 1982, 243,913 

cases of measles are Iisted. This does not pQse a serious , 
threat to the validity of the model. Griffiths' linear 
. 

infection function describes the "wild" behaviour of measles 

in a population and thus cannot account for the artificial 

l~terruption of transmission by school exclusions, case 

surrounding, vacc ination oef susceptible contacts ~ etc .• ,' 

that i5 characteristic of the measles elimination program. 

If aIl 243,913 cases predicted in 1982 are in fact not 

1 . , 
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susceptible but immune, the perrcentage of the popula·tion 
( 

susceptible would be reduced from 3.2% to 3.1%. Thus, the 

effect of these residual cases with respeèt to total 

susceptibility is not large. 
4 

An advantage to this modelling approach in studying , 

measles' susceptibility is its independence of rneasles 

. reportiJlq.~, 

problem of 
1-

In 1982~ Fine and Clarkson (87) studie~ the sarne , 
the effect of a measles v~ccination program on 

immuni ty to measles in England. Their observations were 

similar, but necessitated· a number of assumptions that had 

to correçt for underreporting and age grouping of the 

notificéltions •. The model used in this project avoids these 

issues by assuming a priori that the childhood population f 

~tacts measles in a prescribed way. 

\, 

4.5 - DISCUSSION . 

, 
The rnost important observation of the compute,r 

simulation i8 the effect the measles elimin~tion program has 

on the percentage of the Uni ted States population 

susceptible to measles. It is clear that the success of the 

current program in the' Uni çed States i8 not only due to a 

relatively high vaccine coverage of 90% but ta the almost 

·1 
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. , 
complete na tural immuni ty of at least 99% in the ad,ult 

o 

population, which -together reduce the numbers susceptible to 

measles enough to induce fadeout. As the natural immunity 

is slowly replaced by an artificial one 

" 
of lesser coverage 

the proportion susceptible reflects th i s change. The 

future susceptible population is not only children but 

people of aIl ages whose morbidity and mortality from 

measles is increased (8,67,68,70). In theory, if an 

epidemic were to occur in the year 2050, and only half of 

those susceptible are infected, based on a 2.37/f ,000 

death-to-case ratio in those over twenty years of age (8), 

over 25,000 measles deaths would occur. 

Can the susceptibility levels rise to the predicted 

figure of close to ll%? If measles vaccine technology is 

unchanged and measles remairrs endemic in the rest of the 

world with no protection from importation offered to United 

States residents, then disease an.d perhaps 'epidemics would 

reduce the numbers susceptible. Sorne authors have suggested 

\that the proportion of ~usceptibles needed in 

J'poPulation to sustain endemicity is 6%(17,85,86). 

difficult to extrapolate this figure 

a closed 

Although 

to a 

macro-epidemiologic setting, and knowing that the mechanics 

of disease p~opagation may differ in an adult susceptible 

population, this level could be reached in about the year 
" 

J 
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2000. Subsequent. to disèase, the number of susceptibles 

would decrease and measles wouid recur only when the 
r 

necessary suscèptibles have re-accumulated. However', if 
1 

measles were ~~~minated globa1ly, or the UnÎted States 

population protected co~pletely from reintroduction, the 

number of';"susceptible people woulÇl accumu1ïte to about 11%, 

but pe irre1evant due to the absence of virus to incite 

diseaSe. 

A1though the first measles bëittle, that of 

eliminating rndigenous measles in the United States has been' 

virtually won, the war is not over. Computer simulation 

1hdicates that with every new { yelH the Uni ted States 

population will contain over 220,000 more (' persons 

susceptible to measles. Despite the great benefi ts that 

have been achieved, the challenge' of the future is to 

preserve that gain for today's younger generation and the 

generations of tomorrow. 

"­

Chapter Five examines these public healtb issues and 

makes recommendations for the future. 

, . 
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PUBLIC HEALTH STRATEGIES FOR MEASLES 
CONTROL IN THE FUTURE 
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Based on the observa,tions of the model developed in 

C~apter Four, i t i5 apparent that to " r ensure continuing 

fadeout of measles in the United States certain public 

health strategies must be considered. 

In a fadeout situation two essential elements are 

necessary for the reappearance of disease and epidemics'-

T , 

persons susceptible to measles, and introduction of the ! 
virus from outside of the population. Once the disease is 

reintroduced, the difference between a situatiçn of sporadic 

outbreaks of disease and epidemics depends uport the number 

of susceptible people in that target population. If either 

of these two elements were to be eliminated independently, 

leaving a 100% immune population, 'or no chance of 

importation, fadeout would persist indefinitely. Looked at 
• 

another way, if no measles importations could come about 

despite a largely susceptible ~opulation, fadeout would 
" con t inue , and if importations were abundant but the 

population completely immune, disease would not occur. 

These two issues will now be examined mor~ closely; strategy 

options will be disëussed with the gqals of reducing the 

\ 
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5.1 . - REpUCTION OF SUSCEPTIl}LES 

Wi th the current measles elimina tion program i t," is 

c1ear that susceptibiJ,.ity to measles could never be entirely 
. ) 

e1,iminated. Even if al1 children were vaccinated with a 

l~O% efficacious vaccine, all those between the ages of six 

months and fifteen mon th s wou Id become and , remain 

susceptible unti 1 the ir measles in je ct ion. The rea1istic L 

goal is to reduce susceptiblep below thresho1d levels as 

much as 'possible so that any reintroduction of disease would 

lead at most to sporadic rather than epidemic disease. 

In a highly vaccinated population like the United v 

States, susceptibles accumulate by the herd immunity effect. 

Vacc ine coverage is ~ function of the vacc ine eff icacy 

multiplied by the percentage of the population va,ccin,ated~ 

Unfortunately, ·the current vaccine coverage of 90% is not 

suff icient to keep the percentage suscept ible below the 

e'stimated measles perpetuation threshold 1evel of 6%. Thus, 
• 

two important strategies must be: 

( 
; 

" . 
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Increase the percentage of the population initially 

vaccinated., Although 95% of the populat ion ia already 

routinely vaccina ted" efforts must be made to improve 

this figure .. The subgroup of unvacc inated school 

chi1dren must be identified and vaccinated at the 

school age l.evel. 

2) Improve the quali ty and util. ization of the vaccine. 

The aim woul.d be to ach ieve a vaccine eff icacy as close 

to 100% as possible by improved field 
o 

seroconversion and better vaccine delivery ta achieve 

the max imum poss ible seroconversion in a communi ty 

setting. . If vaccine efficacy were 99%, the vaccine .. 
coverage would reduce the number of s~sceptib 

• accumul.ating through tï'me by al.most four percent. 

With the growing concern about susceptibl.e subgroups 
\ and waning immun! ty potentia1ly b,ecoming a problem, nrepeat 

\ 

vaccina tion n measles programs might çe considered. The goal 

wauld be ta increase the vacc ine coverage of the populati~p 

by a second dose of vacc ine in adul thood. A subset of this 
, " 

strategy cou Id include serolog ic surveys ta de termine those 

susceptible, and then selective irnmunization. 

Because of the blOCki~ effect of maternaI antft.bodies 
CI 
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on seroconversion ~(24,:36,95) revaccination has been ... 
recommendeq,. for chi-ldrel\..,ini tially immunized a t less than' 

, 
on~ year of ag'e. However, ' Wilkin and Wehrle (36), 

Linnemann (96), and Deseda-Tous et al (97) have shown that 

ten.months after revaccination of children who had' their 
\ 

'!.first measles injection at ten months of age or less, 

between 40% and 49% were still without measul'able antibody 

by the HI technique, despite, an initial antibody response in 

the majority. This led to' the recommendation by these 

authors ~hat in the si tuation of measles epidemics; the 

~ appropriate preventive measure for those less than twelve 

-months of age should be immune serum globulin rather than 

vaccine, as the ratter may prevent successful future 

immunization. Are these children susceptible to mea"les? 

unfortùnately this cannot be answered at the present time. 

The nèutralizing antibody response may be more sensitive i,~ 

def;in ing lIleasles imm~ni ty than the HI t i ter s, and in one 

st~dy (36) aIl revacc inated children demonstrated an 

anamnestic neutralizing antibody titer even in those who. 

failed to develop an 
1 

possib ili ty . exists tha t 

~I ·response. Never theless, the 

booster vaccination wi th measles 

vaccine may not have a lasting effect on attenuated titers 
f' 

.,--- 1 

i . 
1 

1 

1 
, j 

1 

'1 
1 
r 

and thus May not help to resolve the potential problem of ~ 

waning inunl;lni ty. 

.. 
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"Secondary vaçclie' failur'e,' if truly an entt ty 1 is 

difficu~t to distingulsh from a serol'ogically,lo,w titer that 

reacts anamnestica'ily and provides protection (98). . HI . 

titers appear to be specifie but insensitive in describing 

i.m.muni ty . This was demonstrated by Cherry (4) in a Los 
ù , 

Angeles County where twenty-six 
,1'\ , 

of slxty-seven 'chlldren who 

héld' an HI ti ter of less than five showed a pure IgG rather 

than IgM response to measles vaccine. 

A history of disease or vaccination is also an' 

unreliable indicator of immuni ty. The measles epidemic in 

young adults (48) on' the U.C.L.A. campus in California in 

1977 demonstrated this well. Of 

cases of measles, ten,O students 

vaccination, six had.a history of 

th ir ty-four 
1 

gave 1 
measles, 

document~d 

) 

history of 

eight had a 

history of nei ther , . one hp.d a history of both, and eigh t 

were uncertain. Of 40 students who though t they were 

non-immune (by disease 0,( vaccine) 1 th itrty-f ive had HI 

titers greater than five. O'f 19 students with HI titers 

.' 

i 
i 
1 

'1 
1 

1 
, 1 

" ~ 1 

less than five who were vaccinated, 15 responded with a 

secondary ÎgG , antibody rise. Thus , th~re was a ver'y poor 

correlation , betwe~n histor ies of 

suscèptibility or 
n 
J' /, 

immuni ty:: to rneasles. 
li 
'\ 

immunization and 

Similar situations 

have been, éxperienced else~here (96,97). The fact t~àt 50 

many revaccinated subjects dev-eloped an IgG response may 

+ 
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• 

abili ty '. Mean that the tO, respond anamnest9allY tq, vaccine 
( 

does not necessarily indicate pr tection against ., 
measles (97). 

There are still many unanswered questions with respect ... . 
to measles revaccination. Some authors su9gest serologie 

surveys .. to better define susceptibles' (99,100)., b'ut' poor 

negative predictive ,properties of serol09'1 make this 

dïfficult. Revaccination to .boost waning immunity has .. 
questionable value ~ boosted titers attenuate rapidly. i 
search for susceptibles at an adult age might' seroconvert 

sorne, but. would have doubtful effect on the'whole group, and 

the benefit of a mass second-dose,program' would serve only 

those'who had ·no diseaseoor vaccine experience at the priee 

of large numbers of néedless vaccinations. In summary, the 

a~rategy to increase vaccine cover~ge at ~ .later date-that 

could also correct waning immunity 'by either selective or 

<: 

mass second dose programs has little proven value. -More ',' 

appropriate current strategies are increasing the propor.tion , 
of children vaccinated ih childho0d and.the improvement of ~ 
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.. 
5.~ - MINtMIZE THE PROBABILITY OF REINTRODUCTION OF,MEASLES 

VIRUS 

,'\ 

As fadeout is, approac:hed and maintained, any new case 

of me~sles, by definition, must be i~ported. This is true 

for the Unite~ States where the proportion of cases of 

measles accounted for by importation is increasing. In 

1980; the total importation'of rneasles by United States 

citizens and foreigner~ (95 cases) accounted for 0.7% of aIl 
. ~ 

<. cases of reported measles in the Uni ted States in that year 

(101). By the fiist half of 1982 importations accounted for 

64/8~5 
• (J 

or 7.2% cases of measles,.,which if projected to an 
, , ' . 

basis, is rnorecthan the absolu te number of cases in annual 

1980. 13 of these 64 cases led to an additional 164 cases 

within the United States for a total of' 228 importation 
, \ '. 

related cases, or 25.5%' of aIl measles cases in the first 

half of 1982. 
\. . A single importeq case of measles to Flor~da 

• 
in the autumn of 1982 led to an epidemic of 'over 200 rneasles 

cases inl57 schools, 4 day care centers, one community 

college and one military school (102). With, the projected 

annual increase of ove'r 2,20,00 new susceptib'le people to 

measles in the United ,States, methods must be implemented to 

reduce(the chance of reintroduction ol the virus. 

Reintroquction of measles virus can occ~r two ways. A 

• 

,i 
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United States susceptible can acquire the disease abroad and 

then import i t" usually in .'i ts 
.. 

prodromal phase, and an 

infected foreigner cari enter the population from outside its 

borders. 
"' 

Control measures at this\ level clearly imply 

vaccination certificates for aIl United States citizens born 

after 1953-1957 leaving the country (or ,al terna tely 

re-enter ing) and. aIl foreigners enter ing the .. tfnH;:ed States 

wl:lo may be susceptible and hence infective. The population, 

at risk to be infective~ould depend on the degree of 

endemicity in the country of origin, 50 that ln areas of 
\ 

high enqemicity only those less tha~ age ten would need a 

vac~ination certificate or proof of disease,.and in areas of 

low endemicity older ages would need. to show proof of 

disease or vaccine. -This-strategy, similar to the one used 

for smallpox!. should limit reintroduction. Remaining 
, 

potential infectives woqld 'be children,less than 15 months 

~f measles elimina tion were 
9 

of age and illegal immigrants. 

ta con~inue as policy of the WHO, vaccination requirements 

for travellers. between these fadeout. countries would 

gradually become unnecessary. with the ultimate result of 

global fadeoqt, vaccine requirements would be eliminated for 

everyon~. 

Recently, the goal of worldwide elimination of measles 

has been question~d. Despite the great,benefit versus cost 
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of immunization programs i~ 'aevelop~d countries 
}, f 

(56,103,104), the' advantages are less clear in undeveloped 

aountries (105,106). This issue was recently reviewed ïn a 

Lancet editorial (107) where it waS concluded that if 

measles were demonstrated to be a disease that ca,n be 

~liminated, only then would the world decide to "rationalize 

. measles vaccine', into redundancy". 

'" A continuing strategy in measles elimination should 

inc~ude progressivk worldwide elimi~ation. As 

b~nef i ts/cos.t ""ra t'id '~eceme,s inf ini te, the pressure for 

the 

.. 
public funds will .alse rise~ Thus~ the faster the 

• 
elimination programs move ahead, the greater the chance for 

suecess .. Resourees must' be alloeated te interna~ional 

health agencies to ensure continuity of the global measles 

elimination program. , 

The final chapter of this th~sis will summarize the 
\ 

findings herein. and make recommendations for public health 

strategies for the future. 

, . 

'. r II' 

". 
) 

/ .. » 

11 
1 

1 
l' 
1 
1 
1 



, , . , 

. ' 

\ 

1 • 

, . 

'" 

" 

. 
1. • 

, ) 

.. 

CHAPTER -SIX 

CONCLUS~ONS AND RECOMMENDATIONS 

." 

Page 
~ 

Based on a review of th~ li8erature and the findings 

of' the computer model desqribeà in éhis thesis, thè 
... . 

following conclusions are reached: 

1) 

2) 

" 
Measles elimination ,in the United States has come about 

'bY th,e c~mbinlti,on of an effective vaccination program 
• 1 

and a hlghly naturally immunized population. 
\ 

Despite indigenous measles elimination, between 2~0,dob 

and 300,000 susceptible persons will accumulate every 

year as long as fadeout' persists so that their numbers 

will rise ~o, and perhaps ,above prevaccine levels. 

These susceptibles will be' distributed arnong the entire 

spectrurn of age g·roups. 

3) This accumulation of susceptible people is a result of 

herd irnmunity alone. Waning immunity (secondary 

vaccine failure) is not taken into account. 
. ~. 

p 4) Measles in these new age groups can be expected to have 
\ /Jo .. 

both higher rnorbidity and mortality. ,,>f'-
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... 

~ 
The pntentiâl for renewed disease and perbaps epi<iIemics ~ J 

.& '[,l, "\. • 

exists, and·,·,thi~ will become more. im~ortant as th~éar 
\ 1 1 ;. 1 

2000 is approached., ',;, 
, . 

1 

In, this conte~t, the fOllrW~ng rec~mmendatl~hs are 

made for public h~~ltn policy for the United States and for 
, ( , 

aIl' other countr ie~ 
, ~\ 

that achieye ~igh levels of artificial 

immunity\ to measles: 

1) 

2) 

3) 

,~ 
Efforts mli'st be made to 'vaccipate more lOf , ." 

than 95% 

children pr ior to school ,entry. , 
, .. 

Vaccine must be • improv'ed by higher 
~ 

eff iG:acy 

serqconversion rates in communi ty set~lngs .... 
\ , " ."e 

The relationship between serological matkers and 

protection From disease must be better understood. At 

'this time neitner selective screening nor ~ooste~ , 
vaccine 'can be recommended. ~ 

4) Vaccin~tion certificates should be required for air , 

potential infectives pr susceptibles re-intering, or 

en'tering the ·United States fO,r the first time • 
. , . 

5) Renewed and additional resources must be directed to 

~'~the rest of the world where measles remains endemic to 

institute 9r' i~prove measles elimination.programs to 

achieve global measles eradication. 

" 
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COMPUTER MODEL 

SIMULATING MEASLES 

" 
IMMUNITY AND SUSCEPTIBILITY 

DESCRIPTION Op. -VARWI:ES 

. t 

'" 

N(A.B) -POPULATION FOR AGE (A) YEAR(B) 
ID{A.B) -~ BY DISEASE 
IV{A.B)· -~ BY VACCINE 
TOTIM(A.B) -TOTAL IMMUNE , 
CTOTIM(A. B) -CQRRECTED TOTAL IMMUNE 
S(A.B) -NUMBER OF PÈOPLE SUSCEPTIBtE 

;:: 

FI(I) -FORCE OF INFECTION 
TPOP(B) ,:,POPULATION TOTAL ." 

TSUS(B) -SUSCEPTIBLE TOTAL 
TPS(B) -TOTAL ~CENT SUSCEPTIBLE 
PCAS(A.B) -PERCENT AGE ·SUSCEPTIBILITY 
FDO -YEAR OF COMPLETE FADEOUT 
COH -YEAR FIRST COHORT REACHES AGE-20 AFTER VACCINE ERA 
AT!{ -ATTACK CONSTANT 
CON -AGE CORRECTION 

'ALLIM -AGE PRIOR TO VACCINE ERA WREN 99% IMMUN;: , ~ 

,ENDLIN -AGE AT WICH MODEL STOPS BE:ENG LINEAR 
PCDEC -PERCENT DECREMENT IN SUSCEPTIBLES AFTER MODEL STOPS 

'" 
REING LINEAR 

PREVI ~ -% OF ADULTS SUSCEPTIBLE BEFORE VACC,INE, ERA 
BEGIV . -YEAR OF INITIATION OF PROG,RAM 
VACOV -% VACCINE COVERAGE 

REAL N(86,106) '. '­
RÊAL iD (86 , 106) , TOTIM( 86 ,106) ',CTOTÏM( 86 , 106) ,S_< 86,106) , TSlfS (106) , 
REAL TPS(106) ,FI(86) ,TPOP(106), IV(86 ,106) ,PCAS(86,106)' . 
REAL AAI(38) "TOTINF(37) ,SUMID(37) ,GRID5(37) ,GRID10(37) 
REAL GRID15 (37) ,GRID20(37,GinD21(37) ,GRPC5(37) ,GRIDIO(37) 
REAL GRIC15(37) ,GRPC20(37) ,GRPC21(37) 
~ ATK,CON,PCDEC 
REAL PREVI, VACOV , • 
INTEGER' FDOtCOH ,ALLIM, ENDL'IN. BEGIV 
INTEGER YEAR,AGE,POP ,A,B,ISTART,IEND 
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\ III 

10 

20 

READ POPULATION MAl'RIX 

READ(l,*,END=20) YEAR,AGE~POP 
IF (AGE.EQ.86) Go, TO '10 

A-AGE+l 
B-YEAR-1946+1 
N(A.B) -POP 
GO TO 10 

IF (YEAR.EQ.2051.AND.AGE.EQ~86) 
"STOP 

REAn ,CONSTANTS 

, , , 

", 

GO TO~2 

, " 

'22 READ(5,*) FDO,COH,CON,ALLIM,ENDLIN,PREVI ,BEGIV, VACOV 
FDo-~8,COH-57 ,CO~=. 75,ALLIM=20,ENDLIN=lO ,PREVI=.Ol, 
BEGIV·19,VACOV=O~90 

.' 
.~ .~ 
! ' 

.r . 1 



" 

. , 

. , 

START 

45 

.~ 

50 

A=l ' 

5'.5 
56 

• ----- l 

, , 

. ' 

A=2 

60' 

,61 , 
62 

ISTART-ISTART+1 
IF (IEND.EQ.I05) IEND-I04 
IEND-IENl).I-I 
A-A-rl 
B=B+l 
IF (B.LE.IEND.AND.A.LT.86) GO TO 51 

. IF (A.EQ.3) GO TO 100 1 

o A=O 
. B=ISTART" 

GO TO 45 , 
IF (B.LT.17) ATK=.041 
IF (n .GE.17-.AND :B.LT. 20) 

,IF (B.GE:20.AND.B.LT.25) 
IF (B.GE.25.AND.B.LT.30) 

ATk=.05 -
ATK=.045 
An=.035 

IF (B.GE.30.AND.B.LT.32) ATK-.030 
ÎF (B.GE.32.ANn.B.LT.35) ATK-.020 

. IF (B.EQ.35l ATK=.012 
IF (B,EQ.36) , ATK=.011 
IF (B.EQ.37) ~TK=.010 

IF (A.GT.1) GO TO 6.0 
. FI (A).-O .0 

'b TOTIM(A,B}=N(A,B) 
, , IF (B.GE.COR) ._ GO TO 55 

S(A,B):=O.O 

.' 

GO 1'0 "56 
S(A,B)-(l-VACOV)*N(A,B) 
CTOTIM(A,B)-TOTIM(A,B) 
B'-B-1 , ' 
GO TO 50 'D 

'. 

lF (A.tT.2) . GO TO 65' 
IF (B.LT. FDO) GO TO 61-

. FI(A)=O.O . 
GO TO 62 

FI(A)=:ATK~(. 75,+CON) " 
ID(A.B)-N(A-1,B)*FI(A), 

, 1 .. ' 

'1 . 

, 
,1. 

•• ! 

. "' 
" .. . : 

1.' 

, ' 

, . 
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.' 
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i 

.. 

65 

66' . 
67, 

A>3 ~. 

70 

80 

71 

~ . -. 
l ' 

v 
, 0 

TOTIM(A,B)=ID(A,B) ~ 
CTOTIM(A,B)=TOTIM (A,B)+TOTIM(A,B)*(N(A+l,B+l)-(N(A-l,B)t' 

N(A,B) » 1 (N (A-1,B)+ N(A,B}) 
$(A,B)=N(A,B)+N(A-~,B)-ID(A,B) 
GO Ta 50 

. IF (A.GT.3.0R.B,-A.LT.l7) Go Ta 70 
IF (B.tT.FOO) GO TO 66 

FI(A)-O.O 
'GO 'r0 67 . 1 

FI(A)·ATK*(!~5+CON) 
IF(B.GE.BEGIV~4) IV(A,B)~VA~OV*S(A-l,B-l) 
IF(B.GE.BEGIV.AND.B.LI.BEGIV+4) 

/ 

IV (A,"B) - « (B-BEGIV) /10.0)+. 5)*S(A-1, B-1) 
ID(A,B)=(S(A-1,B-1)-IV(A,B»*FI(A) 
TOTIM(A,B)zID(A,B) IV(A,B)~CTOTIM(A-1,B-l) 

. CTOTIM(A,B) =TOTIl'f(A,B)+TOTIM(A~B) *(N(A+! ,B+1)-N(A,B» IN-(A,B) 
S(A,B)=N(A,B)-TOTIM(A,B) 
GO TO 50 

" . 

IF,(B-A.GE.l7) GO TO'91-
IF (A.GE.ALLIM) GO Ta 71 

IF (A.GT.ENDLIN) GO TO 80' 
'FI(A)=ATK*(A-1.5tCON) 
ID(A,B)=S(A-1,B-1)*FI(A) 
TOTIM(A,B) =rD (A,B)+IV(A, B)+CTOTIM(A-l, B-1) . 
CTOTIM(A,B)=TOTIM(A,B) TOTIM(A,B)*(N(A+l,B+l) 

-N(A,B» /N(A,.B) 
S(A,B)=N(A,B)-TOT~(A,B) 
GO TO 50 

IF' (A.GT.ENDL!N+1) GO TO 81 
P~C=(S(A-1,B-1)/N(A-l,B-l»-O.01 
PCDEC=PERC/10.0 

. 'IF (PCDEC. LT • o. 0) reDEC-Ô. a 
. GO TO. 81 

IF (B.GE.FDO) GO TO 50 .. 
IF (A.GT.ALLIM) GO TO 81 

PERC=(S(A-1,B-1)/N(A-l,B-l»-O.Ol 
~ PCDEC=PERCI (FDO-B+1) 

IF (PCDEC,LT,O.O) PCDEè=o.o 
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" 81 

91 . 

92 

~93 
95 

., 
S(A,B}=(~S(A-l,B-1)/N(A-l,B-l»-PCDEC)*N(A,B) 
ID(A,B}-PCDEC*N(A,B) 

• GO TO 50 
IF (B.GE.FDO) GO TO 93 

~ 

IF (A.GT.ENDLIN) GO TO 92 
FI(A):ATK*(A-1.5+CON) 
GO TO 95 -

FI (A) =FI(ENDLIN) 
GO TO 95 

FI(A)=O.O 
ID(A,B)=S(A-1,B-1)*FI(A) - " 
TOTIM(A,B)=ID(A,B)t1V(A,B)+CTOTIM(A-l,B-l) 
CTOTIM(A,B)=TOTIM(A,B)+TOTIH(A,B) *(N(A+1,B-rÙ . 1 

-N(A,B»/N(A,B) . ? 
S{A,B)=N(A,B)-TOTUM(A,B) 
GO TO 50 

. ' 

CALCULATE TOTALS 

100 

110 
120 

130 

140 
150 
1,60 

M=BEGIV-l . 
DO 120 J-H, 105 

DO 110 1-1,86 . 
TSUS(J)=TSUS(J)+ S(I,J) 
TPOP(J) -TPOP(J)+ N(I,.]) 

CONTINUE 
CONTINUE 
DO 130 J-H,105 . 

TPS(J)=TSUS(J)/TPOP(J) 
CONTINUE 
DO 160 J::M,105 

DO 150 1-1,86 
IF (LNE. 2) GO TO 140 

PCAS( l, J) -S (1 ,J) J.(N(1-l ,.1~ N(I,J) 
\ GO TO 1.50 

PCAS(I,J)-S(1,J)/N(I,J) 
CONTINUE -' 

CONTINUE 
KL""FDO--l 
KK=BEGTV-l 
DO 195 J=KK,KL 
. SUMID(J)=O. 0 

TOT.INF (J) -0 • 0 
GRID5 (J)-O. 0 

*GIUDIO(J)=0 .0 
GRID15 (J)=O . 0' 
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GRID20 (J)=O. 0 ' 
GR'ID21(J)=0.0 
DO 190 1=2,86 

SUMID~J)-SUMID(J)~ID(I,J) 
TOTINF(J)-TOTINF(J}+I*ID(I,J) 
IF (I.GT.5) GO TO 186 

GRID5(J) -GRID5(J)+ ID(l,J) 
GO TO 190 " 

IF (I.GT.10) GO TO 187 
GRID10(J)=GRlD10(J)+ ID'(I,J) 
GO TO 190 

IF (LGT .15) GO TO 188 -
GRID15 (J) -GRI015 (J)+ID(l ,J) 
GO TO 190 

IF (I.GT.20) GO TO 189-
GRID20 (J)=GRID20(J)+ ID(l, J) 
GO TO 190 

GRID 21 (J) =GRID21 (J)+ ID (l, J) _ 
CONTINUE 
AAI(J)-TOTINF(J)!SUMID(J) 
GRPC5(J)=GRID5(J)!SUMID(J) 
GRPCI0(J)=GRIDI0(J)!SUMID(J) 
GRPCI5(J)~GRID15(J)!SUMID(J) 
GRPCiO(J)~GRID20(J)!SUMID(J) 
GRPC21 (J)-GRID21 (J)!SUMID(J) 

CONTINUE 

OUTPUT 
END 
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