Measles Herd Immunity

The Association of Attack Rates With Immunization Rates

in Preschool Children

Thomas L. Schlenker, MD, MPH; Carole Bain, MD; Andrew L. Baughman, MPH; Stephen C. Hadler, MD

Objective.—To examine the association between incidence of measles and
immunization coverage among preschool-age children.

Design.—An ecological study in which measles incidence was compared with
immunization coverage among census tracts. The independent effects of race and
population density were controlled for.

Setting.—A recent measles outbreak in Milwaukee, Wis. Immunization cover-
age data were estimated from a retrospective, school-based survey of Milwaukee
grade school students.

Patients.—One thousand eleven persons (<17 years) who had confirmed
measles from September 1989 through June 1990.

Main Outcome Measures.—Confirmed measles cases grouped by census
tract, corresponding census tract preoutbreak immunization coverage, racial
breakdown, and population density.

Results.—Census tracts stratified into four levels, with mean immunization rates
of 50.4%, 60.2%, 69.9%, and 81.0%, had respective median attack rates of 11.6,
5.0, 1.7, and 0.0 cases per 1000 persons (P<.01). The association between im-
munization coverage and measles attack rate remained significant even after con-
trolling for race and population density.

Conclusions.—Modest improvements in low levels of immunization coverage
among 2-year-olds confer substantial protection against measles outbreaks. Cov-
erage of 80% or less may be sufficient to prevent sustained measles outbreaks in

an urban community.

OUTBREAKS of measles involving pre-
dominantly unvaccinated, preschool-age
children have contributed almost half
(44.9%) of all cases recorded during the
nationwide upsurge of measles noted in
1989 and 1990.! This type of outbreak,
recently reviewed by Markowitz and co-
workers,?is likely to contribute an ever-
increasing share of cases as the inci-
dence of measles is progressively re-
duced among grade school, high school,
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and college students through implemen-
tation of the new recommendation that
all students receive two doses of mea-
sles vaccine.? A recent study comparing
immunization coverage in eight US cit-
ies suggests that large outbreaks are
most likely to occur in cities with low
immunization rates among preschool-age
children.* In an outbreak in one large
city, neighborhoods with the highest
measles attack rates were shownto have
the lowest immunization coverage
among 2-year-olds.5 To better under-
stand the relationship between measles
transmission and immunization cover-
age among preschool children, the fol-
lowing epidemiological study was com-
pleted following a measles outbreak in
Milwaukee, Wis.

From September 1989 through June

1990, Milwaukee experienced an exten-
sive measles outbreak, reported more
fully elsewhere.® The outbreak was no-
table for its size, 1095 recorded cases
(attack rate of 181 per 100000 popula-
tion), and its severity, 233 cases (21%)
hospitalized and three deaths. Also no-
table was the disproportionate number
of cases in blacks (82% of cases but only
30% of the total population) and the very
young (61% of individuals contracting
measles were <5years old and 96% were
<17 years old). Children under 5 years
old with measles (64.5% of whom were
unvaccinated) were at highest risk for
severe disease, accounting for 75% of all
those hospitalized and 100% of those who
died.

The magnitude of the outbreak sug-
gested that the local population was not
as well protected against measles as pre-
viously thought. Because of the known
high efficacy (>90%) of the measles vac-
cine,” our attention focused on vaccine
coverage. Although the Wisconsin Di-
vision of Health reported that 93% of all
schoolchildren in Milwaukee were im-
munized against measles, no vaccine cov-
erage estimates were available for the
subpopulation of most concern: pre-
school-age children. In other cities ex-
periencing measles outbreaks, measles
immunization rates in preschool-age chil-
dren in selected areas have been re-
ported as low as 49%.58

To reliably estimate preoutbreak
immunization coverage, we undertook
a retrospective, school-based survey
of student records in Milwaukee's
public and private schools. By com-
paring immunization rates with mea-
sles attack rates among census tracts,
we were able to measure the strength
of association between them and to
quantify the protection provided by
different levels of immunization dur-
ing an epidemic.
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R —— Table 1.—Immunization Coverage by 1 and 2 Years of Age Estimated From Kindergarten Records in

Milwaukee, Wis (1989)*

100 @ DTP3 by 1 Year of A - "~ ]
90l | ©° Me.:-1:salgsy by 2 Years ogfe Age Type of No. of Ag:?&r Ag':lgnvzzrs, b;‘r:e;lvel::s,
A Measles and DTP4 by 2 Years of Age b i Students No. (4) No. (%) No. (%)
80 Public 7899 4757 (60.2) 4670 (59.1) 2501 (31.7)
2 70 Private 1654 1431 (86.5) 1393 (84.2) 913 (55.2)
g ° Total 9553 6188 (64.8) 6063 (63.5) 3414 (35.7)
S 60| 8 8 8 . e e
c *DTP3 and DTP4 indicate diphtheria, tetanus, and pertussis vaccine doses 3 and 4; MMR, measles, mumps,
S 350 and rubella vaccine.
<
§ 40 A
E 30 & 4 a for Disease Control (CDC) (unpublished Because the MARs are not distrib-
= recommendations, July 1990), vaccine  uted normally and do not have con-
20 coverage among Milwaukee’s private  stant variance across immunization
10 kindergarten classes, which included levels, we used Spearman’s rank cor-
1654 students in 1989. A two-stage clus-  relation coefficients! to quantify the

1982 1983 1984 1985 1986 1987
Year

Fig 1.—Estimated immunization rates for four Mil-
waukee Public School cohorts identified by the year
each group was age 2 years. DTP3 and DTP4 in-
dicate diphtheria, tetanus, and pertussis vaccine
doses 3 and 4.

METHODS

To estimate preoutbreak immuniza-
tion rates we used computer-stored im-
munization records of all Milwaukee Pub-
lic School (MPS) students enrolled in
5-year-old kindergarten and in third and
fourth grades in 1989 and in 5-year-old
kindergarten in 1990 (31678 total
records). The four grades selected rep-
resent four age cohorts of children who
were 2 years old in 1982, 1983, 1986, and
1987, respectively. The MPS record con-
tains the dates of all school-required im-
munizations received: diphtheria, teta-
nus, and pertussis (DTP) vaccine, doses
1 through 5; oral polio vaccine (OPV),
doses 1 through 5; and measles, mumps,
and rubella (MMR) vaccine. The record
also contains the student’s date of birth,
census tract of home address, race/eth-
nicity, and sex. We calculated each
child’s age at receipt of MMR vaccine.

The MPS student records were
grouped by residence into one of Mil-
waukee’s 218 census tracts. The pro-
portion of children who had received
measles vaccine by their second birth-
day was used to represent measles vac-
cine coverage within each census tract.
The census tract immunization rates
used in our analysis are the averages of
the four MPS age-and-grade cohorts
(1982, 1983, 1986, and 1987) combined.
Because there was little change in over-
allimmunization rates from year to year
(Fig 1), the average rates for each cen-
sus tract used in our analysis should
closely approximate the actual rates at
the onset of the measles outbreak in
September 1989.

We also assessed, using sampling
methods recommended by the Centers
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ter sample of 35 classes including 607
students (37% of all children in private
kindergartens) was selected. The data
were collected manually at each school.
Because private schools’ records were
not computerized and because private
schools represented a relatively small
group of children and were an incom-
plete sample of this group, we excluded
them from the comparisons of measles
attack rates and immunization levels
among census tracts. These data are,
however, presented in the aggregate in
Table 1.

Of the 1095 measles cases that oc-
curred in Milwaukee between Septem-
ber 1, 1989, and June 30, 1990, 1011
(92.3%) were included in this study. We
excluded 71 cases (6.5%) because they
occurred in adults (=18 years of age)
and 13 cases (1.2%) because home ad-
dresses were not available. A case was
considered confirmed when a positive
indirect fluorescent antibody test for
rubeola was obtained from the affected
individual or when the standard CDC
clinical case definition was met: fever,
with a temperature of 38°C or higher if
measured; a generalized maculopapular
rash lasting 3 or more days; and at least
one of the following: cough, coryza, or
conjunctivitis.

Measles cases were grouped by cen-
sus tracts. Measles attack rates (MARs)
were calculated for individuals 17 years
of age and younger using population data
obtained from the US Special Census of
1985.% We excluded from the analysis 10
census tracts with five or fewer MPS
vaccination records because of the un-
reliability of rates caleulated from small
numbers.

Our primary analysis examined the
association between MARs and immu-
nization rates among census tracts. To
characterize this association, we made
box-and-whisker plots!® that summarize
the distribution of attack rates for four
immunization ranges defined by divid-
ing the ranked immunization rates into
four equal groups.

association between MARs and immu-
hization rates.

Orenstein and coworkers'? have cau-
tioned investigators to be careful to eval-
uate whether vaccinees and nonvae-
cinees have equal risk of exposure to
disease. In our study black children had
markedly higher MARs. However, be-
cause of Milwaukee’s highly segregated
living conditions,'® they also likely had
greater risk of exposure to disease. Of
the 1011 measles cases, 767 (75.9%) oc-
curred in the 67 census tracts with pop-
ulations greater than 49% black. Be-
cause racial segregation reduces mixing
of populations and may produce unequal
risks of exposure and because other fac-
tors, such as increased population den-
sity, may increase transmission within
races, we examined whether race
(<10%, 10% to 49%, and =50% black) or
population density (<965 and =965 per-
sons <17 years of age per square kilo-
meter) confounded the association be-
tween MARs and immunization cover-
age. We also performed a stepwise re-
gression analysis of the ranked data, 1
in which race, population density, and
immunization coverage were included
as candidate independent variables.

RESULTS

To estimate citywide immunization
rates for one cohort of children who were
2 years old in 1986, ie, those who en-
tered 5-year-old kindergarten in 1989,
we combined records for 7899 MPS stu-
dents with records for 1654 students in
private kindergartens (Table 1). The to-
tal (9553) is 92% of the total number of
2-year-olds living in the city of Milwau-
kee in mid-decade (10 363), based on the
1985 US Special Census.®

A significantly lower immunization
coverage rate was seen in children who
attended public schools compared with
private schools—59.1% vs 84.2% for one
MMR vaccination by the second birth-
day (P<.01). The citywide average es-
timated immunization rate for one MMR
vaceination by 2 years of age (63.5%)
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Fig 2.—Map of Milwaukee, Wis, by census tract. Left, Measles attack rates, cases per 1000 persons 17 years
old or younger, Right, Immunization gap rates, percentage of 2-year-olds not immunized with one measles,

mumps, and rubella vaccine.

Table 2.—Association Between Measles Incidence and Characteristics of Census Tracts

Attack Rate per
No. of 1000 Persons Rank
C s Correlation
Factor Tracts Median Mean Coefficient* P
Black, %
<10 a3 0 1.5
10-49 48 2.8 42 .70 <.01
=50 67 1.3 12.3
Population density, per square kilometer
<965 111 15 2.9
52 <.01
=965 97 6.9 8.7
Immunization coverage, %
36.4-55.6 52 11.6 134
55.7-64.6 52 5.0 6.0
-7 <.01
64.7-74.8 52 1.7 20
74.9-90.0 52 0 1.0

*Test for rank correlation coefficient greater than 0 for percentage black and population density and for rank
correlation coefficient less than 0 for immunization coverage.

was markedly lower than that found by
the US Immunization Survey of 1985
(81.7%) (unpublished data, Centers for
Disease Control, 1987). Comparing four
different years during the 1980s, only
slight differences were noted in immu-
nization rates for any of the vaccines
(Fig 1).

Immunization rates varied signifi-
cantly by race/ethnicity. For one MMR
vaccination by 2 years of age, 75% of
whites had been immunized compared
with 62% of Hispanics and 55% of blacks
(P<.01). The rates for completing the
entire recommended immunization se-
ries by age 2 years were 44%, 32%, and
28%, respectively.

JAMA, February 12, 1992—Vol 267, No. 6

In the 208 census tracts that had at
least six schoolchildren with immuniza-
tion records, immunization rates (one
MMR vaccination by 2 years of age)
ranged from 36.4% to 90.0%. Measles
attack rates ranged from 0 to 38.7 cases
per 1000 persons 17 years of age and
under. Sixty-one census tracts had no
cases, 105 had between one and nine
cases, 33 had between 10 and 19 cases,
and nine had 20 or more cases. Census
tracts stratified by MARs—0, 1 through
9, 10 through 19, and 20 or more cases
per 1000 persons—had respective me-
dian immunization rates of 75.0%, 64.4%,
51.8%, and 49.0%.

In comparing geographical maps, a

Measles Attack Rate,
Cases per 1000 Population <17 Years Old

I THL

1
(Mean= Mean_ (Mean (Mean—
50.4%) 60 2%) ©69.8%) 81.0%)

Immunization Rate Level

Fig 3.—Box and whisker plots of measles attack
rates by immunization rate level group.

clear correlation can be seen between
decreasing immunization coverage and
increasing MARs (Fig 2).

Census tracts stratified into four
ranges of immunization rates, with
means of 50.4%, 60.2%, 69.8%, and
81.0%, had respective median MARs of
11.6, 5.0, 1.7, and 0.0 cases per 1000
persons (Table 2). The rank correlation
between MAR and immunization rate
was high (r=-.71, P<.01)

Attack rates also varied significantly
according to racial distribution and pop-
ulation density of census tracts (Table
2). Median MARs increased with in-
creasing proportion of black residents,
from no cases in census tracts with fewer
than 10% blacks to 11.3 cases per 1000
persons in census tracts with a black
population greater than 49%. Attack
rates were higher in census tracts
with a population density greater
than 965 people per square kilometer
(median, 6.9 cases per 1000 persons)
than in those with a lower population
density (median, 1.5 cases per 1000
persons).

We repeated the analysis after strat-
ifying census tracts according to racial
composition and population density. In-
creasing immunization coverage levels
remained significantly associated with
decreasing measles incidence rates
among census tracts after controlling
for either the proportion of black resi-
dents or population density (P<.01). The
results of a stepwise regression analysis
of the ranked data showed that the stron-
gest predictor of MAR was immuniza-
tion rate. Addition of the proportion of
black residents and population density
to the regression model improved the
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rank correlation only slightly.

For example, among the 67 predom-
inantly black census tracts where 75.9%
of all measles cases occurred, the MARs
decreased as immunization coverage in-
creased (r= —.44, P<.01). Mean mea-
sles immunization levels for the 67 black
census tracts ranked and divided into
four groups were 46%, 52%, 56%, and
60%. The corresponding mean MARs
were 15.8, 11.8, 10.5, and 8.1 cases per
1000 persons.

COMMENT

Although school-age children and ad-
olescents, including college students,
were the sectors of the US population
most affected by measles during the
early 1980s,?the large measles outbreaks
from 1989 until the present involved pre-
dominantly preschool-age children. The
driving force of the current epidemic is
the low level of immunization coverage
among these preschoolers.® Following
the Milwaukee measles outbreak of 1989-
1990, we confirmed that only 64% of
Milwaukee 2-year-olds had been vacci-
nated against measles. Given such low
immunization rates in Milwaukee and
presumably elsewhere in the United
States, the outbreaks of measles and
other vaccine preventable diseases that
occurred during the late 1980s could have
been expected.!™1®

An important finding of this study
was the highly significant correlation
between increasing immunization cov-
erage and decreasing measies transmis-
sion. In particular, our analysis suggests
a threshold of immunization coverage
above which widespread measles trans-
mission does not appear to occur. As
shown in Fig 3, the increase in average
measles immunization rate from 50% to
60% was associated with a reduction in
the median MAR by more than half (from
11.6 to 5.0 cases per 1000 persons). With
70% immunization coverage, measles in-
cidence was lower by 86% (from 11.6 to
1.6 cases per 1000 persons). At 81% im-
munization coverage, the median MAR
was zero.

These results are similar to those of a
recently completed CDC study compar-
ing vaccine coverage and measles inci-
dence for eight US cities that suggests
that a level of immunity of 70% to 80%
among 2-year-old children in inner cit-
ies may be protective against disease
outbreaks.* Measles epidemiology stud-
iesin Baltimore, Md, in the 1930s showed
cyclical outbreaks paralleling a popula-
tion of susceptible subjects that varied
between 30% and 50%.'° This work
served as the basis for the concept of
herd immunity thresholds, which cre-
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ated the expectation that nationwide im-
munization would lead to the eradica-
tion of measles in the United States by
1967.% The herd immunity, ie, immu-
nization coverage, threshold required
to prevent disease transmission within
schools has been found to be quite high,
exceeding 95%.2 Empirical immuniza-
tion thresholds that apply to the general
population, however, have not been pre-
viously documented.

Mathematical models of disease out-
breaks have been used to estimate im-
munity thresholds necessary to prevent
disease transmission, but generally they
require that populations mix randemly.2
Natural populations, such as Milwau-
kee’s, have much more eomplex mixing
structures, driven by the special dy-
namics of subpopulations based on
age, race, neighborhoods, schools,
ete, and are affected by changing ex-
ternal forces, such as the economy
and the seasons. Thus, to fully under-
stand disease transmission to lay the
groundwork for appropriate disease
prevention strategies, theoretical
models must be informed by empirical
studies. By geographically matching
MARs with immunization rates in
Milwaukee, we have quantified the
association between the two variables
and have established the protection
conferred by different levels of immu-
nization in one urban community.

Our data suggest that the resurgence
of measles in the United States is not
necessarily the result of a more virulent
virus or a less efficacious vaccine.®
Rather, it is apparent that we have yet
to achieve the required herd immunity
threshold within a eritical population.
We have been overly optimistic about
vaccine coverage of the preschool pop-
ulation that, in Milwaukee as elsewhere,
has proven to be the engine of the cur-
rent epidemic. The data also show, how-
ever, that we are not so far away from
the herd immunity threshold of this hard-
to-reach group that we should despair.
Even among Milwaukee’s black minor-
ity, in which racial segregation and
greater population density increased the
risk of measles transmission, modestly
increased immunization levels remained
strongly correlated with decreased
MARs.

The substantial additional protection
generated by relatively modest improve-
ments in immunization coverage is the
silver lining of this dark cloud. More-
over, our data suggest that immuniza-
tion coverage of 2-year-olds of 80% or
less may be sufficient to prevent sus-
tained measles outbreaks in urban com-
munities. Our challenge is to apply the

human and financial resources neces-
sary to achieve such coverage. Addi-
tionally, it is hoped that similar ecolog-
ical studies will be performed in other
urban and nonurban populations to es-
tablish locally relevant thresholds and
to further define and quantify the con-
cept of herd immunity.,

We thank data analyst Gloria Tatum and epide-
miologist Kathy Fessler, RN, for their assistance.
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