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Introduction

Cyclic outbreaks of Bordetella pertus-
sis have occurred during the past 15 years,
despite an effective vaccine for infants and
children,'3 and have resulted in significant
morbidity and cost.4-10 There are few data
characterizing communities in which out-
breaks occur.

This study used geographical tech-
niques to determine whether incident cases
of pertussis cluster within an urban
area."-19 In addition, we examined whether
poverty, race/ethnicity, the proportion of
infants and children, population density,
and population mobility are correlated with
pertussis incidence.

Methods

A retrospective surveillance system-
based ecological design was used. Associa-
tions were examined between the outcome
of interest (high rates of pertussis) and cen-
sus tract characteristics.

The study was conducted in Denver,
Colo, with a population of 467 610 and 180
census tracts in 1990. Demographic data
were obtained from the 1990 US census.

Cases of Denver residents reported to
the Colorado Department of Health with
symptoms, laboratory findings, or both,
meeting the Centers for Disease Control and
Prevention (CDC) case definition of B per-
tussis infection from January 1, 1986,
through December 31, 1994, were included
as cases. 0 Additional cases were identified
from the Colorado Hospital Association Dis-
charge Database and confirmed by either
chart review (21 cases, 10.7% of total) or
International Classification ofDiseases, 9th
edition (ICD-9), coding alone (6 cases, 3%
of total). For cases from the same address,
the index case was the one with the earliest
date of onset of symptoms.

We employed capture-recapture meth-
ods to estimate the efficiency of our
case-ascertainment strategy.21-23 The size
of the "true" population of hospitalized per-
tussis patients and the proportion of this

population captured by our data sources
were estimated. Using previous estimates
of pertussis hospitalization rates,21 we esti-
mated the coverage rate for all cases of
pertussis.

The outcome variable was the age-
adjusted incidence rate of pertussis
infection for a census tract. By means of a
geographic information system (MapInfo,
Troy, NY), each case was assigned to a cen-
sus tract according to the patient's address.
This assignment was the basis for the cen-
sus tract-specific age-adjusted rate,
calculated by the direct method and based
on the 1990 US population.24 (Table 2 lists
explanatory variables available for each
census tract.)

Both exploratory mapping and confir-
matory statistics were used to determine
whether areas of increased pertussis inci-
dence existed. In the exploratory mapping
phase, the age-adjusted rates were smoothed
by means of a nonlinear two-dimensional
smoother.2527 The smoothed rates are sub-
ject to less variation, allowing detection of
spatial patterns otherwise obscured by back-
ground "noise." Nonlinear smoothing is
more likely than linear smoothing to reveal
abrupt changes in rates. Maps were con-
structed from smoothed age-adjusted rates
(MapInfo). To confirm that observed clus-
ters were statistically significant, the Moran
statistic for spatial autocorrelation was cal-
culated.28

Descriptive statistics were calculated
for age-adjusted rates and all explanatory
variables. Bivariate associations between
rates and explanatory variables were exam-
ined by calculating Pearson's or Spearnan's
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correlation coefficient. A coefficient was

considered significant at P < .05 (two-tailed
test) (SAS software, SAS Institute, Inc,
Cary, NC).

To elucidate the apparent spatial cor-

relations, the rates were modeled as a

linear function of census tract characteris-
tics. A generalized linear regression model
allowing for spatially correlated cases was

fitted by means of Poisson regression
(S-PLUS, Statistical Sciences, Seattle,
Wash).29 Transformations were applied to
explanatory variables whose distributions
were highly skewed. Residuals from this
model revealed no spatial dependence,
indicating the success of the model in
accounting for the spatial correlation in the
rates. Strata were determined by increas-
ing levels of the apparently significant
variable, and significant coefficients
(P < .05) were confirmed by plotting rates
pooled within a stratum against the median
values of that variable for census tracts in
the stratum.

Results

From January 1, 1986, to December
31, 1994, 259 eligible cases of pertussis
were reported to the Colorado Department
of Health. Thirty-two additional patients
with pertussis were admitted to three area

hospitals, but these cases were not reported
to the health department. Of these 291
patients, 261 (89.7%) resided in Denver,
and 195 (74.7%) of the Denver cases were

defined as index cases (Table 1).
The complete sample (261 patients)

included 82.6% of infants and 83.0% of
older persons in the theoretical "true" popu-
lation of pertussis case patients. For index
case patients alone, estimates of efficiency
were 72.6% for children less than 1 year of
age and 38.5% for those older than 1 year.

The age-adjusted annual rate was 4.66
cases of pertussis per 100 000 persons per

year (95% confidence interval [CI] = 2.70,
6.62). The rate of hospitalized patients with
pertussis was 1.93 per 100 000 persons per

year (95% CI = 0.67, 3.19). Among census

tracts, the rates were highly skewed. The
median rate was 2.71 cases per 100000 per-

sons per year; the mean rate was 3.87, with
a maximum rate of 18 and a minimum rate
of 0 (43.4% of the census tracts).

Figure 1 maps the smoothed age-

adjusted rates for 1986 through 1994. The
highest density of cases occurred in the
northern and westem areas of the city. This
pattern was also observed when only the
cases in which patients were hospitalized
were mapped (not shown). The Moran sta-
tistic for spatial autocorrelation was .134
(95% CI= .037, .232; P= .002).

Table 2 shows demographic characteris-
tics of the census tracts and the associations
between these characteristics and the rate of
pertussis infection. Significant bivariate cor-

relations (P < .05) are shown.
Before the Poisson regression was

done, the independent variables were exam-

ined for correlations. A representative
variable was chosen from highly correlated

variables. The results of the Poisson regres-

sion are presented in Table 2; they indicate
that when the other census tract characteris-
tics are taken into account, increased rates of
pertussis are associated with increased
poverty and increased proportions of
residents in the same house for 5 years

(decreased mobility). A marginally signifi-
cant association was also found with
increased proportions of Hispanic residents
within a census tract (P = .06). Subsequent
analysis suggested a potentially spurious
significance in the regression coefficient for
the mobility index.

Discussion

We found that incident cases ofB per-

tussis infection showed geographic
clustering in census tracts in an urban area.

The age-adjusted incidence rates found in
our study are comparable to those found
previously."" In qualitative terms, the cres-

cent area identified as having high rates of
pertussis is also home to most of Denver's
minority population and has the highest
unemployment rate30; higher age-adjusted
mortality rates from diabetes, human
immunodeficiency virus (HIV) infection,
homicide, and unintentional injury; and
higher age-adjusted rates of fertility, late
prenatal care, and low-birthweight births
compared with other parts of Denver.3'
Thus, this area appears to be in need of pre-
ventive measures.

When various census tract characteris-
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TABLE 1-Demographic and Diagnostic Characteristics of Index Pertussis Cases, by Data Source: Denver, Colo, 1986
through 1994

Data Source
Colorado Hospital

Population (%) Total Cases Department of Health Discharge D
in Denvera (n = 195) (n = 168) (n = 27)

(n = 467 610) No. (%) No. (%) No. (%)

Age
0-12 mo 6 106 (1.4) 117 (60.0) 93 (55.4) 24 (88.9)
13-35 mo 15 081 (3.2) 19 (9.2) 17 (10.1) 2 (7.4)
3-11 y 53587 (11.4) 15 (7.6) 14 (8.3) 1 (3.7)
>11 y 392 836 (84.0) 44 (22.5) 44 (26.2) 0 (63.0)

Patient's sex
Male ... 89 (45.6) 72 (42.9) 17 (63.0)
Female ... 106 (54.3) 96 (57.1) 10 (37.0)

Patient hospitalized ... 82 (42.0) 55 (32.7) 27 (100.0)
Laboratory confirmation ... 131 (67.1) 119 (70.8) 12 (44.4)

aFrom the 1990 US census.
bCases in which the patient was hospitalized but that were not reported to the Colorado Department of Health. The total number of cases in

which the patient was hospitalized was 76.
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FIGURE 1-Smoothed age-adjusted pertussis rates, Denver County, 1986 through 1994.

II

tics were taken into account, we found an tract living below the poverty level. A These findings may reflect poor access to
association between increased age-adjusted statistically weaker association was found preventive health care-in particular, per-
rates of pertussis infection and higher between increased rates of pertussis and tussis immunization-or greater risk of
proportions of residents in the census higher proportions of Hispanic residents. exposure for these populations. Of the case

2024 American Journal of Public Health

Miles

TABLE 2-Characteristics of Census Tracts and Correlation between Mean Census Tract Characteristics and Age-Adjusted
Rates of Pertussis Infection: Denver, Colo, 1986 through 1994

Correlation Adjusted
Mean SD Coefficienta pb Coefficienlt pC

Population per square mile 603.1 350.6 0.21 .02 0.07 .47
Median household income, $ 26 660 11 684 0.38 <001 ... ...

Residents below poverty level, % 17.24 14.46 0.45 <.001 0 64 <.001
Residents receiving public assistance, % 8.31 8.25 0.48 .001 ... ...

Non-Hispanic White residents, % 62.16 27.92 -0.50 <.001 ... ...

Hispanic residents, % 21.75 21.72 0.40 <001 0.37 .06
Black residents, % 12.83 21.21 0.11 .18 ... ...

Female residents, % 50.99 5.29 0.02 .84 0.08 .35
Residents in same house for 5 y, % 46.44 14.93 0.06 .51 0.43 .03
Residents younger than 6 mo, % 0.64 0.33 ... ... 0.13 .37

aSpearman or Pearson.
bFor correlation coefficient.
cFrom the Poisson regression analysis.

I . . .......
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patients with available immunization data,
50% of infants less than 6 months of age
were unimmunized, and 78% of children
aged 6 months through 5 years had not
completed the primary immunization series
(data not shown). Small area-specific
immunization levels are not available.
However, clinic assessment data from
Denver Health, which provides primary
care to most of Denver's poor, reveal full
immunization for 30% of 2-year-olds in
1993 and 50% in 1994 (unpublished data,
Denver Health). These data suggest that
underimmunization is indeed responsible
for some portion of the persistence of
pertussis.

The analyses used in this study, includ-
ing the mapping of smoothed rates, identify
patterns that may not be apparent on simple
inspection of maps of crude rates. No
significant trends over time occurred during
the study period (data not shown), and one
outbreak affecting three households
occurred. However, these analyses account
for both ofthese possibilities.

The major limitation of this study is
the underreporting of cases. We expanded
our study population beyond those cases
reported to the Colorado Department of
Health by collecting discharge diagnosis
information from the three hospitals with
the majority of hospitalizations in the area,
increasing our reporting efficiency to 83%.
This generous estimate is probably due, in
part, to lack of true independence of our
two data sources; hospitalized case patients
are probably more likely than outpatients
to be reported to surveillance systems. Our
improved efficiency may also be due to the
liberal case definition used by the Colorado
Department of Health,32 as well as to vigi-
lant disease-control units at area hospitals.
It remains possible that our results were
influenced by nonsystematic bias, in which
better reporting occurs in more disadvan-
taged areas that are served by academic
training hospitals. Using hospital discharge
data, we constructed maps of cases in
which the patients were hospitalized and
found good concordance even in more
affluent areas. These findings suggest a
minimal impact of this bias.

The associations we found could be
further evaluated by individual-level
assessments of immunization status in
communities. Mapping endeavors examin-
ing such issues of health care access as
provider concentration would enhance such
a study. As population-based sources of
immunization information are developed,
this strategy can yield valuable information
for health care planners. D
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The Epidemiology ofNecrotizing
Enterocolitis Infant Mortality in the
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Introduction

Necrotizing enterocolitis is the most
common condition for which emergency
gastrointestinal surgery is required during
the neonatal period and an important cause
of both morbidity and mortality in the
preterm infant.lDespite extensive epi-
demiological, clinical, and basic research,
the cause of necrotizing enterocolitis
remains unproven. It is generally accepted
that prematurity places the newbom at sub-
stantially increased risk for the condition,3
and increased case rates are associated with
decreasing birthweight and gestational age.4
Moreover, necrotizing enterocolitis is
unusual in the first few days of life and is
primarily a disease of preterm infants who
have survived the immediate neonatal
period. Recent advances in neonatal inten-
sive care have led to increased survival of
smaller, more immature infants, who are at
greatest risk for necrotizing enterocolitis.

In 1989, analysis of US death certifi-
cate data showed that annual infant
mortality rates for necrotizing enterocolitis
decreased from 14.5 deaths per 100 000
live births in 1979 to 10.2 deaths per
100 000 live births in 1985.5 Since 1985,
both neonatal and infant mortality rates
have declined.6 The introduction of exoge-
nous surfactant in the early 1990s has been
associated with a decrease in mortality
among low-birthweight (<2500 g)
infants.7 The present study was undertaken
to describe current trends in infant mor-
tality associated with necrotizing entero-
colitis, to evaluate selected infant and
parental characteristics that may be associ-
ated with necrotizing enterocolitis death,
and to compare necrotizing enterocolitis

infant mortality rates in the pre- and post-
surfactant eras.

Methods

Multiple cause-of-death and natality
data for 1979 through 1992 and linked'data
for births and infant deaths for 1983
through 1991 were obtained from the
National Center for Health Statistics, Cen-
ters for Disease Control and Prevention.822
On the basis of the ninth revision of the
International Classification of Diseases
(ICD),23 necrotizing enterocolitis infant
(<1 year of age) deaths were defined as
deaths for which ICD-9 code 777.5 was
recorded anywhere on the death certificate.

The multiple cause-of-death and natal-
ityl' data were used to determine the
number of necrotizing enterocolitis deaths
and annual infant mortality rates. Necro-
tizing enterocolitis infant mortality rates,
calculated as the number of deaths per
100 000 live births, were determined over-
all and by race, sex, and standard region.
The neonatal period was defined as less
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