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1. Introduction

Bronchiolitis is the most common cause of infant respiratory hospitalizations,13 and is
suggested to be a major risk factor in the later development of asthma.# During winter virus
season, 85% of infant bronchiolitis is caused by respiratory syncytial virus (RSV).3 There is
no vaccine for RSV, and the only available treatment for bronchiolitis is supportive care.
RSV circulation is known to follow distinct annual patterns similar to influenza, peaking
primarily between November and March in the northern hemisphere and during April and
September in the southern hemisphere.>~"

The timing of RSV epidemics varies according to location. Epidemic peak timing has been
studied in multiple places around the globe, with results suggesting that in North America
the annual epidemic occurs earliest in the southeast coastal areas of the US in September and
October.8 Local differences in RSV rates are known to correlate with climate and other
location-specific factors, though the reasons for those correlations are not all
understood.2:5:6:9-11 Maternal smoking, socioeconomic status, gender and race are known to
influence individual susceptibility.12-15 Exposure to high levels of particulate air pollution
has also been suggested to increase susceptibility in some studies.16:17 Factors influencing
particulate matter and other lung irritants (secondhand smoke and air pollution) have very
uneven geographic distributions. In Tennessee, there are high levels of smoking in rural
areas, whereas air pollution from external sources including roadways are more heavily
focused in urban areas.

Cluster analysis is an effective method for finding times and locations where incidence
varies significantly from expected rates. However, there have been very few cluster analyses
of RSV in human populations to date.18:19 The studies that have been done previously were
focused within highly localized areas (a single city) or in tropical areas. Other studies have
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compared strains from different regions to determine if the same strains circulate in nearby
areas, rather than being designed as a thorough scan of disease clusters over continuous

20
space.

The purpose of this study was to investigate patterns of local clustering and RSV epidemic
timing in TN to evaluate if consistent location-specific patterns in epidemic timing can exist
within a relatively small geographic region. This is an important question in RSV ecology
and modeling. Defining distinct, repeating, local patterns would help in future modeling of
epidemics and in preventive initiatives by defining times and locations where the
implementation of targeted preventive measures may be most effective.

2. Methods
2.1 Population

The TN Asthma and Bronchiolitis Study (TABS) is a retrospective birth cohort of children
enrolled in TN Medicaid (TennCare) and followed longitudinally for the outcome of asthma.
There were 458,837 children born between 7/1/1995 and 6/31/2008 included in this cohort.
Infants born during this time frame who had an outpatient, emergency department, or
hospital visit for bronchiolitis within the first six months of life were included in the cluster
analysis. Only the first bronchiolitis visit was used; no subsequent doctor’s visits were
counted for the same infant. As most bronchiolitis during winter virus season in infants less
than 6 months of age is due to RSV, infant bronchiolitis served as a specific proxy measure
for RSV infection.

Street addresses of infants at the time of infection were Geocoded using MapMarker USA,
and latitude and longitude values were randomized to within a 100 meter radius to protect
confidentiality. All study methods, including the use and protection of individual addresses,
were approved by the Vanderbilt University Medical Center Institutional Review Board.
Individuals were not consented as individual identification is not possible from this
database. Of the total 458,367 infant addresses from the TennCare database, 95.3% were
successfully geocoded to the street level. The remaining 4.7% were assigned by zip code
centroid. Adding a small randomization level to the patient locations was necessary to
protect patient confidentiality. Previous simulation studies?! have shown that the scan
statistic is highly robust to perturbations larger than that used here when investigating
smaller (city-wide) geographic areas. Therefore in our very large state-wide database, 100
meters of randomization is not expected to substantively alter the statistical outcome.

2.2 Rate calculations

For four major cities in TN: Knoxville, Nashville, Chattanooga and Memphis, weekly rates
of infant bronchiolitis were calculated for individuals living in census tracts at least partially
contained within city boundaries. Rates were standardized per 10,000 people according to
the number of infants under 6 months old in TennCare living in the same city during the
same week. Rates were collapsed for all years by week of year for graphical comparison of
overall trends between cities.

2.3 City characteristics

In order to provide general information regarding land usage and the demographics of the
population in the area we are studying that could influence disease rates, a brief assessment
of land cover classifications between each of the 4 major cities in Tennessee as well as the
prevalence of race and maternal smoking was completed. Using city boundary files and data
from the 2006 national land cover database (NLCD), the percentage of each of 11 different
land cover types in each city was calculated. The NLCD releases freely-available national
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raster files of land cover at 30 meter resolution. The land cover types were further collapsed
to 8, reducing 3 types of upland forest and 2 types of wetland to 1 new variable each. The
land cover reclassification was done to simplify variables that are not pertinent to this
particular study. For instance, there are multiple types of wetland and upland forest that are
not expected to differentially influence RSV rates. For our purposes, we are investigating
those land cover types that may have differential impact on respiratory health and virus
transmission through influencing air pollution levels or human transportation and
interaction. The final land cover types were open water, wetland, pasture/grassland, row
crop, upland forest, urban/developed, non-vegetated, and undefined. The race and maternal
smoking prevalence by cities were calculated directly from individual TennCare data.

2.4 Space-Time Analysis

Cluster analysis was done throughout the calendar year, though only those clusters
appearing between October and April were considered true clusters. This is because it is
during these months that infant bronchiolitis is strongly correlated with RSV infection
(85%) and therefore bronchiolitis can be used as a proxy measurement. The circular version
of Kulldorff’s scan statistic, as implemented in the SatScan software (v. 9.0), was used to
investigate possible clustering of bronchiolitis cases. While both the elliptical version and
circular version of the scan statistic were tried on select years of data, for this analysis the
results from the more compact and conservative circular version were finally used. The
elliptical version tests many different oblong cluster variations at many different angles. Due
to the very high number of cases and the seasonal variation, the elliptical version therefore
resulted in suggesting an implausible number of clusters (hundreds), even when using
options to restrict non-compact clusters.

A retrospective space-time permutation model was determined to be the most appropriate
for these data due to both the nature of the data and the desired analysis. Cases did not have
matched controls since infants who did not develop bronchiolitis were likely to also have
contracted the virus (> 70% of all children are infected with RSV during infancy).22 The
space-time permutation method of the scan statistic assigns clusters only when case counts
deviate from what is expected at a certain location at a certain time, and from counts
elsewhere in the entire study region. This is the most appropriate statistic to use here, as
other methods would detect “seasonal peaks” instead of local deviations from the seasonal
norm. The space-time permutation model uses the case population to look for times and
locations where there are more cases than expected compared to the rest of the region. The
clusters located in this analysis are therefore not indicative of the annual epidemic, but
deviations in epidemic timing and intensity relative to elsewhere in TN. For example, if
there were twice the number of cases in Knoxville as expected, while everywhere else
experienced normal levels, then Knoxville would be deemed a cluster. If Knoxville had
twice the number of normal cases and other areas in the state also had twice the number of
normal cases, then Knoxville would not be deemed a cluster.

Kulldorff’s space-time permutation model, including significance testing, is described in
detail elsewhere.23 When using this method to investigate multiple years, it is important to
account for changes in the underlying population. To avoid possible bias from population
shifting, each year was investigated separately. This analysis was not adjusted for covariates,
because at this stage the global pattern is of interest. The sources of the data shown here
come from multiple sources and time spans, so more detailed hierarchical modeling is
required to investigate the causes of the differential patterns seen here.

A year was defined as beginning on July 15t and ending June 30t of the subsequent calendar
year. The maximum size of the scanning bandwidth allowed was 50% of the state, and could
include up to 25% of the total population. The temporal window was set at 10% of the year
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(approximately 35 days). Significant clusters were investigated to look for patterns in timing
and location across all years studied. All clustering analyses were run using the computing
cluster in Vanderbilt University’s Advanced Computing Center for Research (ACCRE).

3.1 Population Description

Among the 458,837 children in the cohort, 52,468 (11.4%) of children had an outpatient,
emergency department, or hospital visit for bronchiolitis within their first 6 months of life.
Within this population, 33,158 of the infants (63.2%) were Caucasian, 14,185 (27.0%) were
African-American, and 1,744 (3.3%) Hispanic. This was similar to the TennCare population
as a whole, in which 58.4% of children were Caucasian and 30.8% were African-American.
However, there were more Hispanics in the TennCare population (7.0%) than in the
bronchiolitis cohort. As these data use health administrative records from Tennessee
Medicaid, financially affluent areas tend to be underrepresented. The distribution of infant
bronchiolitis cases over the entire time period is shown in figure 1. Supplementary figure 1
shows the distribution of the average number of infants by census tract in TN covered by
TennCare.

3.2 Bronchiolitis epidemic curves

Bronchiolitis rates for each of the 4 major TN cities, collapsed by week are shown in figure
2. (Uncollapsed rates are shown for all years in supplementary figure 2). Epidemic peaks
were usually near January 15t on average, though this varied by location and year. Epidemic
burden also varied, with Knoxville consistently experiencing the highest rates of infant
bronchiolitis. Knoxville and Chattanooga also tended to have rates that persisted at higher
levels into the spring season.

3.3 City characteristics

The land cover classifications that showed variation between the 4 major Tennessee cities as
well as the percent of each city reporting African American race and maternal smoking are
shown in figure 3. Other land cover variables, such as row crop and open water, did not
show appreciable variation by city. Memphis had the lowest amount of upland forest and the
highest amount of wetland and urban development. The city of Knoxville had the highest
amount of grassland. Memphis had the highest percentage of African American infants in
TennCare and the lowest percentage of maternal smoking, of which Knoxville had the
highest.

3.4 Clustering Results

There were a total of 26 significant disease clusters identified by the scan statistic, defined
as having a p-value below 0.05. On average, there were 2 clusters detected per year during
winter virus season. There were no significant clusters found in 1998, 2000 or 2004. A brief
description of the clusters is given in Table 1 (with full results in Supplementary Table 1).
The average cluster radius was 62 km, with a maximum of 191.68 km and minimum of 3.79
km. The smallest cluster existed in Nashville beginning November 13, 2008 and
encompassed an area of 3.79 km. The largest cluster included the city of Memphis and
encompassed 191.68 km radius (extending outside the state). This cluster began on January
24, 2007 and persisted for 29 days. The average duration of clusters was 28 days, with a
maximum of 35 days and a minimum of 1 day. Several clusters lasted the maximum 35
days, and therefore likely persisted beyond the allowable time window. The most likely
significant cluster was found in the Memphis area early in RSV season. The cluster began in
November of 2007 and persisted into December (p <0.0001 (p=2 x 10~1%)). There were 199
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cases in this cluster area during this time window, compared to an expected 94. Most
clusters had an observed/expected case ratio of about 2 (1.45, 10.72). The cluster with the
10.72 observed/expected ratio occurred in southeast TN beginning January 30, 1997. This
cluster existed only 1 day and was likely the result of a sudden outbreak in a rural area.

Clustering across years showed consistent patterns. Figure 4 shows the location and radius
of each cluster area found during RSV season between October and February, displayed by
the month of the start date. Most clusters appeared in urban areas, though 4 did not
incorporate a major city. Several cluster areas incorporated a major city and its surrounding
suburban and rural areas. Clusters including the city of Nashville occurred entirely in the
months of November (1996, 1997, 2001, 2003, and 2006) or December (1995, 1999, 2002,
2007). East TN clusters including Knoxville and Johnson City always occurred in either
December (2005), January (2004 and 2008) or February (1997, 1998 and 2002). Clusters
appearing in Memphis occurred in October 2003, November (2001, 2002, 2005), and
January (2007). Geographic sizes of clusters were variable year to year, though they did
mostly appear to center over the metropolitan areas. The clusters that did not incorporate
cities, including one found along the central southwest border, occurred in February.

4. Discussion

This study demonstrates differences in the spatio-temporal epidemiology of infant
bronchiolitis (RSV) in different regions of TN. This research advances our understanding of
RSV ecology, which has not been thoroughly studied to date. It confirms that there are
sociodemographic and environmental factors that influence RSV circulation in the human
population, and that the geographic distribution of those factors can determine the timing of
the epidemic peak.

Currently, immunoprophylaxis is the only effective prevention for RSV.
Immunoprophylaxis is a series of very costly injections that need to be appropriately timed
in conjunction with RSV circulation. Based on these results, it should be noted that even
within the same state, there are frequent deviations in expected timing of the seasonal RSV
epidemic. Immunoprophylaxis should potentially begin earlier in the Memphis area, and
surveillance should begin earlier in the fall (September) than has been typical in the past. In
east Tennessee (Knoxville area) infants can remain at high risk much later into the winter
season. As hospitals become aware of these local seasonal peaks they can better prepare for
the influx of patients each year based on local expected risk.

Having 13 years of available data is a major strength of this clustering analysis. This
allowed for the observance of consistent patterns every year, and also demonstrated that East
TN (Knoxville) and Central and West TN (Nashville and Memphis) have very different
patterns of deviations from the state-wide mean of RSV epidemic timing. In East TN, the
epidemics are shifted later in the season, occurring in January and February, compared to
Central TN’s tendency to have epidemics shifted toward November and December. West
TN appears to have epidemic timing influenced by some external factors, as timing tends to
be earlier than in Eastern TN, but is not consistent year to year. Based on these results, a
detailed study of the differences in climate, demography, and behavior that may be
responsible for these trends in epidemics is underway.

Although the majority of clusters were detected during winter virus season, there were two
clusters detected in Memphis in summer (May 1996 and July 1997). As described in the
introduction, these should be interpreted with caution since infant bronchiolitis is
predominantly caused by RSV in winter virus season, but other viruses are likely to be
influencing these summertime peaks.
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These analyses were conducted in a Medicaid Population, which has a different geographic
distribution than the population as a whole. The result is that wealthier regions of the state
were underrepresented, including high income areas outside of Nashville and Memphis.
However, since Medicaid covers 50% of the births in TN, general coverage of the state is
still very good; and it can be expected that any geographic bias in this particular dataset
resulted in false negatives (Type Il error), as there may be additional clusters that were
missed due to the underrepresentation. This is among the reasons why the results were
interpreted according to regional consistency of cluster timing over all years, instead of
investigating the significance of each individual cluster.

In some underserved rural areas, it may be that individuals could seek treatment in bordering
states. However, emergency care sought outside of Tennessee can still be billed to TennCare
and reported as connected to their home address. As stated, there is a limitation to the
dataset in that some high-income areas are underrepresented and therefore clusters in those
areas might go undetected. However, the space-time permutation version of the statistic
controls for underlying population variation by accounting for how many cases are expected
in a particular area based on what the counts are in that area for the whole time period.
Though more cases in the cities result in more power and more potential to detect a cluster
(as with any statistical test), there is some correction for this built into the statistic.

The final assumption made in this analysis was that infant bronchiolitis rates were
representative of RSV rates in the same location. Since bronchiolitis in the winter virus
season is mostly due to RSV, and since RSV is so ubiquitously contracted, the investigators
feel that this assumption is reasonable. However, it is possible that there are environmental
influences in different locations that interact temporally with RSV infection and result in
increased severity of disease requiring more medical attention.

The consistency with which clusters appeared around metropolitan areas is of interest. The
high, nearly concentric clusters seen around Nashville are especially striking. Rural areas
were well-represented in this cohort, so the low numbers of clusters found, for example
between Nashville and Memphis was unexpected. In this study, either epidemic timing
remains more consistent between rural areas and state-wide averages, or deviations are more
difficult to detect in rural areas. Our assessment of demographic and land cover variables
between cities shows that they are very different in their composition. This likely influences
rates of RSV in each area, as factors such as maternal smoking or exposure to air pollution
may increase infant susceptibility. Incorporating more direct measures of pollution,
additional demographic characteristics and climate into models of geographically-explicit
models of RSV spread is a topic of further study.

Respiratory syncytial virus epidemics show consistent temporal deviations that are closely
related to geography, even across relatively small regions. Incorporating these deviations
into models of RSV spread will result in improved predictive ability, and thus, improved
accuracy in estimating the impact of implementing preventive measures in different
locations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Case locations. The locations of bronchiolitis in infants less than 6 months old between
7/1/1995 and 6/31/2008 in the TABS cohort (n = 52,468). (Locations were randomized
slightly to protect confidentiality.)
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Tennessee Infant bronchiolitis rates. Infant bronchiolitis rates for each of the largest 4 cities
in TN for all July 1, 1995- June 30, 2007 collapsed to week of year.
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City characteristics. Land usage, percent African American and percent maternal smoking
were compared between each of the 4 largest cities in Tennessee.
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Figure 4.

Cluster locations. Significant clusters (p<0.05) appearing in fall or winter for all years
displayed by the month of their start date. Dots indicating locations of major TN cities are
included for reference, with Memphis, Nashville and Knoxville labeled. Eastern TN clusters
were found generally later in the winter virus season compared to Central and Southwestern
Tennessee.
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