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SUMMARY

We previously developed and validated an index of socioeconomic status (SES) termed HOUSES
(housing-based index of socioeconomic status) based on real property data. In this study, we
assessed whether HOUSES overcomes the absence of SES measures in medical records and is
associated with risk of invasive pneumococcal disease (IPD) in children. We conducted a
population-based case-control study of children in Olmsted County, MN, diagnosed with IPD
(1995-2005). Each case was age- and gender-matched to two controls. HOUSES was derived
using a previously reported algorithm from publicly available housing attributes (the higher
HOUSES, the higher the SES). HOUSES was available for 92:3% (n=97) and maternal
education level for 43 % (n=45). HOUSES was inversely associated with risk of IPD in
unmatched analysis [odds ratio (OR) 0-22, 95 % confidence interval (CI) 0-05-0-89, P=0-034],
whereas maternal education was not (OR 0-77, 95% CI 0-50-1-19, P=0-24). HOUSES may be
useful for overcoming a paucity of conventional SES measures in commonly used datasets in

epidemiological research.

Key words: Child, education, epidemiology, housing, immunization, invasive pneumococcal
disease, social class, socioeconomic status, Streptococcus pneumoniae.

INTRODUCTION

Socioeconomic status (SES) or class is an important
determinant of health outcomes. Its influences on
health have been widely documented in the USA and
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other countries [1-3]. There are a growing number of
studies suggesting childhood SES influences health
during adulthood [4-6]. However, accurate and re-
liable data on SES are difficult to obtain, often not
available in commonly used data sources for epide-
miological research such as medical records, and
may be an important source of confounding [7-10].
Epidemiological associations which could have been
either partially or fully accounted for by SES are often
not properly examined and rarely reported [9, 10].
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To overcome a lack of availability of SES measures,
we recently developed and validated an index of
SES based on real property data termed HOUSES
(housing-based index of socioeconomic status) [7, 8].
Although validated as an index of SES, HOUSES had
not yet been applied in a medical record-based retro-
spective study. It was unknown whether HOUSES
overcomes the absence of SES measures in medical
records or is associated with specific health outcomes.
Recent studies show that housing attributes recorded
in public databases of real property data (e.g. square
footage, assessed housing value, and number of bed-
rooms and bathrooms, etc.) are correlated with health
indicators [11, 12]. For example, children living with
parents who do not smoke will have higher urine
cotinine levels if they live in multiunit housing vs. de-
tached housing [12]. Moreover, housing insecurity
defined by crowdedness and frequent moving has
been associated with poor health, lower weight and
developmental risk in young children [13].

We postulate that as a composite index of hous-
ing attributes, HOUSES is associated with health
outcomes. Thus, we assessed whether HOUSES is
measurable when conventional SES measures are not
available in medical records. Further, we assessed
whether HOUSES is associated with risk of invasive
pneumococcal disease (IPD), an infection which is
associated with SES and is a significant health prob-
lem in children [14-18]. We therefore conducted
a population-based case-control study to assess
whether there was an association between HOUSES
and risk of IPD. As a secondary aim, we examined the
association between individual housing attributes and
risk of IPD.

METHODS

The Institutional Review Boards of both Mayo Clinic
and Olmsted Medical Center approved this study. It is
a population-based, retrospective case-control study
of 105 children living in Olmsted County, MN be-
tween 1996 and 2005.

Study population and setting

Olmsted County is the 8th most populous county in
Minnesota with 141360 residents. Rochester, MN is
the seat of Olmsted county with 71% of Olmsted
County’s residents living within Rochester’s city
limits [19]. The majority (89-4 %) of Olmsted County’s
residents are Caucasian [20] and the population is
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similar to other US Caucasian populations, with the
exception of a higher rate of employment in the
healthcare industry [20, 21]. Olmsted County, is an
ideal study setting to conduct a population-based epi-
demiological study because medical care is virtually
self-contained within the community with a unified
medical record system for research between two
medical centres for the past 90 years. The medical re-
cord contains all inpatient and outpatient data of
Olmsted County residents, indexed in an automated
form since 1935 under the auspices of the Rochester
Epidemiology Project [20, 21].

Case ascertainment of IPD cases

The details for identification of IPD cases in children
have been reported previously [22]. Briefly, IPD was
defined as the isolation of Streptococcus pneumoniae
from a normally sterile site, from an Olmsted County
resident aged < 18 years. Cases of IPD were identified
from 1 January 1995 to 31 December 2005 from the
only two microbiology laboratories in Olmsted
County: Mayo Clinic and Olmsted Medical Center.
Non-Olmsted County residents and subjects without
research authorization for use of medical records for
research review were excluded.

Selection of controls

Two age- and gender-matched controls were ran-
domly selected for each case from children living in
Olmsted County who never developed IPD during the
study period. A database of potential controls was
generated using the Rochester Epidemiology Project
database and matched for birthday (within 6 months),
gender and registration year (within 1 year of index
date of case). Controls had a documented visit within
1 year of the index date of their corresponding IPD
cases. This ensured that cases and controls had similar
follow-up duration. The same exclusion criteria were
applied to controls as cases. The broad matching cri-
teria for age were used out of concern for potential
difficulties identifying controls meeting all matching
criteria.

Measurement of SES

Individual-level SES variables were derived from two
sources: medical records and address-linked real
property data. For each case and control, maternal
educational levels were abstracted from the entire
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medical record including social history ques-
tionnaires. Address-linked real property data were
obtained from the government of Olmsted County
and matched to the subject’s address in the medical
record (geocoding). These data are maintained by
Olmsted County for the purposes of property tax-
ation and are publicly available. Data points ab-
stracted from the property data and used to formulate
HOUSES include ownership status, lot size of the
housing unit, square footage of the housing unit,
residential status (whether a housing unit is in a resi-
dential zoning), number of bathrooms, number of
bedrooms and building value (assessor’s estimated
building value). Higher HOUSES is associated with
greater SES. Briefly, in formulating HOUSES, we
conceptualized that a composite index derived from
size, type, ownership status, and value of housing
unit combined with neighbourhood socioeconomic
characteristics (census tract level) would reflects
an individual’s SES. We conducted a principal-
component factor analysis of seven individual
housing characteristics including ownership and six
neighborhood SES measures. The final factor analysis
results showed square footage, assessed housing va-
lue, and number of bedrooms and bathrooms were
single factors reflecting the underlying latent con-
struct (i.e. SES). The HOUSES index was formulated
by summing up z-score transformations of each of the
four housing characteristics. This corrects skewness
of the distribution by standardization, making com-
parisons easier among different communities. The
detailed analytical procedures for formulation of the
HOUSES index have been reported previously [8].

Other covariates

From social history questionnaires in the medical re-
cord, the number of children living in the house was
collected. We calculated crowdedness based on the
number of children at home and the number of bed-
rooms and square footage from real property data.
From the medical record, we collected pneumococcal
vaccination status and the presence of high-risk
conditions for the development of IPD (i.e. the
Advisory Committee on Immunization Practices’
recommended pneumococcal vaccine-eligible con-
ditions). Type of air circulation system for cooling
and heating (i.e. central air circulation system vs.
other such as electric or installable air conditioning
unit) was collected from address-linked real property
data.
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Statistical analysis

We compared the availability of maternal educational
level based on medical records to the availability of
HOUSES based on address-linked real property data
to determine whether HOUSES overcomes the ab-
sence of SES measures in medical records. Data were
fitted to a conditional logistic regression model to
determine the association of HOUSES and maternal
education with risk of IPD. Odds ratios (ORs) by
matched analysis and their corresponding 95 % con-
fidence intervals (Cls) were calculated. In this analy-
sis, because of the small sample size, we conducted
data analysis using HOUSES and maternal edu-
cational levels as a continuous variable in a multi-
variate model. To allow full interpretation, we report
the results by both matched and unmatched analysis
[23]. As a secondary analysis, we assessed the associ-
ation between air circulation system (separately for
air conditioning and heating) and risk of IPD.
Further, Pearson’s correlation coefficient was used to
determine correlation of HOUSES with maternal
education level. All statistical significance was tested
at a two-sided alpha error of 0-05.

RESULTS

The characteristics of cases and controls are
summarized in Table 1. Of 35 IPD cases identified
during the study period, 20 (57 %) were male and 26
(79 %) were Caucasian. Of those who had IPD, nine
(26 %) had a high-risk condition for the development
of IPD.

Comparison of availability of SES measures

Of 105 eligible cases and controls, HOUSES was de-
termined in 92:3% (n=97). Eight subjects could not
undergo geocoding. In contrast, maternal education
levels were available for 43% of subjects (n=45)
(P<0-001). The mean family income at a census-

tract level (area-level SES measure) was available
for 93% (n=98).

Association between SES measures and risk of IPD

In univariate matched analysis, HOUSES was as-
sociated with risk of IPD but in a multivariate mat-
ched analysis, the association between HOUSES and
the risk of IPD only approached statistical signifi-
cance (see Tables 1 and 2). For comparison, multi-
variate unmatched analysis results showed that
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Table 1. Characteristics of study subjects and their risk of developing of IPD
Characteristics Cases (n=35) Controls (n=70) OR (95% CI) P value
Gender (n=105), n (%), male 20 (57) 40 (57) 1-00 (0-44-2-27) 1-00
Age, years (n=105)
Mean (S.D.) 4-34 (4-98) 4-31 (5-00) 1-47 (0-35-6-16) 0-63
Median (IQR) 2:39 (1-16-5-10) 2:31 (0-91-5-23)
Ethnicity (n=91), n (%)
Caucasians 26 (79) S1(88) Referent 0-57
Non-Caucasians 7(21) 7(12) 1-38 (0-46—4-17)
Maternal education, years (n=45)
Mean (s.D.) 13-30 (1-89) 14-49 (2-06) 0-77 (0-50-1-19) 0-24
Median (IQR) 12 (12-14) 14 (12-16)
High risk conditions prior to index 9 (26) 2(3) 9-00 (1-95-41-65) 0-005
date (n=105), n (%)
Parental cigarette smoking at home 4(29) 12 (32) 1-30 (0-32-5-28) 0-72
(n=52), n (%)
Pneumococcal vaccination prior to
index date (n=105), n (%)
PCV7 7 (20) 13 (19) — —
PPV23 2 (6) 0
Both 1(3) 0
Neither 25 (71) 57 (81)
Pneumococcal vaccinations prior to
index date (n=105), n (%)*
PCV7 or PPV23 10 (28-57) 13 (18-57) Referent 0-094
Neither 25 (71-43) 57 (81-43) 6-43 (0-73-56-71)
Housing characteristics
HOUSES index in z score (n=97)
Mean (s.D.) —0-20 (1-16) 0-26 (0-14) 0-22 (0-05-0-89) 0-034
Median (IQR) 0-30 (—0-04 to 0-33) 0-32 (0-24-0-34)
Range —525t00-39 —0-40 to 0-40
HOUSES index in tertile, (n=97), n (%)
HOUSES groupl (lowest SES) 15 (47) 18 (28) Referent
HOUSES group2 (middle SES) 9 (28) 23 (35) 0-47 (0-17-1-32) 0-151
HOUSES group3 (highest SES) 8 (25) 24 (37) 0-40 (0-14-1-14) 0-088
Household income in census tract in
1999 (n=98) (US$1000)
Mean (s.D.) 53523 (21357) 55550 (17 460) 0-99 (0-97-1-02) 0-52
Median (IQR) 51094 (37 446—62250) 55483 (40278-63 583)
Air conditioning using central air
circulation (n=99), n (%)
Yes 14 (42-42) 41 (62-12) 0-39 (0-15-0-97)
No 19 (57-58) 25 (37-88) Referent 0-042
Heating using central air circulation
n=99), n (%)
Yes 17 (51-52) 49 (74-24) 0-39 (0-16-0-95)
No 16 (48-48) 17 (25-76) Referent 0-038
Number of rooms per child (n=72)
Mean (s.D.) 2:35(0-95) 2-43 (1-06) 0-78 (0-42—1-46) 0-44
Median (IQR) 2 (1-58-3-16) 2:5(1-58-3-16)
Amount of square feet per child (n="72)
Mean (s.D.) 12866 (30 388) 4415 (8270)
Median (IQR) 2724 (1542-5444) 2648 (1676-3629) 1-00 (0-99—-1-00) 0-15

IPD, Invasive pneumococcal disease; OR, odds ratio; CI, confidence interval ; IQR, interquartile range ; SES, socioeconomic status.
Parameter estimates were based on matched analysis.
* Parameter estimate for children who had received any pneumococcal vaccinations (PCV7, PPV23, or both PCV7 and PPV23)

using children who had never received pneumococcal vaccinations.

1 Parameter estimates based on unmatched logistic regression.
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Table 2. Multivariate model evaluating the role of the HOUSES index in
defining risk of IPD, controlling for covariates

Adjusted OR*
(95% CI) P value
HOUSES in continuous variable (z score) 0-16 (0-02-1-11) 0-063
High-risk conditions for IPD
Yes 1571 (1-92-128-64)  0-010
No Referent
Pneumococcal vaccinations prior to index date
Yes 0-15 (0-01-1-97) 0-147
No Referent

IPD, Invasive pneumococcal disease; OR, odds ratio; CI, confidence interval.
* Parameter estimate was based on matched analysis (a conditional logistic

regression model).

HOUSES was inversely associated with risk of IPD
adjusting for high-risk conditions associated with the
development of IPD and use of pneumococcal vacci-
nation (adjusted OR 0-12, 95% CI 0-02-0-76,
P=0-024). Individual maternal education was not
associated with risk of IPD (n=45, OR 0-97, 95% CI
0-74-1-28, P=0-86). HOUSES and individual ma-
ternal education were not correlated (r=0-19,
P=0-22). Mean income at the census-tract level was
not associated with risk of IPD (=98, OR 0-99, 95%
CI10:97-1-02, P=0-52).

Association between other housing attributes and
risk of IPD

Of the 33 eligible IPD cases, 14 children (42 %) lived
in a house with a central air circulation system for
cooling vs. 41 (62%) of the 66 controls (unadjusted
OR 0-39, 95% CI 0-15-0-97, P=0-042). This trend
was true for heating system as well (52 % vs. 74 %, OR
0-39, 95% CI 0-16-0-95, P=0-038). The median
number of bedrooms and the median square feet per
child were not associated with the risk of IPD.

Other variables and risk of IPD

High-risk conditions for IPD were strongly associated
with risk of IPD. Pneumococcal vaccinations were
associated with a reduced risk of IPD but did not
reach statistical significance (P =0-094). Race and the
smoking of tobacco in the household were not as-
sociated with risk of IPD.

DISCUSSION

In this exploratory study, the HOUSES index based
on real property data was more commonly available
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than maternal education level within the medical
record. The HOUSES index could be used as a proxy
measure of individual SES.

Although SES is an important determinant of
health, SES measures are often not available in com-
monly used datasets or sources such as medical re-
cords, limiting the understanding of the role of SES
in health outcomes. To overcome this limitation,
we recently developed and validated HOUSES as
a measure of SES based on individual housing data,
a source of information that is consistently kept
by local governments in order to assess property
taxes [7, 8].

The present study is our first application of
HOUSES in epidemiological research. HOUSES ap-
pears to be more available in the medical record than
maternal education (92% vs. 43%) (P<0-001) and
has similar availability to mean family income at
census-tract level (area-level SES measure) (92 % vs.
93%). The role of the HOUSES index in matched
analysis only approached statistical significance due
to limited statistical power (beta error 0-38). How-
ever, considering the exploratory nature of this in-
vestigation, HOUSES could be used as a measure of
SES when conventional measures (maternal edu-
cation, in this instance) are not available in the data-
set. In support of this association, previous studies
have shown a significant association between SES
measures and risk of IPD [14, 15, 17, 24]. For
example, a previous study reported an association
between lower maternal education and risk of IPD
[18]. The lack of association of IPD with maternal
education in our study appears primarily due to a
significant number of missing values (i.e. absence of
documented maternal education in the medical re-
cord).
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The mechanisms that are operative in the impact of
HOUSES on risk of IPD are unknown. We postulate
that potential direct and indirect mechanisms are
pivotal. One direct mechanism could be related to
housing features. For example, crowdedness or closer
proximity among family members increases the risk of
diseases like pneumococcal infection [25, 26]. Those
with smaller living spaces are likely to be at greater
risk of transmission and disease. Although the size
of the housing unit is likely to be correlated with
HOUSES, we did not find a significant association
between the number of rooms per child and risk of
IPD. Infrequent documentation in the medical record
of the number of children in the household illustrates
the challenge of obtaining a measure of crowdedness
through retrospective review of social histories in
medical records.

We found a significant association between air cir-
culation system in housing units and risk of IPD.
Children who lived in housing units with central air
circulation had a lower risk of IPD compared to those
who lived in housing units with non-centrally dis-
tributed air circulation (see Table 1). The increased air
filtration present in a central air system may filter
droplets containing pneumococci and other airborne
irritants, allergens, or infectious agents that would
affect a child’s risk of subsequent pneumococcal in-
fection. A previous study reported that better fil-
tration of household air reduced airborne particles
and the need for urgent visits in childhood [27].
Another study by Hoge et al. demonstrated a direct
association of air flow rates with risk of pneumo-
coccal transmission [28]. We cannot account for the
nature of air filtration (e.g. type of filtration, air
turnover, etc.) in our subjects’ homes. Given the as-
sociation found here, we suspect that air circulation in
homes may play a role in the risk of microbial infec-
tion but further study is necessary to determine this
association. Alternatively, type of air circulation
present in a home may simply be another proxy indi-
cator of SES, as children who lived in housing units
with a central air circulation system also had much
higher HOUSES (0-31 +0-04) compared to those who
lived in housing units with non-central air circulation
system (—0-16+1-01, P<0-:001). Nonetheless, our
study highlights the importance of broader identifi-
cation of poorly studied risk factors for IPD, es-
pecially those related to housing features.

The potential indirect impact of HOUSES on
risk of IPD can be conceptualized from the well-
documented influence of SES on health outcomes
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[29]. Housing is a pivotal place in the day-to-day
life of most individuals that reflects socioeconomic
position and income, control over life circumstances
and access to elements of material, social and human
capital. Housing has been shown to be clearly as-
sociated with health outcomes [11, 30]. For example, a
recent study showed that housing insecurity defined
by crowding (>2 people/bedroom or >1 family/
residence) and multiple moves (=2 moves within the
previous year) is associated with poor health, lower
weight, and developmental risk in young children
[13]. Although the findings are not directly related to
our study results, a recent study showed that offering
housing and case management to a population of
homeless adults with chronic medical illnesses re-
sulted in fewer hospital days and emergency depart-
ment visits, compared to usual care for homeless
adults [31].

A noteworthy finding in our study is a lack of as-
sociation between area-based SES measures such as
mean family income at census-tract level and risk of
IPD. Area-based SES or neighbourhood SES through
census data has been commonly used in epidemio-
logical research as a surrogate marker for an in-
dividual’s SES when SES measures at an individual
level are not available [32-34]. Arca-based SES
measures can be a surrogate measure for individuals’
SES in a socioeconomically segregated setting. In a
socioeconomically more homogeneous setting like
our community [35], area-based measures might result
in a significant misclassification bias [36].

We found no association between pneumococcal
vaccination and risk of IPD. Since we only collected
pneumococcal vaccination status as a binary variable
(received vs. never received) prior to index date, our
study was limited in assessing the effects of herd im-
munity for non-vaccinated children, vaccine schedule
(timing and doses), and serotype replacement.
Although we adjusted the results for pneumococcal
vaccination status, the potential impact of these fac-
tors on our study findings need to be elucidated in
future study.

The strengths of our study as an exploration of
a novel proxy measure of SES include the epidemio-
logical advantages of our study setting with a self-
contained healthcare environment and unified
medical records for research. Our study is population-
based and enables us to overcome selection bias.
HOUSES has been recently validated and has unique
advantages as a SES measure, which has been de-
scribed previously [7, 8].
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Being retrospective and structured to explore the
utility of HOUSES as a proxy for SES, our study has
inherent limitations. We did not have all data related
to known risks for IPD such as childcare programme
attendance. Some pertinent variables had missing
data points such as smoking exposure. HOUSES
was formulated based on data that might not be up-
dated when structural changes or other renovation
of housing units takes place. Some real property
data were missing or unavailable (e.g. newly built
housing units not in the database or use of a P.O.
Box number). However, this deficiency should be
subject to a non-differential misclassification bias
not affecting the interpretation of the main results.
Our study setting has a predominant white popu-
lation and thus, the utility of the HOUSES index
needs to be assessed in other communities. To its ad-
vantage, the HOUSES index was originally validated
in two communities including Jackson County, MO
with an ethnically more diverse setting [7, 8]. The lack
of availability of maternal education data (as well as
income and occupation) in the medical records ex-
amined in this study may not be reflective of the
presence or absence of similar measures in other
medical record systems. Our study was limited by a
small sample that hindered pertinent analyses (e.g.
effect of secular trends of immunizations). This small
sample size was also reflected in the lack of signifi-
cance of maternal education (as a marker of SES)
and vaccination status with risk of IPD, both as-
sociations which have been demonstrated elsewhere
[18]. With further study with larger statistical power,
we anticipate being able to obtain a more refined view
of the association of housing characteristics with risk
for disease.

In conclusion, housing data can be used as a
measure of SES in epidemiological research examin-
ing the role of SES in health outcomes. Housing fea-
tures may play an important role in the epidemiology
of infectious disease such as IPD. Future study is
needed to evaluate the association of HOUSES with
other diseases and in other communities.
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