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Abstract

Studies on environmental exposures during pregnancy often have limited residential history (e.g.,
at delivery), potentially introducing exposure misclassification. We reviewed studies reporting
residential mobility during pregnancy to summarize current evidence and discuss research
implications. A meaningful quantitative combination of results (e.g., meta-analysis), was
infeasible owing to variation in study designs. Fourteen studies were identified, of which half were
from the US. Most were case-control studies examining birth defects. Residential history was
typically assessed after delivery. Overall mobility rates were 9-32% and highest in the second
trimester. Mobility generally declined with age, parity, and socioeconomic status, although not
consistently. Married mothers moved less frequently. Findings were dissimilar by race, smoking,
or alcohol use. On the basis of the few studies reporting distance moved, most distances were
short (median often <10 km). Results indicate potential misclassification for environmental
exposures estimated with incomplete residential information. This misclassification could be
associated with potential confounders, such as socioeconomics, thereby affecting risk estimates.
As most moves were short distances, exposures that are homogenous within a community may be
well estimated with limited residential data. Future research should consider the implications of
residential mobility during pregnancy in relation to the exposure’s spatial heterogeneity and
factors associated with the likelihood of moving and distance moved.
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INTRODUCTION

Environmental conditions in the area of mother’s residence during pregnancy have been

investigated in relation to risk of adverse pregnancy and childhood health outcomes. These
include whether mother’s exposure to ambient air pollutants during pregnancy affects fetal
growth and risk of birth defects and preterm deliveryl=3 and whether proximity to traffic is
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associated with risk of allergic disorders* and pregnancy outcomes.>® Drinking water
quality at mother’s residence has been investigated for risk of birth defects,” spontaneous
abortion,8 and fetal growth impairment.®-10 Residence has been used to asses exposure to
pesticides in relation to growth restriction and childhood cancer,1112 birth defects, 13 and
autism spectrum disorders.14 Other studies examined proximity during pregnancy to mobile
phone stations in a study of childhood cancer,15 nuclear power plants in relation to
congenital defects,1® and hazardous waste sites for risk of fetal death.1” To assess
environmental exposures, these and similar studies require data or assumptions regarding
mother’s location throughout pregnancy.

A key challenge in research of how environmental exposures affect pregnancy and early
childhood outcomes is lack of information on residential mobility during pregnancy. Some
studies have specific information (e.g., exact address at various time periods over
pregnancy) through cohort follow-up or distinctive national datasets. The Norway Statistics
database, for example, can be linked to birth certificate registry data to identify residences
throughout pregnancy through the mother’s personal identification number.1® More often,
researchers rely on approximate measures, such as residence at delivery. Even in cohort
studies, full residential history may be unknown, with residences recorded at specific time
points (e.g., medical visits). The assessment of exposure to environmental conditions is
subject to potential misclassification; however, studies of exposure over longer timeframes,
such as pregnancy, have the additional challenge of residential mobility as subjects may not
have lived at the same address throughout pregnancy. This misclassification could introduce
random variation, reducing the power to detect associations, or could be differential if some
segments of the population are more likely to move than others.1®

The distance moved will affect the degree of exposure misclassification, as a local move
within the same community may not alter exposure estimates depending on the
environmental exposure of interest. The impact of residential mobility is also a function of
the spatial heterogeneity of the exposure of concern, as shorter moves may introduce
misclassification for pollutants with large spatial variation.29 For studies assessing exposure
based on the residence at delivery, if the probability of moving differs by timing in
pregnancy, exposures by trimester may be differentially affected, with larger
misclassification in the first trimester compared with the third trimester.

Residential mobility has been studied in a variety of settings including the general adult US
population,?! persons with mental illness,22 children with leukemia,23 and children in
general 24 As the probability of moving likely differs for pregnant versus non-pregnant
women, general population studies may not be applicable. Research on moves by couples in
the Netherlands found that persons were more likely to move a short distance (<40 km)
during pregnancy than those without children.2® Differential exposure misclassification may
occur, if residential mobility patterns vary by risk of outcome or study subject
characteristics, such as socioeconomic status (SES). For example, a study of changes in
residence for a mentally ill cohort found links between mobility and several factors
including substance abuse and marital status.22

A limited number of studies examined residential mobility of pregnant women. Here we
review these studies and synthesize their evidence with respect to the frequency, distance,
and timing of moves during pregnancy. We summarize findings regarding the relationship
between mobility and population characteristics. Implications for studies of environmental
exposure during pregnancy are discussed.
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MATERIALS AND METHODS

We identified research on residential mobility during pregnancy using a medical literature
database, PubMed, and an academic literature database, Scopus, for studies indexed through
August 2011. Searches were conducted for articles with each of the following in the title
and/or abstract: (1) “pregnancy,” “pregnant,” “prenatal,” or “maternal;” (2) “mobility;” and
(3) “residence,” “residences,” or “residential.” Articles were limited to those published in
English. Only peer-reviewed research was included. We also examined references of
identified articles as a source of additional studies.

Key features of each study were identified including: location and time period, data sources,
number of study subjects, and the nature of population (e.g., pregnant women in the general
population or cases from a case-control study). We recorded, where possible, the method
used to assess residential histories as well as the times within pregnancy for which
residences were recorded (e.g., addresses at conception and birth versus full residential
history with times and locations for all moves). Results were summarized with respect to
overall mobility rates and distance moved. We evaluated results regarding how the
probability of moving during pregnancy varied by demographic factors such as mother’s
age, marital status, and SES; smoking and alcohol use during pregnancy; timing in
pregnancy; urbanicity; and other factors. We also reviewed results from studies that assessed
how residential mobility affects estimates of exposure to environmental conditions. A
meaningful quantitative combination of results, such as meta-analysis, was not feasible
because of variation in study designs.

RESULTS

Studies on residential mobility during pregnancy

The database searches identified 153 studies, of which only 14 examined residential
mobility during pregnancy, and, for most of these studies, the mobility research was not the
study’s main focus. Table 1 summarizes the 14 studies’ datasets, time periods, and locations.
Datasets from some studies overlapped. Half of the studies (seven) were based in the US,
with three UK studies, and one each in Canada, the Netherlands, Norway, and Australia. The
number of study subjects ranged from 71 to 25,229. Among studies of, or similar to, the
general pregnant population (e.g., control groups), the number of study subjects ranged from
71 to 25,229, with only three studies with >600 subjects. The four largest studies (7,919 to
25,229 subjects) were in the UK and Norway.

Five studies used data from case-control studies on birth defects,26-30 one study was based
on case-control research on stillbirths,3! and two additional studies presented results for a
population with birth defects.32-34 For case-control studies, we present findings from the
control subjects, when available, as this group better represents the general population. For
studies that provided results for both cases and controls, findings comparing these groups
are presented in the Supplementary Material.

Not all studies specified when residential history was assessed in relation to pregnancy, such
as whether mothers were asked to recall residential history on the day of delivery or whether
moves were recorded in near real-time throughout pregnancy. In general, residential
mobility was assessed through surveys conducted 6 months to over 1 year after
delivery.26:31.35 One study interviewed subjects on the day of delivery to inquire about the
residence at conception.32:33 Another study involved a retrospective survey of life-event
histories, including moves during previous pregnancy years.2> Of the 14 studies, only four
collected residential information during pregnancy: through cohort follow-up3%; at the first
pregnancy medical appointment (typically 13 weeks gestation)32; at initial enrollment3’; and
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through unique national databases that record residences through time in Norway.38 Many
studies have information on addresses at specific points in time (e.g., conception and
delivery), although a few incorporated full residential histories.

Overall mobility rates and timing during pregnancy

The percentage of the population who moved during pregnancy ranged from 9%32 to 32937
with a median of 20% across the studies presenting this information. The study with the
lowest mobility rate3? assessed mobility from first prenatal visit to delivery rather than
conception to delivery, so this value (9%) is an underestimate of the true mobility from
conception to delivery. Of the 12 studies that estimated mobility during the full pregnancy,
seven were in the US with a median of 24% moved (range 14-32%), two were in the UK
with mobility rates of 15% and 16%, and the remaining studies were in Australia (19%
moved), Canada (12%), and Norway (28%). For the US studies, no temporal trends in
mobility were observed (Supplementary Figure 1).

Figure 1 shows mobility rates for pregnancy and each trimester. All four studies that present
results by trimester found highest mobility during the second trimester. The lowest mobility
was observed in the first trimester for two studies?®:31 and the third trimester for two
studies.2”:29 For controls in this study, of those who moved during pregnancy, 74% moved
once, 21% moved twice, and 5% moved three to 5 times. One study asked subjects about the
timing of their last move when the infants were 9 months of age.39 Results indicate that
15.1% had last moved during pregnancy. This underestimates the total percent that moved
during pregnancy, as this measure omits those who moved both during pregnancy and the
first 9 months after birth; however, only a small number of mothers had their last move after
birth (0.2%). Supplementary Figure 2 shows the percent of mothers who moved during
pregnancy and by trimester for cases and controls from case-control studies.

Mother’s age

Alcohol use

Smoking by

Table 2 shows residential mobility by age of mother. Studies used different specifications
for age categories; Table 2 has younger ages towards the top of the table and older age
categories towards the bottom. Overall, the probability of moving declined with mother’s
age, with minor exceptions. The lowest mobility was observed in the oldest age category for
six of the eight studies in Table 2. One study found similar likelihood of moving across age
categories (15.5 to 18.6%) except those 20-24 years, where 27.7% moved.33:34 Another
found different probabilities of moving across age groups (<25, 26-34, and =35 years) with
the lowest mobility (7%) in the middle age group and the highest mobility (31%) in the
youngest group.3! Supplementary Table 1 shows an analogous table for cases and controls
from case-control studies.

by mother

Two studies examined mobility in relation to alcohol use during pregnancy. One found a
15.1% mobility for women who drank alcohol during pregnancy compared with 13.0% for
those who did not.2’” The other found higher rates among non-drinkers (24.2%) than those
who consumed alcohol during pregnancy (19.5%).2°

mother

Findings for mobility by smoking status during pregnancy differed by study, with three of
the four studies finding that smokers were more likely to move than non-smokers. Mobility
rates among smokers were higher than for non-smokers at (21.1% versus 12.3%)27 and
(22% versus 10%).31 In another study, those who smoked during pregnancy were 57% (95%
confidence interval 42—-74%) more likely to move than non-smokers, and those who quit
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smoking during pregnancy were 59% (40-81%) more likely to move than non-smokers.3°
Other research found higher mobility among non-smokers (31.5%) than smokers (19.9%).2°
Among non-smokers, those exposed to environmental tobacco smoke (ETS) during
pregnancy had a mobility rate of 21% compared with 23% for those not exposed to ETS.3!

Race/ethnicity of mother

Figure 2 shows residential mobility rates during pregnancy by race. Studies used different
categories for race and ethnicity. All studies presented in this figure are based in the US.
Whites were more likely to move than blacks in several studies,29:30:33.34 pyt less likely to
move in others.25:27 Mobility rates for Hispanics were slightly higher than for whites.
Supplementary Figure 3 provides an analogous figure for cases and controls from case-
control studies.

Marital status

Three studies examined marital and living status, finding lower mobility among married
women. Whereas 11% of mothers who were married or in common-law marriages moved
during pregnancy, 35% of other mothers moved.3! Those cohabitating were 2.28 (2.04—
2.55) times more likely to move than married mothers.3> Mothers who were separated or
living alone were 1.91 (1.24-2.71) and 1.89 (1.63-2.18) times more likely to move than
married mothers, respectively.3> Another study found that 17.2% of mothers living with a
partner moved during pregnancy, compared with 42.42% of other mothers.36

Planned pregnancy

Higher mobility was observed for mothers with unplanned pregnancy. In one study, they
were 72% (56-90%) more likely to move than those with planned pregnancies.3® In another
study, mobility rates were 25.6% for mothers with unplanned pregnancies and 15.3% for
those with planned pregnancies.2?

Socioeconomic status

Links between SES and residential mobility during pregnancy were assessed in several ways
including educational attainment, payment method for medical services, and income, with
individual- and area-level data. In general, higher SES was associated with lower mobility.

Table 3 shows mobility rates for pregnant women by educational attainment. As studies
differed in specifications of educational categories, results are not directly comparable;
however, Table 3 approximates comparison with lower education levels towards the top of
the table and higher education levels towards the bottom of the table. Several studies
observed lower mobility with increasing education,27:39:31.36 jncluding analysis of paternal
education.?9 In the two remaining analyses, the highest rate of mobility was for the least
educated group (<high school) in one study,?® and, in the other, the highest mobility was
observed in the middle group (high school graduate) with the lowest mobility in the most
educated (> high school).26 No study found the reverse trend, with higher mobility
consistently associated with higher education. In studies based in the UK and Norway,
higher mobility was also associated with lower education.3%38 Supplementary Table 2
shows an analogous figure for cases and controls from case-control studies.

Two studies investigated mobility by income. A Canadian study found higher mobility with
lower income, with rates of 43% for annual family income <$20,000 and 10% for annual
family income >$60,000 (Canadian).3! A study based in Texas, USA, observed higher
mobility with lower income, with rates of 34.4, 31.0, and 19% for annual family incomes of
<$10,000; $10,000-$50,000; and >$50,000 (US).26
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Comparisons by source of medical care across countries are difficult as health care systems
vary. However, studies found different mobility by type of medical care, within a given
region. For example, in the US health insurance coverage relates to SES, with those with
lower income or education less likely to have insurance, and those at higher SES more likely
to have private health insurance.?%41 In New York, USA, mothers who self-paid for medical
care had a mobility rate of 33%, compared with 25.6% for those with Medicaid, 13.1% for
those with a health maintenance organization, and 6.9% for those with other private health
insurance.2’ In an Australian study, mobility rates were 10% for care shared by a general
practitioner and midwife or hospital, 18% for private hospitals, 19% for public hospitals,
and 24% for birth centers.36

One study found that when both parents were employed, 25.2% of mothers moved during
pregnancy, 27.2% moved if one parent was employed, and 36.2% moved if neither parent
was employed.30 In other studies, comparison of mobility for unemployed and employed
mothers were 17% versus 11% (ref. 31) and 30.2% versus 29.4%.26 Mobility rates by
mother’s occupation were 16.2, 16.7, 23.3, 23.5, and 26.2% for managerial, farming/other,
service, unemployed, and technical/sales, respectively.2?

Area-level SES indicators for mother’s residence were evaluated by several studies,
generally indicating higher mobility for lower income areas, but not in all studies. The Index
of Multiple Deprivation and Townsend deprivation scores were used to assess overall area-
level SES for the community of delivery, finding that movers were more likely to live in
areas with higher deprivation than non-movers (P-value <0.01).32 Those living in
disadvantaged areas, as defined by child poverty, were 15% (2-29%) more likely to move
than those in advantaged areas.3> Some studies found contradictory results. In Norway, no
difference in mobility was observed for mothers in neighborhoods above and below mean
income levels, perhaps owing to less of an income gradient in that country.38 Another study
categorized mothers’ census tracts at conception into SES levels based on the percentage of
persons living below census-defined poverty levels.2? In this study, mobility rates were 24.6,
20.0, 24.7, and 8.8% for the high, mid-high, mid-low, and low SES levels, respectively,
indicating higher mobility for wealthier communities.

Prenatal Care

Parity

Earlier or no prenatal care was associated with lower mobility in several studies. Those with
no prenatal care were 18% (8-30%) more likely to move than those with prenatal care.3® In
the same study, those who entered care in the second or third trimester had mobility rates
only 3% (-0.7-14%) higher than those who received care in the first trimester. In other
work, 12.4, 24.9, and 40% of mothers moved for those who received their first prenatal care
in months 1-3, 4-6, and 7 or later, respectively.2” Those with prenatal care in the first-to-
third month had a mobility rate of 12% compared with 21% for those beginning care later in
pregnancy.3!

Table 4 presents mobility rates by parity (i.e., number of previous births). The highest
mobility generally was observed in the group with the fewest previous pregnancies but not
in all studies.33:34 This study differs from others presented in Table 4 in that all pregnancies
resulted in birth defects. In another study, movers were more likely to have a parity of 0 than
non-movers.38 Tunstall et al.3> examined a related issue of how many children were present
in the household during the pregnancy. Mothers with no children were 2.38 (2.06-2.75)
times more likely to move than those with >2 children, and those with one child were 1.26
(1.07-1.49) times more likely to move than those with =2 children. Supplementary Table 3
shows an analogous figure for cases and controls from case-control studies.
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Health status

Case-control studies of birth defects generally found mobility rates for cases to be slightly
higher, but similar to, those for controls (Supplementary Figure 2). The percentage of
mothers who moved for cases and controls, respectively, was 22.3% and 21.8%,2° 30% and
24%,28 32.9% and 31.3%,%6 and 17.4% and 14.3%,?” but 22.4% and 26.9% in another
study.39 No differences in mobility rates were observed by type of birth defect among
cases.29:33:34 |n another study, infants born to movers had birth weights 47.5 g lower than
non-movers.38 Children whose mothers moved during pregnancy were 44% (12-85%) more
likely to be partially immunized and 42% (—15-234%) more likely to be unimmunized than
those who last moved >3 years before birth.3?

Mothers’ health was assessed through studies of self-rated health and body mass index
(BMI). Mothers with self-rated health of excellent or good had similar mobility to those with
fair or poor health ratings.3® Three studies examined mother’s BMI, with inconsistent
findings. Of mothers with pre-pregnancy BMI <25 (underweight to normal), 22.1% moved
during pregnancy, compared with 20.9% for those with BMI =25 (overweight).2® In another
study, 15% of those with pre-pregnancy BMI <25 moved, compared with 8% of those with
BMI >25.31 The reverse trend was observed in another study finding the lowest mobility
among those with higher BMI. The percentage of mothers who moved during pregnancy
was 24.4% for BMI <18.5 (underweight), 18.7% for BMI 18.5-24.9 (normal), 12.6% for
BMI 25-29.9 (overweight), and 17.1% for BMI =30 (obese).2”

Other factors

Several other factors were examined in relation to residential mobility during pregnancy in a
few studies. Mothers who never breastfed were 22% (7-40%) more likely to move than
those who breastfed =6 months.3° The likelihood of moving for mothers in urban
environments compared with those in rural areas was 30.3% versus 29.1%72% and 12% versus
10%.31 Mobility rates for mothers living by the Texas border were 26%, with a rate of
31.1% for those not living by the border.26 Similar mobility was observed based on
medication use during pregnancy (12% for users and non-users), exposure to pesticides or
chemicals at work or home (yes 10%, no 13%), and complications or illness during
pregnancy (yes 8%, no 13%).31 Renters were 3.12 (2.75-3.55) times more likely to move
than home owners.3° Of those in English-speaking homes, 19.29% moved compared with
16.88% for others.38 Mothers who were active during pregnancy moved at similar rates
(11%) as those with little to moderate activity (13%).31 Similar rates of moving were
observed based on season of birth.33:34

Impact of residential mobility on assessment of environmental exposures

Some studies reported the distance between residences, as moves over larger distances are
more likely to impact exposure assessments than shorter moves. Median distances in several
studies were <10 km, although mean distances were often influenced by extreme
observations. Hodgson et al.32 found a median distance of 1.4 km (mean 9.7 km) for moves
between first prenatal visit and delivery for pregnancies resulting in birth defects. In a study
of 141 subjects with birth defects and 591 subjects without, the median distance moved
between conception and delivery was 6.9 km (mean 188.9 km, range 0.2-2,346 km).28 On
the basis of 912 cases with birth defects and 412 controls, median distance moved was 4.2
km (mean 16.7, range 0-481.8 km).2” Miller et al.2? found that for movers in the control
group with known distances, 19.0% went <4.8 km, with 28.6% moving 4.8 to <13 km,
25.4% moving 13 to <39 km, and 27.0% moving =39 km. The percentage of movers that
stayed within the same county was 52.1%. Similarly, in another study 69.1% of movers
stayed within the same county, and 6.2% stayed within the same census tract.3? In other
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work, 62.5% of movers stayed within the same municipality and 69% within the same
county.31

Lupo et al.?8 estimated benzene exposure over pregnancy for a case-control birth defects
study in Texas. The National Air Toxics Assessment, Assessment System for Population
Exposure Nationwide was used to model pollutant levels for each census track. Quartiles of
estimated benzene levels based on addresses at conception were similar to estimates based
on address at delivery (A<0.0001). This relationship held for analysis of all subjects, cases,
or controls. For example, in the control group, of those assigned to the highest quartile of
exposure based on address at delivery, 88% were also assigned to the highest quartile based
on address at conception. Of those in the lowest exposure category using address at delivery,
90% also had the lowest exposure using address at conception. The authors concluded that
the short distances moved by this population did not significantly impact estimates of
benzene exposure over pregnancy.

Ambient air pollution exposure over pregnancy was estimated for subjects in a case-control
study of birth defects in New York, NY, USA.27 Addresses at birth were obtained from birth
certificates and residential histories by phone interview. Ambient pollutant levels at each
residence were estimated with monitoring data for ozone for the full study period and
particulate matter with aerodynamic diameter <10 um (PMyq) for 1997-1998. The authors
divided New York State into 11 ozone regions and 8 PMq regions with one or more
monitors. The size of each region ranged from 152 to 30,536 km? for ozone and 1,627 to
31,712 km? for PM1,. Daily region-level exposures were calculated from an average of all
monitors within a region on that day. Exposures for each pregnancy were estimated for
maternal addresses accounting for residential history, and separately for addresses at birth
only. The two methods of accounting for residence produced similar ozone and PMy levels
for the 412 control subjects, for exposures at 3-8 weeks gestation, total pregnancy, and each
trimester. Results were similar when data were stratified by demographic characteristics or
region of birth. The agreement between results decreased slightly with increasing gestational
age.

In another birth defects case-control study, residence at delivery was obtained from hospital
records and residence at conception was based on nurse interviews at time of delivery.33:34
Authors simulated the effect of residential mobility rates during pregnancy on associations
between environmental teratogenesis and birth defects, based on theoretical relative risks of
2, 5,10, and 100 and theoretical mobility rates of 10, 20, 30, 40, and 50%. The results show
the relationship between the true relative risk, the observed relative risk, the frequency of
exposure in the population, and the mobility rate. For a given true relative risk, higher
frequency of exposure and higher mobility rates were associated with lower observed
relative risk. The authors concluded that health risks of teratogens may be underestimated if
analysis uses residence at birth.

A simulation study was performed to examine how exposure misclassification due to
residential mobility during pregnancy impacts epidemiological studies of congenital
malformations.#2 Using a case study area of Santa Clara County, California, USA, the
authors considered three hypothetical point sources for exposures of interest. They modeled
the expected distance from exposure sources to randomly chosen locations for mother’s
residence at conception and at birth, with additional parameters to represent the probability
that a subject moved during pregnancy (set at 0.15), the distance moved, and direction of the
move in relation to the source (i.e., either towards or away from the exposure source). The
simulation applied information from a case-control dataset for this region designed to
investigate birth defects.30 Four scenarios were explored: (1) both cases and controls move
towards the exposure source, (2) both cases and controls move away from the exposure
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source, (3) cases move towards the source while controls move away, and (4) controls move
towards the source while cases move away. Simulations were repeated for each of the three
hypothetical exposure points separately. The standardized difference between the distance
between subjects and the exposure point was estimated for cases and controls. Results
indicate the potential for bias, especially for scenarios in which cases and controls moved in
opposite directions, when comparing results based on residence at conception versus at
delivery. Although this study explores a specific set of scenarios, it demonstrates the
possible impact of residential mobility in assessment of point source exposures.

Madsen et al. estimated associations between ambient exposure to air pollution during
pregnancy and term birth weight for 25,229 subjects from 1999 to 2002 in Oslo, Norway.38
Databases from Statistics Norway were linked to the Medical Birth Registry of Norway to
identify changes in residence for each mother, including data on the address and time of
move. The database provides geographical coordinates for work and residence locations.
Birth weights were compared by quartile of gestational exposure for nitrogen dioxide (NO,),
PMyq, and particulate matter with aerodynamic diameter <2.5 um (PM> 5). Pollutant levels
were estimated with a dispersion model. Analyses were conducted using exposures based on
residence and work locations, and with residence location only, adjusted for infant sex,
parity, and mother’s education, smoking status during pregnancy, and ethnicity. For
estimates of exposure based on both residence and work locations, exposure during the first
and second trimester used a time-weighted average of levels at work and residence locations
for weekdays, levels at residences for weekends, and levels at residences for the third
trimester. Table 5 presents a subset of results comparing birth weight for the highest and
lowest quartiles of exposure. These findings do not provide evidence of an association
between pollutants and birth weight; however, effect estimates differ based on whether work
locations were incorporated in estimates of exposure. This study also found that exposures
for women who moved were lower than for those who did not move.

Authors of a study of residential traffic exposure and pregnancy-related outcomes of 7,339
women in a population-based cohort study performed sensitivity analysis based on
residential mobility.8 Associations were estimated for distance-weighted traffic density or
distance to major road and pregnancy outcomes (birth weight, small for gestational age,
preterm birth, pregnancy-induced hypertension, preeclampsia or hemolysis, elevated liver
enzymes and low platelets (HELLP), gestational diabetes). Results for non-movers were
similar to those for the total cohort.

DISCUSSION

Results indicate that exposure misclassification may occur in studies assessing
environmental exposures with incomplete residential information. Overall, 9 to 32% of
mothers moved during pregnancy, with more moves in the second trimester than the first or
third trimester in all studies that examined timing within pregnancy. Some studies found a
higher probability of moving in the first trimester compared with the third, whereas others
found the reverse. This implies that exposure misclassification introduced by residential
mobility will differ by population as moves early in pregnancy are more likely to change
exposure estimates than later moves, given that many estimates of exposure over pregnancy
are based on residential locations at time of delivery. For example, considering a subject
with 42-weeks gestation who moves in the first week of pregnancy, exposure based at
residence at time of delivery would be inaccurate for only 1 week (2%) of the pregnancy. If
a subject moved in the last week of a 42-week pregnancy, exposure based at residence at
delivery would be inaccurate for 41 weeks (98%).
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Studies that examined distance noted that most moves may not greatly influence exposure
estimates, depending on the exposure of concern. The median distance moved was <10 km
in most studies, and most mothers stayed within the same general area, such as the same
county (52.1-69.1%). The degree of exposure misclassification will be a function of the
distance moved in relation to the spatial heterogeneity of the exposure. For example,
exposure estimates based on the water supply network at residence would not be affected by
local moves within the same system. Analysis of PM, 5 chemical components in the US
found spatial heterogeneity for all components considered, but higher variation for elemental
carbon and organic carbon matter than for sulfate and nitrate.*3 Even for a given pollutant,
spatial variation may vary by city or the metric used. A study of Sdo Paulo, Brazil observed
a spatially heterogeneous distribution of PM1q and found that heterogeneity depended on the
pollutant metric (e.g., daily average versus daily 1-h maximum).44

Studies show that certain types of mothers were more likely to move during pregnancy than
others. Higher mobility was generally associated with mothers who were younger,
unmarried, had lower parity, and with lower SES based on indicators such as educational
attainment or family income. For other factors, findings differed by study, such as whether
smokers were more or less likely to move than non-smokers or the relative mobility by race
of mother. Although consistent patterns were not observed for these factors, individual
studies did identify differences in mobility rates by group, indicating that differential
mobility does exist and the direction of such trends may differ by population. Many factors
investigated in these studies may be highly correlated such as marital status and planned
pregnancy; age and parity; or socioeconomic status and race. Additional variables (e.g.,
homeownership versus renters) may also covary with socioeconomic status, or with each
other, such as smoking or alcohol use in pregnancy, and timing of entry into prenatal care. It
is not possible to determine from the published data either the extent of these correlations, or
the underlying factor, or set of factors most associated with moving during pregnancy.

Two studies investigated how residential mobility influenced estimates of exposure during
pregnancy with actual data.2”-28 Results provide evidence that residential mobility does not
greatly influence exposure estimates, and presumably subsequent health risk estimates, due
to the short distance of most moves. Although useful, these studies are limited. One
compared estimates of exposure based on address at delivery to those based on address at
conception,28 rather than a comparison between exposure based on address at delivery and
full residential histories. The other estimated similar exposures for ozone and PM1g based on
full residential histories versus address at delivery.2” However, the exposure regions were
larger than those typically used for air pollution studies, and, in both studies, residential
history was obtained after delivery. Findings from simulation studies implied that health
effect estimates may be underestimated owing to changes in residence over
pregnancy.33:34:42

Our review of research on residential mobility during pregnancy found this topic not well
studied, with less than a dozen studies and poor representation for non-US countries. Many
of the studies reported results for residential mobility, but were focused on other research
questions. Our search criteria may have missed some studies that similarly presented
mobility results in addition to their main findings. Some studies presented results for unique
populations (e.g., pregnancies resulting in birth defects), thus the results are useful but have
limited generalizability. Further, studies may present information on a portion of pregnancy
and/or a range of the pregnancy period. As an example, a case-control study on traffic and
spontaneous abortion noted that 6% of subjects moved between the last menstrual period
and an interview that took place within the first 13 weeks of pregnancy.®

J Expo Sci Environ Epidemiol. Author manuscript; available in PMC 2013 January 11.
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In many cases, residential history was assessed after delivery, possibly introducing recall
bias. A full understanding of this issue requires assessment of complete residential history
during pregnancy (i.e., the times and locations of all moves) as the moves are occurring, or
shortly thereafter, in the context of spatial heterogeneity of the exposure of interest.
Information on change of residence before pregnancy, as was collected by Canfield et al., 26
may be useful to assess exposure at time of conception. Future studies should consider not
only whether the probability of moving differed by population (e.g., mother’s age, SES), but
whether the distance moved and timing of moves in pregnancy differ by these factors. Data
on why women move may also provide insight into which variables are of most interest. The
influence of residential mobility on health risk estimates may differ for those who travel
long distances during pregnancy, and, in fact, changing residence may affect pregnancy
rates.*>46 Information on mobility is needed for vulnerable populations that may move more
often than the general population, such as migrant workers, immigrants, and those without
permanent residences.

Ideally, studies of how environmental exposures during pregnancy affect risk of adverse
pregnancy and childhood health outcomes would incorporate full residential histories;
however, feasibility constraints often require the use of approximations such as the
residential location at birth. The design of research studies and the interpretation of results
should consider the implications of exposure misclassification from residential mobility.
This includes the likelihood that subjects moved during pregnancy, the distance moved, and
the spatial heterogeneity of the exposure of interest. Some time frames of exposure will be
more influenced by residential mobility than others. For instance, methods using residence
at delivery will generate better estimates for the third trimester than the first trimester.
Consideration should be given to differential residential mobility in relation to variables
important to the study, such as the health outcome. In case-control studies of birth defects,
mobility for cases and controls were similar, but were higher for cases in all studies.
Potential confounders, such as SES, mother’s health status, and mother’s age, are likely to
be associated with the likelihood of moving during pregnancy. The impacts of this bias on
study results are difficult to discern; however, if the health impacts of interest are associated
with factors that are also related to moving (e.g., SES), the exposure misclassification could
be non-differential and could impact the study’s findings.
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Refer to Web version on PubMed Central for supplementary material.
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delivery.32
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Table 5

Change in birth weight comparing infants in the highest quartile of exposure during pregnancy to the lowest
quartile, under various analyses related to residential mobility, from Madsen et al.38

Pollutant  Highest quartileto lowest quartiles of Based on exposur e assessed with Based on exposur e assessed with
exposure residential and work locations residential addressonly

NO, >38.0 t0 <20.3 g/m3 1.8 (-13.7-17.2) gm 0.9 (-14.6-16.4) gm

PMyq >16.2 to <10.7 g/m? 15.9 (0.0-31.9) gm 11.9 (-3.7-27.4) gm

PMy5 >14.2 t0 <9.7 g/m3 13.6 (-2.4-29.5) gm 10.2 (-5.4-25.9) gm
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